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STELLINGEN

Bij dehydratatie (vriesdrogen} van een vesikeloplossing blijft de structuur van
het membraan grotendeels intact.
Dit prosfachrift

Toyota en Asakawa concluderen ten onrechte dat het bij twee van de door
hen geisoleerde sesquiterpenen gaat om bicyclogermacranen.
M. Toyots on Y. Asakawa (1993) Sesqui- and triterpencids of the liverwon
Conocephalum japonicum:. Phytochemistry, 32, 1235.1237

Bij zijn representatic van de interactie van triglyceriden met geactiveerd
lipase houdt Blow, bij de oriéntatie van deze trigiyceriden, te weinig rekening
met de verschillen in polariteit in het substraat.

D. Blow (1991) Lipass reach the surface. Nature, 351, 444-445

Sdnchez-Ferrer en Garcfa-Carmona voeren onvoldoende experimentee]l bewijs
aan voor het bestasn van reverse vesicles in het door hen gebruikte surfac-
tantsysteem,

A. Sénchez-Ferrer en F. Garcia-Carmons (1992) Reverse vesicks us a new

system for studyiag enzymes in organic solvents. Biockem. J., 285, 173-376

Het is onduidelijk waarom Formelové et al. bij de scheiding van vrij trypsine
en trypsine dat in ciwit-lecithine liposomen is ingesloten, geen gebruik
hebben gemaakt van een gelpermeatic-chromatografiekolom met een groter
scheidend vermogen.

I. Formelovd, A. Breier, P. Gomeiner en 1. Kurillovd {1991) Trypein eatrap-

ped within Liposomes, Pastition of & low-wolecular-mass substrste wa the main

factor in kinstic control of hydrolysis. Collect. Czech. Chem. Commun., 56,

N2-717

Het door Tolbert et al. voorgestelde mechanisme voor de vorming van
cyclische allenen uit chlorocarbanionen is discutabel,

L.M, Tolbert, M.N. Isiam, R.P. Johnoson, P.M. Loisclie co W.C. Shakespeare

(1980) Carbanion photochemistry: a mew photochemical routs to straimed cyclic

allones. I. Am. Chem. Soc., 112, 6416-6417

Het vermoeden van Walter en Ballschmiter dat de bromering van anisool
door chloroperoxidase van Caldariomyces fimago een regioselectieve reactie
is, wordt onvoldoende door experimenten onderbouwd.

B. Waier en K. Ballschmiter (1991) Riohsiogenation as a source of baiogena-

tsd anisoles in air. Chiemosphors, 22, §57-567
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Bij interdisciplinair onderzoek is niet alleen het hebben van de juiste kennis
van belang, maar ook het hebben van de juiste kennissen.

De kieskeurige consument is mede schuldig aan het overmatig gebruik van
gewasbeschermingsmiddelen.

De hoge snelheden, die recreatieve wielrenners vaak ontwikkelen, en het
daarmee gepaard gaande, veelal onverantwoordelijke weggedrag rechtvaar-
digen de verplichting tot het dragen van een goedgekeurde valhelm.

Bij de gang naar een fietswinkel voor de aanschaf van een agrodynamisch
hulpmiddel moet de matig getrainde triathlect zich afvragen of hij niet meer
gebaat is bij een extra training.

Een schoner milieu is een mentaliteitskwestie.

Eduard W.J. Mosmuller

Studies on the incorporation of lipase in synthetic polymerisable vesicles

13 mei 1993, Wageningen
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SCOPE AND CONTENTS OF THIS THESIS

The general aim of this thesis was to investigate the possibilities of
incorporation of enzymes in synthetic polymerisable vesicles and to study the
effects of incorporation on activity and stability of the enzyme. Candida
cylindracea lipase was taken as the model enzyme. The choice for a lipolytic
enzyme was prompted by the ability of this class of enzymes to perform their
catalytic action preferably at interfaces. It was anticipated that the properties of
vesicular systems could positively influence the (mode of) action of lipases.

Vesicles, spherical bilayer structures build up from amphiphilic molecules,
have well-defined surface properties. Due to the great flexibility in the design
of vesicular systems, there is an interesting development and diversification
in the application of vesicles as membrane model systems. Enzyme-vesicle
systems can be used for therapeutic purposes or in biotechnological
applications and may lead to the development of multi-enzyme systems that
can be used as micro-bioreactors. For practical applications of these systems, e.g.
for the immobilisation and stabilisation of enzymes, it is desirable to have
samples of high stability. Therefore, in this thesis special attention has been
paid to enzyme-vesicle systems with polymerised bilayer structures.

Chapter 1 describes some general characteristics of lipases. In chapter 2 the
properties of surfactant molecules and vesicles are reviewed. These chapters
are introductions into the field of lipases and surfactant vesicles.

Despite extensive investigations on lipases and on vesicular systems,
surprisingly little is known about the incorporation of enzymes, and in
particular lipases, in synthetic vesicles. Therefore, in first instance the
incorporation of lipases in vesicles was investigated, and the effect of this
incorporation on enzymatic activity was shown. In chapter 3 the activity of
free lipase from Candide cylindracea (CCL) is compared with CCL incorporated
in polymerisable positively charged quaternary dialkyl ammonium surfactant
vesicles for a variety of glyceryl and 2,4-dinitrophenyl ester assays. The effects
of several surfactant addenda on lipase activity are studied.

Lipases have not been incorporated earlier into polymerisable vesicles, in
spite of the improved stability of polymeric vesicle systems. Chapter 4 focuses
on the stability of CCL incorporated in polymerisable vesicles composed of
zwitterionic vesicles. The stability of the incorporated lipase is investigated for
a number of protein denaturing conditions.




Important aspects in studies concerning the incorporation of proteins in
vesicles are the characterisation of the interaction between enzyme and vesicle
during the incorporation process and the determination of the location of the
incorporated enzyme. Fluorescence techniques are very suitable for elucidating
protein-vesicle interactions. In chapter 5, the interaction of lipase with the
vesicle membrane is emphasised, based on fluorescence energy transfer and
fluorescence anisotropy studies.

For the application of lipases, a reliable method for the determination of
enzymatic activity is required. Chapter 6 describes a new lipase assay system
based on the spectrophotometric detection of a variety of newly synthesised
2 4-dinitrophenyl esters.

In chapter 7 the results of the preceding chapters are reviewed in the
summarising discussion.

The list of abbreviations and symbols, the list of references and the abstract
are appended to the thesis.



