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SUMMARY

Lipolysis occurs in the presence of non-substrate, surface-active

molecules like phosphatidylcholines (PC’s). The role of PC in the

regulation of carboxylester lipase (CEL) was investigated using mixed

lipid monolayers. For each substrate an abrupt increase in substrate

hydrolysis from <10% to >90%, i.e. switching, occurred at a substrate-

dependent lipid composition. Similar results were obtained for free

fatty acid 180 exchange catalyzed by CEL. The lack of hydrolysis at

low substrate was not due to an absence of CEL at the interface.

Enzyme adsorption to substrate.PC films is consistent with all surface

being available, except for 43.5 AZ /molecule of PC. Adsorption of CEL

obtained by extrapolation to infinite dilution of PC was 0.92

pmol/cm?, 1/4 of the expected value. CEL adsorption to PCefatty acid

films fell short of the values predicted from substrate-containing

films. These results suggest that adsorption of CEL to PC-rich films

is regulated by clusters or domains of substrate or fatty acid

molecules in the PC interface. Such clusters are predicted from

stochastic distribution of components but appear to be modulated by

lipid-lipid interactions. The stochastic argument further predicts

that substrate domains should interconnect if >45% of total surface

area is non-excluded by PC. Using data obtained from CEL binding to

calculate non-excluded area at each lipid composition, hydrolysis and

180-exchange data are consistent with catalysis being regulated by

domain connectivity, i.e. percolation. Being lipid-based, this

regulation should occur with other lipases, but the consequences of

the organization may be lipase specific.
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1. INTRODUCTION

The increasing interest in lipases in recent years has likely

occurred for two reasons. One is the discovery that lipases will

catalyze esterification and transesterification reactions in organic

solvents with chiral specificity. The other is the advent of

molecular biological tools which allow the production of lipases in

large quantities and with genetically-enhanced properties. To fully

understand how lipases work and to realize their potential, both

medically and industrially, it is important to understand those

characteristics of lipases which distinguish them from other enzymes.

That property is the interfacial nature of the reaction process which

was delineated by the classic work of Pierre Desnuelle and coworkers

in the 1960’s (1, 2). Additional studies in the 1970’s established

further that lipolysis by water-soluble lipases involves interfaces in

at least two major ways. One is the partitioning of reactants to and

products from the interface and the second is the catalytic process

occurring in the interfacial plane (e.g. 3). Each of these steps may,

of course, be more complex. As examples, cofactor proteins are

sometimes involved, the adsorbed enzyme may undergo a conformational

rearrangement as a result of adsorption, or enzyme aggregation may be

a prerequisite for expression of activity. In any event, these

processes are interfacial. The interface is, in fact, the medium in

which lipolysis occurs.

Althougr simple substrate(oil)-water interfaces played an important

role in the development of the basic lipase paradigm, they are limited

models. Oil-water interfaces are inherently unstable in the absence

of surfactants, typically proteins and amphipathic lipids, which lower

the interfacial tension. Thus, to understand the interfacial

regulation of lipolysis, the role of non-substrate amphipaths, i.e.

matrix lipids, must be considered. This adds an additional level of

complexity to the system because the matrix components can affect both

partitioning and catalysis.

The focus of our studies has been the regulation of lipolysis at

such mixed-lipid interfaces. Typically, two lipids are initially

present, a substrate or product of lipolysis and 1-palmitoyl-2-oleoyl

phosphatidylcholine (POPC), a non-substrate. Because it is highly

amphipathic, POPC resides exclusively at the oil-water interface. In

contrast, the distribution of a particular substrate or product of

lipolysis will depend on its chemical structure and other factors.

To minimize complications related to such partitioning, one can
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a) eliminate the oil phase,

b) use lipolysis substrates

and products which are

relatively water insoluble,

c) use lipids which are

chain-disordered, and d) use

lipids which are miscible in

all proportions. Also, to

 

best mimic natural inter-

faces the lipids can be Figure 1-Schematic of lipolysis at an air/water interface

showing matrix lipid( &), substrate(&), product

Conte aaon alcohol(4), fatty acid(2), and lipase ( E ).
area they will occupy and

remain monomolecular. The resulting, simplified monolayer interface

is shown schematically in Fig. 1. As a model enzyme to probe the

interfacial regulation of lipolysis, we have used the monomeric form

of pig pancreatic carboxylester lipase (4).