1 TRIACYLGLYCEROL LIPASES

Keyword phrases:

MODE OF ACTION OF LIPASES, INTERFACIAL ACTIVITY AND STRUC-
TURAL ASPECTS

REACTION SYSTEMS FOR LIPASES
LIPASES AND AMPHIPHILES

APPLICATIONS OF LIPASES




1.1 INTRODUCTION

Enzymes that catalyse the hydrolytic cleavage of organic compounds are
called hydrolases. According to the rules of N/PAC-TUB Commission on
Nomenclature [106], hydrolases are listed under the code EC 3. Further
subdivision of hydrolases is first based on the nature of the bond hydrolysed
and then on the nature of the substrate.

The enzyme used in this thesis is a triacylglycerol lipase (EC 3.1.1.3), which
betongs to the class of carboxylic ester hydrolases. The (bio)chemical reaction in
which carboxylic ester hydrolases are involved, is the hydrolysis of an ester
into a free fatty acid and an alcohol:

0 lipase O
R-C _ + H,0 ———= R-C! + ROH
OR' OH

In accordance with the TUPAC-TUB rules, triacylglycercl lipases, mostly
referred to as lipases, are listed as enzymes that catalyse the reaction:

triacylglycerol + H,O — diacylglycerol + fatty acid

Lipases are found in all organisms: they are identified in mammals, plants
and micro-organisms. Lipases play a key role in the lipid metabolism of the
organism. In general terms, they are necessary for the lipid transfer from one
organism to the other. Within organisms, lipases play an important role in the
deposition and mobilisation of fat, an important energy source. In addition,
they are involved in the metabolism of intracellular lipids and therefore, in
the functioning of biological membranes [16,2547].

Although the natural substrates for lipases are triacylglycerols, their catalytic
action is not restricted to these compounds: also diacylglycerols, monoacyl-
glycerols and a broad variety of other esters [14,16,25,39,47,64] ranging from
simple carboxylic acid esters [31,32] or carbohydrates [132,221] to tricyclic acetates
[55,181] can be hydrolysed.

Apart from a broad substrate specificity, lipases show regio- and stereo-
selectivity for different alcohol or (fatty) acid moieties or combinations of these
selectivities. Jensen et al. [111,112], Bariszlovich et al. [6] and Sonnet [227] have
used these parameters in order to define a practical approach for the
determination of lipase selectivity for acylglycerols. The selectivity of lipase
from Candida cylindracea, the enzyme that is used in this thesis, is illustrated
on the basis of some examples in table 1.1.

Lipases are generally water soluble. Most natural substrates of lipases on the
other hand, are not soluble in aqueous environment and therefore, the
reaction system is heterogeneous. Consequently, lipases have evalved to
enzymes that perform their catalytic action at the substrate-water interface. The
physical state of lipase substrates in aqueous environment - soluble or
insoluble - is of great importance in lipase reactions (see next paragraph for a
detailed discussion). In order to indicate the difference in the physical state of



substrates, the terms esterolytic and lipolytic activity are sometimes used to
refer to the hydrolysis of soluble respectively insoluble substrates.

Table 1.1 Selectivity of lipase from Candida cyfindracea, in hydrotytic reactions.

Substrate selectivity (hydrolysis of different types of substrates)
Same carboxylic acid, different alcohol moiety (Ib, [168]; 2, [169]; 3,

[132])
Q 1b 0 0
0'6\/\ QM ><O:PO 3
2 s)
[oﬁ”v’\ ON Q NO, \/\(‘_2)
o 0 o_l_
Same alcohol, different carboxylic acid moiety (1 a-c [168])
O1a o 1b 0 1¢
0% oo~ 0%
EOJOK. EOJO'\/"\ EOJOKNV\
o‘”\ OA\/\ o)'\/’\M
Regioselectivity
Hydrolysis of primary esters (4, [132]),
secondary esters (5, [132]) or
all esters (nonselective: 6, [10])
RZ0 Lo} , o ) 0 OR
OR! 4 R'= CCH,CH,CH, . R°= CCH, OR
o OR

0 ] 1]
'l_ 5 R'= CC{CHy)y, R%= CCH,CH,CHy 6 R-=long chain fatty acid

Stereoselectivity
Stereoselective hydrolysis (7, [311; 9, [321)

oo Rr —= - Fon - Homi

. 8 M 7
o COOH CH,
J"\/\N\ H H

Yo - c:ﬂ\cna * r.:ly‘cooc,,n17
© 9 R9 10 R} 9 (S)




1.2 INTERFACIAL ACTIVITY OF LIPASES

Since lipases hydrolyse carboxylic ester bonds, they can in this respect be
considered as carboxylesterases (EC 3.1.1.1), However, the fundamental
difference between carboxylesterases and lipases lies in the physical state of the
substrate. Whereas carboxylesterases only hydrolyse solubilised substrates, i.e.
esterolytic activity, lipases perform their catalytic action preferably at a
substrate-water interface, i.e. lipolytic activity.

Already in 1936 the importance of the substrate interface for lipase action
was noted by Holwerda et al. [97]. In their work concerning the hydrolysis of
triglycerides by pancreas extract they stated: "... Wir haben in exakien
Versuchen zeigen kinnen, dass der Verteilungszustand von fliissigen
Triglyceriden im allgemeinen von grossem Einfluss auf ihre Verseifungs-
geschwindigheid unter Einfluss von Pankreaslipase ist. (...) Es ist erforderlich
dafilr zu sorgen, dass die Grenzfliche Lipid-wdsserige Phase in bezug auf die
benutzte Menge Pankreasextrakt relativ hinreichend gross ist und bleibt. ..."
They found, among other things, that by simply increasing the shaking speed
for a mixture of 0.4 mM tricaprylin and pancreas lipase, the amount of fatty
acid hydrolysed in 20 minutes was raised more then twenty-fold.

However, it lasted until the fifties and sixties before this phenomenon was
studied in more detail. The first attempts to characterise lipase activity were
made by the group of Desnuelle [8,58,213]. They investigated the hydrolytic
activities of horse liver esterase and porcine pancreas lipase at various triacetin
concentrations, below and beyond the solubility limit.

Activity Activity

4 H 4 ;
1 |
1 1

3 ' 3 !
1 ]

I

21 i 21 l
|  ESTERASE ! LIPASE

11 H 1 i
]
]
l . r } . .
1 2 3 1 2 3
Substrate concentration Substrate concentration

Figure 1.1 Hydrolysis of triacetin by horse liver esterase and porcine pancreatic
ipase. Enzymatic activities are given as a function of substrate concentration, which is
expressed in multiples of the saturation concentration {dashed vertical line) {213].

The esterase displayed normal Michaelis-Menten kinetics in the
concentration range where the substrate is completely soluble. On the other
hand, lipase showed almost no activity as long as triacetin was in its dissolved
state. However, when the substrate concentration was increased beyond the
solubility limit, a sharp increase in enzyme activity was observed (figure 1.1).