2. REACTANT ACCESSIBILITY

2.1 Substrate

With respect to the regulation of CEL by mixed-lipid interfaces, an

obvious first question is that of overall substrate availability.

This was tested by exposing POPC-substrate films of varying

composition to a large, but still sub-physiological, concentration of

CEL. Basically, a monolayer of POPC and radiolabeled substrate is

spread and compressed to the desired packing density. Enzyme is added

and after the appropriate time, typically 10 minutes, the film is

collected. To measure hydrolysis, the reactants and products are

eluted using solvents, separated by thin layer chromatography, and

quantitated. When applied to POPC-substrate monolayers with pig,

monomeric CEL at 123 nM in the aqueous phase, the results were

surprising. With all substrates, hydrolysis was very low up to a

critical mol fraction above which it increased abruptly to 100% (5)

(Fig. 2a). Control experiments eliminated most trivial explanations

for this "switching" phenomenon and showed that the enzyme was

responding to the lipid composition at the interface. It was also

shown that progressive replacement of 1,3-DO by fatty acid or fatty

acid-1(3)-MO (1:1) below the switching composition did not trigger

1,3-DO hydrolysis (6). Using 1,3-dioleoylglycerol (1,3-DO) as a

typical substrate, "switching" was shown to occur with other CEL’s

(5). Whereas the composition at which switching occurred was

substrate-dependent, all CEL’s acting on the same substrate interface
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switched at a common composition. This suggests that the interface is

a major regulator of substrate availability to the enzymes.

2.2 Fatty. Acid

Fatty acid is a substrate for

CEL, albeit in ester synthesis

rather than hydrolysis. Because

it is not an ester it was of

interest to determine if fatty

acid availability to CEL was

also regulated by the interface.

For ester synthesis, acylation

should precede alcohol binding

and, in the absence of a long-

chain alcohol, CEL should

catalyze reversible, self-

acylation/deacylation with no

appreciable accumulation of acyl

If fatty acid labeled

with 180 is used to form a mixed

enzyme.

monolayer with POPC on an

aqueous subphase of H21°0, 185

will be lost if the fatty acid

is available to the enzyme.

This is in essence the same

switching experiment described

for ester substrates but with

With

fatty acid as the substrate,

one important difference.

there is no net chemical

reaction; the surface remains

chemically unaltered.
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Figure 2-CEL-catalyzed hydrolysis or "®O-exchange

in mixed monolayers of POPCand trioleoylglycerol

(@), 1,3-dioleoylglycerol(O), 1,2-dioleol-

glycerol(Q), 1(3)-monoleolglycerol( A), or

docosadienoic acid(@) versus a) molfraction of

non-phospholipid and b) non-excluded areafraction.

For the actual experiment docosadienoic acid (DA), not oleic acid,

was used. Its surface properties and mixing behavior with POPC are

similar to OA but DA forms more kinetically stable films (7). The

results of one 180 exchange experiment using DA labeled to >90% with

180 are shown in Fig. 2a (filled circles). Just as for substrates,

switching of 180 exchange increases rapidly over a narrow range of

monolayer composition. Furthermore, nearly identical behavior is

observed with pancreatic triacylglycerol lipase + colipase and the

differences in accessibility persist at low enzyme concentrations,
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i.e. under initial rate conditions (data not shown). Clearly, the

exchange process is being regulated by surface structure.

3. REGULATION OF CARBOXYLESTER LIPASE ADSORPTION

3.1 Substrate-Containing Surfaces

As noted above, lipolysis can be conceptually divided into two

steps, partitioning and catalysis, each with its own regulation. An

obvious reason why substrates do not get hydrolyzed and 180 does not

get exchanged in POPC-rich interfaces could be, simply, the absence of

CEL partitioning to the interface. To see if this were the case, CEL

binding to mixed POPCesubstrate monolayers was measured in the

compositional range where substrate hydrolysis was low. Conditions

were the same used for the hydrolytic studies, i.e. 123 nM CEL and a

10 minute incubation. CEL adsorption was determined using essentially

the same method as for the measurement of lipid hydrolysis, except

that a non-denaturing detergent solution, not solvent, was used to

recover the bound CEL. Recovered activity was measured by a simple

colorimetric rate assay. The results were quite similar for all

substrates, i.e. there was a low level of CEL binding to POPC alone

which increased monotonically with increasing substrate mol fraction

(6). The highest value was obtained at a composition just below that

at which hydrolysis is switched on and represents about 1/6 of the

surface covered by active enzyme molecules. Given that CEL is a

catalyst, lack of CEL adsorption cannot explain the lack of substrate

hydrolysis in such films.