Apparently, the esterase is active on monomolecularly dispersed substrate
molecules, whereas lipase clearly needs a substrate interface for attaining
maximal activity. Thereupon, Benzonana and Desnuelle (8] defined lipase
reaction kinetics. By using two emulsions with substrate droplets of different
size, they showed that the reaction rate does not depend so much on the
concentration of the substrate as on the area of its interface. Lipase kinetics
could now be characterised by replacing normal units of conceniration (g/! or
mole/1) by 'interfacial concentration', i.e. the interfacial area of the substrate
per volume unit (m2/1).

A few years later, it was recognised that the catalytic action of lipases is
basically a two-step process, quite distinct from esterases [22,24,27,250]. First the
water soluble enzyme E is activated by binding to the (substrate) interface
(E 5 E*). Through binding, the specific orientation of the activated enzyme E*
at the interface makes the active site accessible for the substrate. The second
step is the actual binding of a substrate molecule to the active site of the
enzyme (E* + S & E*S). Once the enzyme-substrate complex E*S is formed, the
actual catalysis takes place: product P is formed and the enzyme is regenerated
in its activated form (E*S -—» E* + P}. Figure 1.2 illustrates this model for the
action of a soluble enzyme at an interface, which was proposed for the first
time by Verger et al. [250]. Although in first instance, this model was defined
for phospholipase A2 (EC 3.1.1.4), it also appeared applicable for triacylglycerol
lipases [248,249].

HO |

Figure 1.2. Model for the interaction of lipase at a substrate interface {(adapted from
Verger et al. [250]).

The importance of the first step in lipase action - the adsorption of enzyme
to the substrate interface - is nicely demonstrated by pancreatic lipases under
physiological conditions. Pancreatic lipases are inhibited by amphiphilic
substances like bile salts. This inhibition is caused by the desorption of the
enzyme from the substrate interface into the aqueous bulk phase. However,
colipase can prevent or overcome inhibition by bile salts. Colipase, a
polypeptide cofactor, facilitates the (re-)adsorption of the enzyme to the surface
of an emulsified substrate [15,17,18,23]. In this way, the pancreatic lipase is
anchored to the substrate surface and hydrolysis of the substrate can proceed.




1.3 STRUCTURAL ASPECTS OF LIPASE ACTION

Knowing the general mode of action of lipases, it is interesting to focus on a
description of the action of lipases on the molecular level. In the early
seventies, Sémériva et al. [219] and Brockerhoff {24] suggested that lipase was a
serine hydrolase with an active site similar to that of chymotrypsin. However,
complete insight in the three-dimensional structure and the anatomy of the
active site could not be obtained until sequence and X-ray crystallographic data
of lipases became available. Up to now, the complete X-ray structure of the
lipases of human pancreas (257), Rhizomucor miehei [19] and Geotrichum
candidum [216] have been published. The amino acid residues in the active site
responsible for the catalytic action are Ser-His-Asp or, in the case of
Geotrichum candidum lipase, Ser-His-Glu. These residues form a special
spatial arrangement, the so called catalytic triad, which enables the serine
residue - the actual chemical operator - to attack the carbonyl group of the
substrate (figure 1.3). In this way, an acyl-enzyme intermediate is formed and
the alcohol moiety (R"-CH) of the substrate is liberated (step 1). Subsequently,
the acyl-enzyme intermediate can be (hydro-)lysed by the attack of a
nucleophile (Nu). This regenerates the enzyme and, in the case of aqueous
solutions where water is the nucleophile, releases a carboxylic acid
(R-C(O)-OH).

His
Asp Ser
step 1 J\ /-\ /_k f CO) ----- = R"—OH
O (03 H—N_ _N H . .
NS R C«OH
. acyl-enzyme
Asp His ger Intermediate

; =\ - - g
step 2 OJ\OQUVEIHJ\F@O-)/NU R'JLNU

Figure 1.3  The molecular mechanism of lipases.

A comparative analysis of some twenty lipases from different sources
showed that these lipases have structural similarities [134]. In all cases the
active site is not exposed to the solvent but it is buried in the core of the
enzyme and covered with a peptide loop, often referred to as ‘flap' or 'lid".
When the lipase adsorbes to a (substrate) surface, a rearrangement process
takes place in which the flap is displaced. In this process, the hydrophilic part
of the flap becomes partly buried and is anchored to the main domain of the
protein. The hydrophobic part of the flap then becomes completely exposed,
thereby increasing the apolar surface around the active site (29,45,901. Thus,
interfacial activation occurs by displacement of the pepticie loop; this
movement exposes the catalytic groups and creates an apolar surface around
the active site which stabilises the contact between enzyme and substrate
interface. A schematic representation of this process is depicted in figure 1.4.
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lipase in solution (E) activated lipase (E*S)

'S

peptide loop] /" 'y

. i E—— —————
“--’

aqueous | bulk phase substrate droplet

substrate droplet (S)

Figure 1.4  Diagram of the interfacial activation of lipase. This diagram shows only
the active site of enzyme.

1.4 REACTION SYSTEMS FOR LIPASES

As described in the previous paragraphs, lipases perform their catalytic
action preferably at a subsirate-water interface. Two major factors that
influence lipase activity are (i) the amount of substrate molecules at the
interface {surface quantity) and (ii) the nature or structural properties of the
interface (surface quality). Many different types of reaction systems have been
developed for lipases (figure 1.5), in order to control the surface quantity
and/or surface quality.

In order to improve enzyme performance, several possibilities for the
formulation of the substrate are advanced. The least complicated system is a
substrate that is completely dissolved in water. However, in these type of
homogeneous systems lipase activity is low due to the lack of an interface (see
section 1.2}. The activity of lipase on soluble substrates can be enhanced by the
addition of small amounts of water miscible organic solvents, but the effect is
relatively small. Entressangles and Desnuelle have reported an increase in
activity of maximal 6% in case of the addition of 2 mole % dioxane in the
hydrolysis of tripropionin [59]. Moreover, the reaction rates for water soluble
substrates can be enhanced by the addition of a (non-substrate) interface, e.g.
siliconised glass beads [27], nonpolar organic solvents [244] or amphiphiles [174].

In the case of a reaction system consisting of an emulsified substrate, the
interfacial area of the emulsion is of great importance. This interfacial area, or
interfacial concentration, can be quantified by determination of the droplet size
distribution of the heterogenecus reaction system. Droplet size distributions
can be measured with microscopic techniques 2071, or by the use of a coulter
counter [8,180] or an optical particle sizer [123]. However, for emulsions that
merely consist of substrate, the stability and consequently the maximal surface
is limited. Emulsifiers like polyvinyl alcohol [236,262] or gum arabic [167] are

11




therefore often used to stabilise substrate emulsions for the only purpose of
obtaining maximal activity.

Several other useful sirategies have been developed for studying lipase
reactions, making use of their interfacial activity. These strategies include
enzymatic reactions in microemulsions {(or reversed miceiles) [96,122,157,158],
and in two phase systems [56,244]. Basically, these media are composed of a
mixture of an aqueous phase, containing the enzyme, and an organic phase in
which the substrate is solubilised. The enzymatic reaction takes place at the
interface of the phases. In the case of microemulsions, the aqueous phase
consists of small discrete water droplets that are stabilised by amphiphiles.
Two-phase systems lack amphiphiles and the maximum contact surface of
lipase solution and substrate solution is only preserved by constant agitation.

Amphiphile &~~~

Substrate
Moalecule

Figure 1.5  Different reaction systems for lipases: 1. solubilised substrate, 2.
emulsified substrate, 3. microemulsion/reversed micelle, 4. two-phase system, 5.
monomolecular film.

Since it has been demonstrated that enzymes are able to work in organic
solvents with low water content [33], lipases are successfully employed as
biocatalysts in organic media [39,51,129,266]. The substrates are fully dissolved,
whereas lipases are insoluble in most organic solvents. Thus, the enzyme is
suspended in the organic medium and therefore, the reaction system is
heterogeneous. The solid-liquid interface of enzyme and substrate is

12




responsible for the activity of the enzyme. In many cases, lipases are found to
have an altered selectivity and specificity compared to aqueous systems and
they display an exceptional stability in anhydrous media {127,264,265].

The monomolecular film technique [28,193] and membrane reactors [92,198]
are very useful for studying lipase kinetics. In the monomolecular film
technique a monolayer of substrate molecules is created at a gas-liquid
interface, which allows a very accurate monitoring and controlling of the
interfacial quality. Membrane reactors have also well defined interfacial
characteristics. The principle of the reactor is based on the separation of two
different phases, e.g. an organic phase containing the substrate and an aqueous
phase for the removal of products, by the use of a porous membrane.
Membrane reactors have the additional advantage that the enzyme is
immobilised on the reactor-membrane, which allows the application for a
long period in consecutive reaction cycles. In general, immobilisation is a
useful tool in enhancing the operational stability and the lifetime of lipases
{1551

Other methods that improve the performance of the enzyme are based on
chemical modification of the enzyme, e.g. by polyethylene glycol [7], or by
modification of amino acid residues with chemical reagents like
tetranitromethane [89] or N-(4-azidobenzoyl)oxysuccinimide [118]. In some
cases the simple addition of a chemical compound to the reaction mixture is
already suificient to influence the enzyme performance. The rate of hydrolysis
can be improved by the addition of carbohydrates [211] or cyclodextrins [40];
chiral amines are reported to improve the enantioselectivity of lipase systems
[93]. The role of amphiphiles is discussed in the next paragraph.

1.5 LIPASES AND AMPHIPHILES

In lipase reaction systems, the effects of many additives have been
investigated, including amphiphiles. The effects of these surface active agents
(surfactants) however, are not always unequivocal and sometimes difficult to
interpret, because they can interact with many parts of the system. Surfactants
interfere with the substrate surface and can affect both surface quantity and
quality. Furthermore, they can interact with the product(s), thereby affecting
the surface quality. Finally, surfactants can directly bind to the enzyme. In this
case, the influence of the amphiphile depends on its concentration (relative to
the eritical micelle concentration), on siructural properties (e.g. enzyme
structure, chain length of the amphiphile) and on environmental factors
(ionic strength, temperature, pH and, consequently, charge of the enzyme). An
overview of the effects of amphiphiles is given in table 1.2.

When amphiphiles, like bile salts or polyoxyethylenes (nonionic),
ammonium salts (cationic) or sulphates (anionic), are added to the reaction
medium prior to the administration of the enzyme, they inhibit in most cases
the activity. This is the result of accumulation of these surfactants at the
substrate surface (pollution of the interface) [15,34,119,174,240]. This prevents the
enzyme from reaching the substrate molecules and/or causes desorption of the
enzyme from the interface.

13




Table 1.2 Effects of amphiphiles on lipases and lipase reaction systems,

target effect result
substrates - accumulation at the interface - {mostly) decrease in activity
products - desorption products from - increase in activity
interface, and/or solubilisation
enzyme - binding - increase in activity and/or
in enanticselectivity
- binding and unfolding of the - deactivation

native conformation

However, surface active additives can also prevent inhibition that is caused
by formation of some fatty acids during hydrolysis. These fatty acids can be
solubilised by amphiphiles [9], or can be accommodated in the surfactant core
of liposomes [208] or micelles {161] and thus prevent their accumulation at the
substrate surface.

Contact between surfactant and lipase before addition to the substrate,
inactivates the enzyme in most cases. For lipases, the effect is reported to be
strongest when cationic amphiphiles are applied {74,174,215,232,240,251]. In
general, ionic amphiphiles are more effective denaturants than nonionic
amphiphiles as a result of both electrostatic and hydrophobic interactions. The
denaturation process is initiated, preferentially by electrostatic interactions,
leading to (partly) unfolded protein conformations. This induces previously
buried hydrophobic protein residues to become exposed and thus available to
further amphiphile binding, which finally results in denaturation of the
enzyme (214,233,252]. However, the application of amphiphiles to enzyme
preparations does not necessarily lead to denaturation. On the contrary,
treatment of lipase with phospholipids or deoxycholate is reported to yield
stable lipid-lipase complexes which display enhanced activity (107,108,261] or
enhanced. enantioselectivity [5,182,261].

Despite the variable effects that surface active additives can have on lipases
and on their reaction systems, in many applications amphiphiles are
successfully employed, e.g. as emulsifiers or in reversed micellar systems.

1.6 APPLICATIONS OF LIPASES

The structure of a chemical compound and, especially in the case of lipases,
its formulation determine whether a compound is accepted as a substrate.
Furthermore, the specificity of an enzyme depends on the stereochemical
architecture of its active site. For the application of lipases, the choice of the
enzyme source is important, since lipases from different sources have different
steric characteristics. The cavity of the active site in lipases from Aspergilius
species for example, is larger than that of Pseudomonas and Mucor species,
whereas the size of the active site cavity in Candida lipase is in between. As a
consequence, Aspergillus lipases are better suited for hydrolysing bulky esters
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{64]. Insight in the steric requirements of the lipase allows the prediction of its
reactivity (figure 1.6).