The similarities among the binding data for the various substrates

suggested a common regulatory factor. Binding was plotted against

measured physical parameters like surface pressure, surface potential,

and compressibility, but did not show a correlation among substrates.

However, similarities were observed for the area dependence of

binding. Specifically, the data fit a simple model in which binding

is proportional to the total surface area less an "excluded area" of

POPC (6). A plot of CEL bound vs. reciprocal apparent area of POPC is

linear for each substrate and gives the excluded area of POPC and the

surface concentration of CEL at infinite area’of POPC. For all

substrates, the former averages 43.5 + 1.0 A2/Popc, approximately the

size of a POPC headgroup. The maximum level of adsorption of CEL

averages 0.92 + 0.11 pmol/cm2, about 1/4 that actually measured

without phospholipid. Qualitatively, these results provide a clue to

the regulation of CEL binding to substrate films. Consider a surface
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consisting of substrate and POPC having equal molecular areas and

randomly distributed 40/60 in a monolayer (e.g. Fig. 3, left). Simply

by chance some substrate molecules will be adjacent to others forming

clusters. If an approaching enzyme molecule cannot bind to POPC and

can bind only to clusters above a minimal size, then only part of the

surface will be available for enzyme binding. In addition, bound

BesseEEE ees

enzyme may cover other

substrate molecules,

further decreasing the

area available for

enzyme adsorption (8).

Together, these effect

combine to decrease

the apparent binding  constant and maximal
Chlorella Suchkwa Figure 3-Left: randomly distibuted sites representing 60% POPC(@)

and 40% substrates(O) in a hexagonal, close-packed array. Middle:

modelfor CEL binding to substrate clusters as in left panel. Right:
schematically in Fig. absenceofclusters at 40% substrate in a highly ordered array.

3, center.

binding model is shown

3.2 Product-Containing Surfaces

The binding of CEL to POPC-OA films was also studied as a function

of the apparent molecular area of POPC. For these experiments,

substrate was replaced by acyl-equivalent amounts of OA at the same

surface pressure as for the corresponding substrateePOPC films. This

result caused a marked decrease in CEL adsorption relative to that

expected from the substrate studies (6). This result cannot be

ascribed to surface pressure, potential compressibility, or other

parameters. Nor is it a result of the charge of the OA; CEL readily

adsorbs to pure OA or DA to form a CEL monolayer (~4 pmol/cm2) 7%

In the context of the regulatory model described above, the difference

in behavior must reflect a difference in the organization of POPC.OA

vs. POPCesubstrate films. Although the films are liquid like, a

higher degree of order must exist within OA-containing films which

xesults in smaller cluster size relative to substrate.POPC films.

This is shown schematically in Fig. 3, right.

4. REGULATION OF CEL-CATALYZED LIPID HYDROLYSIS AND 185 EXCHANGE

The stochastic model for the regulation of CEL adsorption to

POPCesubstrate films can be extended to address the mechanism of the

composition-dependent switching of substrate hydrolysis (Fig. 2a).
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Comparison of randomly filled arrays having 20, 40, 60, and 80% of

substrate molecules (open hexagons) illustrates an interesting

mathematical property of such site distributions (Fig. 4). At 20 and

40% substrate there are clusters of substrate molecules, each cluster

being isolated from its neighbors. When an enzyme molecule adsorbs to

a cluster it may be able to

hydrolyze only those substrate

molecules or it may be unable to

interact with other enzyme

molecules to produce an active

species, or it may be unable to

undergo a required conformational

 activation. Whatever the exact

mechanism, the consequence is that

if the free diffusion of lipid or

enzyme molecules on the surface is

hindered by POPC, substrate

hydrolysis will be limited or

absent. Up to what substrate Figure 4-Random distributionsof favorable sites(Q)

constituting 20%, 40%, 60% and 80% oftotalsites.