For predetermining the selectivity of lipases, several models have been
developed. Kloosterman et al. [131] and Hultin and Jones [102] have developed
active site models for Pseudomonas fluorescens and porcine pancreatic lipase.
Their models describe the steric constraints in the active site, with the aim of
anticipating whether a compound is accepted as a substrate. Kazlauskas et al.
have analysed the conversion of a range of different substrates and they were
able to define rules to predict the enantiomeric preference of lipases from
Pseudomonas cepacia and from Candida cylindracea for esters of secondary
alcohols [120]. These lipase models may be helpful in designing strategies for
the application of lipases in organic synthesis.

Substrate size:
bulky - - narrow

Enzyme species:
Candida sp. lipase

Aspergillus sp. lipase Pseaudomonas sp. lipase
Mucor sp. lipase

Figure 1.6  Steric requirements of lipases [64].

The broad substrate specificity makes lipases usable in a wide field of
applications and their market is still growing [13,113,153,170,218]. Lipases are used
in the dairy and food industries for cheese ripening (46], the production of
flavours [53,167] and the hydrolysis [150,199] or interesterification [149,173,194] of
oils and fats [228]. In addition, they are used in detergents and laundry cleaning
systems [50,57,78,235], in the production of (biodegradable) surfactants [12,128] and
for analytical purposes [136,245]. One of the most promising fields of application
is in the production of optically active agrochemicals and pharmaceuticals
[117,130,131]. Lipases act, most often, in a highly selective manner. It is therefore
possible fo catalyse a large number of useful reactions in preparative organic
chemistry by using different lipases, each with its own specific selectivity
[14,39,64].
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2 VESICLES
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SURFACTANTS AND SURFACTANT ASSEMBLIES
VESICLES: MORPHOLOGY AND PREPARATION

STABILISATION OF VESICLES BY THE USE OF POLYMERISABLE
SURFACTANTS

USE AND APPLICATION OF VESICLE SYSTEMS
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2.1 SURFACTANTS

Surfactants owe their name to their characteristic behaviour at interfaces:
they strongly adhere to them and reduce surface tension. The word surfactant
is a contraction of the term surface active agents. These substances possess a
characteristic chemical structure with two distinct regions, viz. a hydrophilic
and a hydrophobic part. The hydrophilic part comprises ionic or highly polar
groups, whereas the hydrophobic moiety generally consists of one or more
apolar aliphatic chains [165,172]. The dual polarity combined in one molecule is
expressed with the term amphiphilic. The general structure of amphiphiles is
often depicted as a globule attached to one or two chains:

l———-— hydrophobic chain(s)

—= hydrophilic headgroup

The most useful classification of surfactants is based on the nature of the
headgroup moiety. The four basic classes are: anionic, cationic, zwitterionic
and nonionic surfactants. Some examples of surfactants are depicted in figure
21
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Figure 2.1 Examples of an anionic, cationic, zwitterionic and nonionic surfactant:
SDS, sodium dodecyl sulphate; CTAB, cetyltrimethylammonium bromide; DMPC,
dimyristoyl phosphatidylcholine; Brij 35, polyoxyethylene{23) lauryl ether.

2.2 SURFACTANT ASSEMBLIES

In aqueous environment, the amphiphilic nature of the surfactant is
responsible for the association of the molecules into a structured orientation.
The hydrophilic groups interact with water, and the hydrophobic regions are
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directed away from the bulk aqueous phase. Hydrophobic interactions between
the apolar chains are the major driving force in the phenomenon of
{self-)association of amphiphiles. Furthermore, association is attended with a
large increase in entropy as the result of the release of water molecules from
the hydrophobic chains. In addition to these effects, Van der Waals forces
between adjacent surfactant tails, and electrostatic and hydrogen bonds
between surfactant headgroups and the surrounding aqueous environment
stabilise the derived amphiphile assemblies [11,62,105). This leads to several
distinct geometrical surfactant aggregations (figure 2.2). The form of the
aggregate strongly depends on the molecular shape and concentration of the
surfactant and on environmental parameters, like electrolyte concentration,
pH, and temperature [67,154,191].

Monomolecular Bilayer aggregates Inverted micelles
dispersed

s 2NNz

pianar membrane

AW,

\‘.%“ v
WP‘.’—;E;.
=3

Micellar phases

sphere i
unilameilar

vesicle

%‘WW%

T
Figure 2.2  Amphiphiles can associate into a variety of structures in agueous

solutions, which can be transformed in one to another by changing the solution
conditions.

cylinder

Israelachvili has defined geometrical factors that control the packing of
surfactants into aggregates [103,104]. The volume of the hydrophobic part v, the
optimal headgroup area a, and the critical length [ of the hydrophobic chainl
are formulated in the critical packing parameter:

critical packing parameter = Zole

A summary of the structures, which are expected from molecules with
increasing values of the critical packing parameters, is presented in table 2.1.
Amphiphiles with relatively large headgroup areas and small hydrocarbon
volumes, as in molecules with a single hydrocarbon chain, assemble into
micellar aggregates. Amphiphiles with two {or three or four) hydrocarbon
chains are t00 bulky to pack into such small micellar aggregates and they will

1The maximal extent to which the chain can be stretched out.
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predominantly form bilayers. The shape of bilayers may be planar or spherical,
in which latter case the bilayer structure is referred to as vesicle.

Table 2.1 Eftect of the critical packing parameter on the assoclation behaviour of
surfactant structures in aqueous solutions. Adapted from references [104] and [172].

critical
pl;ar:metger surfactant type critical packing shape  expected aggregate shape
V/aolc
cone:
<0.33 single chained surfactants spherical micelles
with large head groups or
ellipsoidal micelles
truncated cone:
0.33 - 0.5 single chained surfactants large cylindrical
with relatively small head or
groups rod-shaped micelles
truncated cone:
(.5 - 1.0 double chained surfactants vesicles
with relatively large head- or
groups and flexible chains flexible bilayer structures
cylinder:
~1.0  double chained surfactants planar extended bilayers
with small head groups
or rigid chains
inverted truncated cone:
> 1.0 double chained surfactants reversed micelles
with small head groups or
and very bulky chains inverted micelles

2.3 BILAYER FORMING LIPIDS AND SYNTHETIC SURFACTANTS

Bilayer membranes can be constituted from a broad variety of surfactants, or
lipids in the case of naturally occurring amphiphiles. Nature distinguishes
four major classes of lipids [81] (figure 2.3). Phosphoglycerides (i) are the most
commonly found biomembrane lipids. They consist of a glycerol moiety
linked to a polar phosphate-containing group and two hydrophobic chains. A
representative example in this class is dimyristoylphosphatidylcholine, a
phosphatidylcholine. The major backbone of phosphosphingolipids (ii), the
second class, consists of a sphingosine moiety. One of the hydroxyl groups in
sphingosine is derivatised with a phosphate containing group and the amino
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group of sphingosine is coupled with a carboxylic acid residue. Sphingomyelin
is an example in this lipid class. In the case of glycolipids (iii), the polar
phosphate group in the phosphoglyceride or phosphosphingolipid is replaced
with a sugar residue as is shown in glucocerebroside, a glucose-derivatised
sphingolipid. The fourth major group of natural surfactants is formed by the
sterols (iv), of which cholesterol is the most common.

o)
VVW \CHZ
© CH O |
- ) —
MAMMrO (!}H-O-ﬁ—o’\’h;# Phosphatidyicholine
0

o

e L
O-P-o’\"f — Sphingomyelin
NH i
O
2~CH
o Glucocerebroside
NH ~Gl

\r\f\l%on Cholestorol

?igure 2.3  Four examples of lipids, one from each major lipid class.

In the late seventies it was reported that membrane structures could also be
formed from compounds other than lipids. Kunitake and Okahata [141,142]
showed the first example of a totally synthetic bilayer membrane. The
surfactant they used was didodecyldimethylammonium bromide (DDDAB;
figure 2.4, 1).
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Figure 2.4 Some examples of synthetic amphiphiles that can form vesicles In agueous
solution (1, [142]; 2, [166]; 3, [230]; 4, [138]; 5, [76]. 6, [139]).
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The authors recognised the importance of this finding by their statement
that this system could be used "... apart from its relevance to the physical
chemistry of biomembranes, for preparing well-defined molecular
organisations which possess various functions. ..."Ever since, many different
types of amphiphiles have shown to yield vesicles. A few examples of vesicle-
forming meolecules are listed in figure 2.4: surfactants with two alkyl chains
containing positively charged ammonium (1) or pyridinium (3) headgroups,
negatively charged phosphate groups (2), surfactants with three alkyl chains
(4), bola-formed or membrane-spanning surfactants (5) with two hydrophilic
groups attached to a double-chained hydrophobic moiety, and amphiphilic
structures with one alkyl chain in which a rigid chromophore is inserted (6).

2.4 VESICLES: MORPHOLOGY AND PREPARATION

The term vesicle is derived from the Latin word wvesicula, which means
hollow globule. Indeed, vesicles are spherical bilayer surfactant aggregates that
enclose an amount of the aqueous phase in which they were formed. In the
case of naturally occurring surfactants, lipids, spherical assemblies are mostly
referred to as liposomes. The size of the vesicles can vary from 20 nm to
several um. The thickness of its bilayer ranges from 4 to 6 nm, depending on
the length and bulkiness of the hydrophobic part of the surfactant.

bliayer‘

Figure 25  Representation of a unilamellar vasicle.

Mainly three types of vesicles are distinguished, as is depicted in figure 2.6.
Structures with multiple bimolecular lamellae are called multilamellar
vesicles (MLV) and their size varies from 100 nm to several um. Unilamellar
vesicles, which consist of only one bilayer, are subdivided into small
unilamellar vesicles (SUV) with sizes ranging from 20-100 nm and large
unilamellar vesicles (LUV) with sizes from 100 nm to several pm. Size
determination of vesicles can be performed by electron microscopy, gel
filtration, light scattering techniques, and density centrifugation [91,217,260].

Vesicles can be prepared by different procedures [66,84,163,2311. The method of
preparation determines for a great deal the size, size distribution and
morphology of vesicles [66,81,231,260].

The type of vesicles which can be obtained by the different methods of
preparation are listed in table 2.2. The most straightforward method is
sonication of a surfactant dispersion, either by a probe or a bath-type scnifier,
or extrusion of aquecus surfactant dispersions through porous membranes or
a small orifice.
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Figure 2.6  Schemalic drawing of the three distinct vesicle types (from [191]).

The clusters of surfactant molecules are disrupted, the water layer around
the hydrophobic tails is removed and the surfactants can aggregate into
organised structures. The stability of these structures is the result of the
increase in entropy due to the release of water molecules during aggregation
and of hydrophobic interactions between the amphiphile chains [61,62]. These
favourable effects nullify the unfavourable head group repulsion.

Table 2.2  Methods of preparation of surfactant vesicles and some characteristics.

Method of preparation Type of vesicle! Remarks
Sonication SUV/LUY
Extrusion

Porous membranes MLV

French press (small orifice)  SUV/LUVY
Detergent dialysis or dilution LUV (SUV)
Hydration of dried lipid film MLV /LUVY

Solvent vaporation and REV?2 LUV
Injection method
aqueous in organic MLV
organic in aqueous SUV/LUV
Fusion methods SUv

uniform size distribution, fast

defined size, uniform size distribution, fast

claborate

easy, non-uniform size distribution

non-uniform size distribution

fast, non-uniform size distribution

elaborate

1 LUV = Large unilamellar vesicles; MLV = multitamellar vesicle; SUV = Small unilamellar vesicle

2 REV = reverse phase evaporation vesicles

Other methods involve the use of detergents or organic solvents. Vesicle
forming surfactants, which are poorly soluble in water, can be co-solubilised by
detergents. Removal of the detergent by dialysis or gel filtration yields vesicles.
The surfactants can also be solubilised in an organic solvent. Removal of the
solvent by a rotary evaporator yields a film of amphiphiles on the wall of the
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flask and subsequent hydration of this film results in the formation of vesicles.
In addition, a surfactant solution in organic solvent can be injected into
(heated) water or vice versa. In any of these cases, the aggregation into vesicles
is initiated by the organisation of the amphiphilic molecules on the
water/organic phase interface. Preparation of reversed phase evaporation
vesicles (REV} is based on the same principle. In this case, the organic phase,
containing the surfactant, is removed under reduced pressure from a water-
organic phase emulsion.

2.5 POLYMERISABLE VESICLES

Vesicles tend to aggregate sponlaneously and they fuse under the influence
of fusogenic agents such as bivalent ions. This causes changes in size and size
distribution and can ultimately lead to flocculation [210). In addition, the
administration of several addenda, like salts or proteins, may destabilise the
membrane structure. However, studies in which vesicles are applied, often
require systems with a well-defined morphology and a long-term stability [187].
Therefore, strategies for membrane stabilisation had to be developed. Polymer
science offers elegant means to tackle the problem of a limited stability [206].
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Figure 2.7 Polymerisable groups which can be used for the preparation of
polymerisable amphiphiles.