  

 

60% O

concentration will this situation

persist? How much substrate must

be present before there exist infinite connecting pathways among

substrate molecules, i.e. POPC in a sea of substrate rather than

substrate in a sea of POPC? Inspection of Fig. 4 shows a dramatic

increase in substrate site connectivity as the percent of substrate

sites increases from 40% to 60% or 80%. Mathematically, for an

infinite array, the probability of a continuous "percolation" path of

substrate molecules, i.e. all substrate sites connected, is zero up to 

a particular, critical site concentration, Py, and then increases very

rapidly toward 1.0 (Fig. 5, left). The critical values for arrays of

triangles, squares, and  1.0

   

hexagons are 0.70, 0.59, A a

and 0.50 fraction of sites 5 O /O O/ met ee ee
occupied by substrate (9). 5 O/U *P, = 0.466

a

Moreover, if one also Qs
ZO O/O * PB = 0.455considers the fraction of WE <

if Critical Area Fraction
surface covered by a circle = = 0.45 + 0.02sae f N e\/so

|

59 70 x j
within a lattice site, a 0

4 FRACTION OF 8
degeneracy occurs. Namely, SITES OCCUPIED

for all arrays the critical Figure 5-Left: percolation probabilities as a function of
threshold is reached when the fraction of favorable A,O, or Osites show-
45% of the surface is ing critical packing fraction, P,, for each. Right: rela-

tion of R, for each typeofarray to fraction of surface

area coveragebycircles occupying favorablesites.
covered by favorable
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molecules, i.e. substrate or fatty acid (Fig. 5, right). Using the

area information from the binding and other physical studies, the

fraction of non-excluded or "free" area initially present was

calculated for each film from which the data of Fig. 2a were obtained.

The hydrolysis and exchange data of Fig. 2a were then plotted as a

function of this fraction (Fig. 2b). Comparison with the same data

plotted vs. mol fraction (Fig. 2a vs. Fig. 2b) shows two interesting

features. First, the transformation narrows the range over which

catalysis switches relative to the mol fraction scale. Hydrolysis and

exchange all switch between 0.45 and 0.65 area fraction. Secondly,

0.45 area fraction, just below where hydrolysis and exchange begin, is

the predicted threshold for area-based percolation. Although such

evidence may be coincidental, the comparison of the "switching" of

catalysis with predicted behavior suggests that such a mechanism could

be operative.

If substrate domain connectivity is a prerequisite for efficient

catalysis, it is necessary to postulate that the movement of lipid

molecules in the film is hindered at low substrate or fatty acid mol

fractions. The films are liquid-expanded, i.e. the acyl chains are

melted, and diffusion should be rapid. One possibility is that the

molecules are not randomly distributed in POPC-rich films but are

partially ordered. Two lines of evidence suggest this may be so.

First, as noted in Part 3, the differences in binding of CEL to

POPC-DA films and POPC-substrate strongly indicates some ordering.

Secondly, physical studies of the mixed films show evidence for the

formation of interaction complexes between each lipid and POPC (10).

These are indicated by discontinuities in the surface pressure-

composition phase diagram which are independent of temperature and

phospholipid acyl structure. Partial ordering of lipids should affect

percolation probabilities. This may contribute to the switching range

of 0.45-0.6 area fraction (Fig. 2b). The non-identity of lipid

molecular areas and number of acyl chains should also have an effect

on the experimental percolation threshold. At present, data are

insufficient to quantitate these perturbations.

5. IMPLICATIONS FOR FUTURE STUDIES

The data presented suggest strongly that the 2-dimensional

distribution of lipid molecules in mixed-lipid surfaces is an

important regulator of CEL binding and catalysis. Such effects should

not be specific to CEL, but with other lipases and phospholipases the

manifestations may vary. Important variables should be the
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specificity and affinity of the enzyme-surface interactions, the size

requirement of a binding site, and the necessity of cofactor proteins.

Also, somewhat different patterns of substrate-dependent switching may

be expected. This is because the catalytic step, if any, which is

sensitive to percolation may be enzyme specific, i.e. dimerization.

Distinguishing the many possible mechanisms will necessitate the

use of spectroscopic and morphometric techniques. The ordering of

lipid molecules may be sufficient to apply fluorescence techniques to

measure diffusion rates. Specific lipid-lipid interactions may be

revealed using NMR and FTIR approaches. Many questions would be

answered if we could actually "see" substrate domains and lipases

bound to lipid surfaces. With the advent of near-field techniques

this may become a reality. Preliminary studies using STM show what

appears to be pancreatic lipase attached to a surface saturated with

colipase molecules. However, many technical problems must be overcome

before we can directly ask the important questions with near-field

methods.
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