The introduction of a polymerisable group into the amphiphilic molecule
allows the linkage of the membrane components. Consequently, the vesicle
structure is 'zipped up' and therefore becomes preserved. Moreover, the
enhanced stability is accompanied by controllable particle sizes and enhanced
membrane rigidity 168,114,186,205]. The first examples of these type of
amphiphiles were introduced in the early eighties by several groups
[98,115,143,179,200,242]. The tools that polymer science offer are versatile, as
illustrated in figure 2.7.
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Two approaches have been used to construct polymeric vesicles. On the one
hand, amphiphiles can be aggregated and subsequently, the polymerisable
groups in the organised vesicle structures can be polymerised (figure 2.8, 1, 2).
On the other hand the concept is reversed; first the surfactants are polymerised
and then these (pre)polymers are vesiculated (3). In the former case the
polymerisable group may be either fixed to the headgroup (1) or can be inside
or at the end of the aliphatic chains of the surfactant (2). In the laiter case, the
polymerisable group should be attached to the headgroup area, mostly by the
use of spacers or co-monomers (3). Apart from these approaches however,
there is an alternative method in which the polymerisable group is not part of
the surfactant itself. These monomeric vesicles can be stabilised by applying a
polymer coating or polymer framework. This can either be achieved by the use
of polymeric counter ions (4) or polymer chains that contain hydrophobic
anchor groups (5) which penetrate into the vesicle bilayer. The concept of
inserting stabilising groups into the membrane can be extended by combining
monomeric surfactants with bipolar membrane-spanning surfactants (6). The
different strategies for stabilising vesicles are depicted in figure 2.8.

— 3 Prepolymerised surfactants
1 Polymerisable sudactans \‘
with a polymerisable group
altached to the head group —

-
e S p@_?. 5 Polymers
4 Suifactants with = = ;vri;(gh?;(g?phobic
polymensable == oups
counier ions é::' -
§
\§

—_— — & & Mernbrane-spanning
2 Polymerisable surfactans N J“ams
with polymerisable groups —_ =
in the hydrophobic part \x
 — ~

Figure 2.8  Diffarent strategies for the stabilisation of vesicles. The polymerisable
group is indicated as 'x’. Adjusted from [205].

Covalent linking of the constituents of the vesicle membrane indeed
markedly improves its stability. The shelf-life of polymeric vesicles can be
extended to several months compared to several hours or days for their
nonpolymerised analogues. Although polymerisation of vesicles mostly takes
place without morphological changes [72], the state of the membrane is
affected. The packing density of the vesiculated surfactant molecules changes
and herewith the properties of the membrane bilayer. Linkage of
polymerisable groups attached to the headgroup exhibits a decrease in the
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surface area per molecule compared to monomeric amphiphiles [52], and dlefts
are formed between the polymeric surfactant strands [177]. However, the
fluidity or phase transition? of the vesicle membrane is not drastically altered
by surface polymerisation, since the hydrophobic interior of the bilayer
remains unchanged. In contrast, vesicles in which the hydrophobic core is
polymerised lack phase transition due to the formation of a rigid polymer
backbone [115,206]. As a consequence, polymeric vesicles have a greater
resistance to osmotic shock [98] and the bilayer structure is retained in the
presence of alcohols [200] or detergents [52]. In addition, the leakage rate of
entrapped substances can be reduced due to decreased permeability of
polymeric vesicles [88,201,242].

Finally, the development of polymerisable surfactants offers the possibility
for the preparation of extremely stable vesicle systems. By adjusting the
chemistry of the surface active compounds, it should be possible to find a
suitable system for many applications.

2.6 USE AND APPLICATION OF VESICLE SYSTEMS

Although membrane mimetic chemistry is a rather young research area, it
is rapidly expanding and researchers of many disciplines participate in this
area. Covering the whole field of uses and application is almost an endless
task. The following examples will therefore mainly be focussed on biological
studies.

Liposomes and vesicles are very useful as model systems for biological
membranes. Biomembranes are complex systems with a variety of membrane
lipids and proteins as the major components [81]. The use of simple model
systems can yield valuable information on the physicochemical properties of
membranes [44,66]. The packing, mobility and orientation of the amphiphile in
the membrane and the phase transition of the vesicle membrane can much
easier be determined in membrane systems composed of one single type of
amphiphile [37,210,222]. The interaction of proteins with vesicles has received
much attention [48,63,124]. Proteins can bind to liposomes by adsorptien, by
incorporation into the membrane during its formation or during incubation
of the protein with preformed liposomes. Furthermore, proteins can be
immobilised by covalent binding, either by modification of the proteins or by
modification of the vesicle surfaces [82,238,239]. The latter method was
successfully applied by Powers et al. [195,196] for the purification of specific
enzymes from a protein mixture. They modified the vesicle surface with
ligands. The proteins specific to the affinity ligand bind to these vesicles and
were separated from the mixture by ultrafiltration.

Many membrane bound enzymes are inactivated upon purification due to
the changed microenvironment of the protein. However, in many cases the
activity can be reconstituted by the use of liposomes, as was shown e.g. for D-
fructose dehydrogenase [121] and protein kinase C {183). The group of Ringsdorf
showed that ATP synthethase [254] and bacteriorhodopsin [185] could be
incorporated in synthetic vesicles with retention of the enzymatic activity. By

2The phase transition indicates the change from a gel-like to a fluld state of the aliphatic chains of
vesiculated surfactants upon rising the temperature.
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using polymerisable surfactants, they were able to design enzyme-vesicle
systems with long term stability. Furthermore, Adrian et al. [2] and Miranda et
al. [164] showed that entrapment of proteins in liposomes increases their
resistance to proteolysis.

Liposomes are further successfully employed in the elucidation of the mode
of action of phospholipases, which are capable of hydrolysing phospholipids in
the associated form [41,109]. In the case of lipases, which generally cannot
hydrolyse phospholipids, vesicular systems have merely been used on a
limited scale. Walde et al. [255] investigated the effect of liposomes on milk
lipase and found that the hydrolysis of solubilised substrates was enhanced in
the presence of liposomes. Hormone sensitive lipase could successfully be
reconstituted by Holm et al. in phosphatidylcholine vesicles [95]. In a
comparison of phospholipid coated triolein emulsion particles and liposomes
containing this triglyceride, Rojas et al. [208] reported that the emulsified
triolein was hydrolysed at a much higher rate than lipesomal substrate due to
a continued supply of substrate in the former case. Chang et al. [35] used
liposomes for the immobilisation of lipase in continuous olive oil glycerolysis.

Besides the use as model membranes in biologically oriented studies,
liposomes have received growing attention for incorporation and
encapsulation? of all sorts of solutes. In this respect, vesicular systems have
proven to be useful for the delivery of drugs and genetic materials [87,148,187].
The aim of these studies is twofold. Firstly, the targeting of the biologically
active compound can be improved and secondly, the biological activity may be
better preserved by encapsulation. In biomedical applications, the effectiveness
of a drug can be improved, which leads to the administration of lower dosages.
More recently, liposomes are reported to be utilised in the food industry for
inclusion of food ingredients with the aim of improved performance and
stability [253].

In physical chemistry, {polymerisable) vesicles are attractive for their
controllable size and defined surface and due to compartmentalisation
properties. Accordingly, vesicular systems have been applied in the formation
of efficient colloidal catalysts, semiconductors, magnetic particles and in
photochemical solar energy conversion [69,70].

The chemical diversity of the surfactants which lead to various surface
functionalised vesicle systems surely will lead to the development of
additional applications [71,77,137,205].

3Im:or]:mratinn is defined as entrapment in the membrane bilayer, wheteas encapsulation describes the
entrapment of a compound in the aqueous interior of a vesicle.
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3.1 INTRODUCTION

For practical applications of enzyme-vesicle systems, e.g. for the stabilisation
of enzymes under denaturing conditions, the development of drug targeting
systems or in order to create micro-bicreactors, it is desirable to study enzyme
vesicle interactions in more detail. Therefore, we were interested in the
behaviour of enzymes incorporated in polymerisable surfactant vesicles.

In this chapter, a study is presented on lipase from Candida cylindracea
(CCL) entrapped in vesicles composed of polymerisable surfactants. The lipase-
vesicle system has been characterised in terms of activity and stability. The
activities of free (non-incorporated) and incorporated lipase were compared
using three different triglycerides and 2,4-dinitrophenyl butyrate as substrates.
Furthermore, the effects are described that vesicles and some other surface
active additives have on the (re)activity of free CCL towards the triglycerides.
Finally, the protective influence of vesicles is illustrated by comparing the
resistance for free and incorporated enzyme against proteolysis by trypsin.

3.2 MATERIALS AND METHODS

Materials

Crude lipase from Candida cylindracea was supplied by Meito Sangyo (lipase
OF). According to the supplier the specific activity was 360 U per mg dry
material (based on triolein hydrolysis). The protein content was 15%; one third
of this is lipase. Trypsin (Bovine type XI) was obtained from Sigma.

Allyl bromide (99%), azo-bisisobutyronitrile (AIBN; 98%), N,N-dimethyl-
formamide (DMF; 99%, dried on molsieves), dodecanoyl chloride (98%), N-
methyldiethanolamine (97%, distilled), poly(ethylenimine) (PEI; 5¢ Wt.%
aqueous solution, average Mw. 50-60,000), triacetin (99%, distilled) and tris-
(hydroxymethyl)aminomethane (Tris; 99+%) were obtained from Janssen
Chimica. 2,4-Dinitrophenyl butyrate was synthesised as described in chapter
6.2. Hexadecanoyl chloride (98%), methyl bromide (99.5+%) and polyoxy-
ethylene(23) lauryl ether (Brij 35) were purchased from Aldrich. Tributyrin
was obtained from Aldrich and Janssen Chimica (Aldrich: 98%, distilled.
Janssen Chimica: 98%), 10-undecenoyl chloride (pract., »97%, distilled) from
Fluka A.G., calcium chleride (p.a.), N-cetyl-N,N,N-trimethylammonium
bromide (CTAB; p.a.) and uranyl acetate (p.a., dihydrate) from Merck,
Sephacryl S-300 and Sephadex G-100 Superfine from Pharmacia and tricaprylin
(97-98%) from Sigma.

All organic solvents were distilled before use, All aqueous solutions were
prepared in particle free, demineralised and deionised water, purified by a
Seralpur Pro 90 C/Seradest LFM water purification system.

Purification and characterisation of the enzyme

Prior to use, the crude lipase preparation was purified. Dry enzyme powder
was suspended in 10 mM Tris-HCI buffer (pH 7) and centrifuged 30 minutes at
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15,000 g in a Sigma 202 M centrifuge. The supernatant was centrifuged again at
48,500 g at 10°C for one hour in a Beckman 2-21 centrifuge using a JA-21 rotor
in order to remove all iraces of solid impurities. Subsequently, the clear
enzyme solution was applied to a gel permeation column (26/60 Sephadex G-
100 or Hiload 26/60 Sephacryl 5-300 HR) coupled to an automated FPLC system
controlled by a personal computer with FPLC-manager software (Pharmacia).
The columns were equilibrated and run with a 20 mM Tris-HCI buffer pH 7.1
containing 150 mM NaCl. Finally, the enzyme solution was desalted on a
Sephadex G-25 column and freeze-dried before storage.

The protein content was determined using the bicinchoninic acid protein
assay reagent kit (Pierce) according to Smith et al. [224], using bovine serum
albumin (Pierce) as the standard protein. Polyacrylamide gel electrophoresis
(PAGE) was performed on a Midget system (Pharmacia) holding 8x5x0.75 mm
gels. SDS-polyacrylamide gels according to Laemmli [145] had a 4% T, 2.5% C
stacking gel and a 15% T, 0.6% C separating gel. Proteins with molecular
weights ranging from 14.4 to 94 kD were used as markers (Pharmacia,
Electrophoresis calibration kit). Isoelectric focussing was carried out according
to the procedure of Wolbert et al. [259] with Servalyte ultrathin precoated gels
with a pH gradient of 3-10 (Serva), in combination with a Pharmacia-LKB
Ultraphor electrophoresis unit at 4°C and a Pharmacia-LKB 2297 Macrodrive 5
power supply. Cytochrome ¢ (pI 9.9), ribonuclease A (8.0), alcohol dehydro-
genase (6.8), carbonic anhydrase (5.8) trypsin inhibitor (4.6) and flavodoxin (3.8)
were used as marker proteins.

Surfactant synthesis, vesicle formation and polymerisation

The quaternary dialkylammonium surfactants (see scheme) were
synthesised according to the methods described by Kippenberger et al. [125] and
Tundo et al. [242] with some modifications.

HyC(CH}aCOOCH,CH, | CHz CH=CH,
N\Bf- ABDEMA Br
HyC(CHa)1gCOOCH,CHY  “CHy

N-Allylbis[2-(dodecanoyloxy)ethyllmethylammonium Bromide

H_,,G(CHZ),,COOCHZCHz\ + /CHz-CH=CH2
N_Br ABHEMA Br

HyG(CH,),,COOGH,CHY ot

N-Allylbis[2-(hexadecanoyloxy)ethyljmethylammonium Bromide

HzC=CH‘{CHz)sCOOCHzCH2\+/CHG
N \Br' BUEDMA Br
H20=CH‘(CH2)aCOOCHch{ CHQ

Bis{2-(10-undecencyloxy)ethylldimethylammonium Bromide

N-Allylbls[2-{dodecanoyloxy)ethylJmethylammonlum bromide
To a solution of 11.92 g (100 mmol) of N-methyldiethanolamine in 80 ml of

dry DMF, 51 ml (220 mmol) of dodecanoyl chloride was added dropwise.
Within a few minutes the product started to crystallise. After one hour, the
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