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Abstract
De Roos, A.L. (1999) The Adsorption of Lysozyme and Chymosin onto emulsion
droplets and their association with caseins. Ph.D. thesis, Wageningen Agricultural
University,Wageningen, TheNetherlands,(pp.116,English and Dutch summaries).
Keywords:
enzyme immobilisation, emulsion droplet, casein micelle, chymosin, lysozyme, adsorption,
association.
Abstract:
In this study the enzymes chymosin and lysozyme were immobilised on soya-oil
emulsion droplets by means of direct adsorption onto the oil droplets'surface during
homogenisation. This emulsion was stabilised not only using the enzymes as the only
emulsifier, but also in combination with bovine serum albumin in various ratios of
concentration, simultaneously and successively. In every system the adsorbed enzyme lost all
activityinsitu, andalso after desorption from theoil/water interface bymeansofa detergent.
Soya-oil emulsion droplets stabilized with casein proved to be a good adsorbant for
theenzymesstudied. Chymosinbound onlywithemulsiondropletsstabilizedwithK-caseinand
was strongly dependent on pH and ionic strength. The extents of association are given in
adsorption isotherms. The enzyme immobilized inthis way showed insitu activity. Lysozyme
associated with every type of casein-stabilized emulsion droplet in the order a s -casein >
P-casein > K-casein. The association is less dependent on pH and ionic strength within the
ranges tested. Lysozyme also proved to be fully active while associated, indicating that the
activesiteisnotinvolved inthe association.
The characteristics of association of the enzymes with casein were worked out using
casein micelles of various casein composition and the individual caseins in solution. Lysozyme
only associates with ou- and p-casein and not with K-casein, the latter in contrast with the
binding capacity of adsorbed K-casein. Consequently, casein micelles of high K-casein content
bind less lysozyme. The extent of association of lysozyme with ou- and P-casein is about
equimolar. Theassociation didnotresultinlossofactivity.
As with adsorbed caseins chymosin only associates with K-casein. The characteristics
for association are more or lessthe same.The association with K-casein in solution, however,
decreases strongly with contact time, which is not the case with adsorbed K-casein. This
dissociation seemed to beverymuch related tothe proteolytic activity ofthe enzyme and thus
related to temperature, pH and extent of association. The association of chymosin with
K-casein is one in competition with the other caseins for K-casein and is determined by the
association constantsfor casein-casein and chymosin-K-casein interactions. Akineticmodel for
competitive association further explains the effect of casein micelle compostion and the low
extent ofchymosin association withmixturesofcaseinsand caseinmicellesin solution.
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Chapter 1

Chapter 1
Abstract
Immobilization of biologically active proteins is widely used in industry. The main
advantage of immobilization is that the proteins can be easily regained after having
played their role in the biochemical process. Immobilization is mostly carried out with
various solid carriers. These carriers aswell as the chemicals used in the immobilization
procedure can mostly not be considered as food grade. For this reason, application of
immobilized biologically active proteins to play a rolein the realization of food stuffs or
in pharmaceutics may not be allowed. The aim of this study is to immobilize enzymes,
while retaining activity, on carriers that have a food grade status. We used soya-oil
droplets and protein aggregates (casein micelles) as the carrier particles, and chymosin
andlysozyme astheenzymes.

general introduction
1.1 Immobilization ofbiologically activeproteins.
Immobilization of enzymes can be defined as the transfer of enzymes from a
water-soluble, mobilestateinto awater-insoluble, immobilestate. Immobilization deprivesthe
enzymes of their diffusional mobility and facilitates recycling by simple means such as
centrifugation or filtration. Moreover immobilization often increases the conformational
stability of the enzyme molecule to protect them against influences of pH, temperature, ionic
strength and shear forces. The food processing industry is the largest consumer of industrial
enzymes and many applications ofimmobilized enzymes canbe found inthis area [1]. Alsoin
pharmaceutical and personal care products, biologically active agents are immobilized by
encapsulation (e.g.inliposomes)tobring about specifictargetting andcontrolled release.
Various techniques of immobilization are applied: adsorption, covalent binding, ionic binding,
cross-linking, entrapment and encapsulation. The technique based on physical adsorption is
carried outbysimplybringingtheadsorbate intocontact withtheadsorbing material.
Commonly used adsorbents are solid materials like clay, alumina, glass, carbon and
siliceous materials. A disadvantage is that the adsorbed material can be desorbed on dilution
according to process conditions. Moreover, considerable loss ofbiological activity may occur
due to partial unfolding. In some cases good results have been obtained (amylase and
phosphatase immobilized on tricalcium phosphate gel particles [2]). An improvement may be
found incovalently attaching the adsorbates to the solid materials, making use of attachment
reagents.Caremust betakento protect theactivecentreoftheenzymefrom couplingwiththe
attachment material. This can be achieved by coupling the enzyme in the presence of a
competitive inhibitor or of substrate. A well-known example of the covalent attachment
technique isthe cyanogen-bromide treatment of Sephadexc.Multipoint covalent attachment to
the adsorbate prevents the enzymefromunfolding and makesthe enzyme far more stablethan
in solution. Cross-linking of enzymes with glutaraldehyde iscommonly used to achieve water
insoluble network aggregates that can be adsorbed onto various materials. Enzymes can be
entrapped in materials like silica, starch or polyacrylamide gels during gelation triggered by
change in temperature or gel-inducing chemicals. Encapsulation of dissolved enzymes can be
achieved by the formation of polymer capsules around enzyme-containing microdroplets that
are dispersed inawater-immiscible solvent. Thepolymer canbe chosento beimpermeable for
theenzyme,but permeablefor itssubstrates andtheproducts formed.
The intrinsic kinetic constants for an enzyme,Kmand Vmxi may change greatly due to
immobilization, ascompared to thosefor the enzymeinsolution. Inthe case of immobilization
by means of physical adsorption this change may bethe outcome of a conformational change
oftheenzymedueto partial unfolding onthe surface. But also other parameters will affect the
working mechanism of an enzyme immobilized on the surface of aparticle in agiven process
[3]. In a bioreactor a stagnant film exists around the adsorbent particle in a flow stream
containingthesubstrate.Thethicknessofthisfilmdependsontheturbulence (Reynolds
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number)ofthesurrounding liquid. Themassflowisproportional to the concentration gradient
over the stagnant film, created by the difference in substrate concentration of the bulk and
around the interface ofthe particle.Forthe latterthe substrate concentration willbe lower due
to conversion by the immobilized enzymes. As a consequence of the.stagnant film, the
substrate concentration inthe immediate surroundings of the particle islower than inthe bulk
solution and conversion of substrate for these reasons will be slower than would follow from
Michaelis-Menten kinetics in solution. Measured kinetic parameters in the bioreactor should
therefore becorrected, because ofthisexternal diffusion limitation.
If an enzyme is also immobilized in the interior of the particle (e.g. by adsorption,
covalent attachment or entrapment) acorrection should alsobemade for the internal diffusion
limitation. A radial substrate concentration gradient will exist inside the particle as a
consequence of substrate conversion. The substrate concentration will be highest at the
outside of the particle and lowest in the inside. For the product formed this concentration
gradient will be the other way around. These gradients, and also the particle radius and its
specific surface area, will affect the substrate massflowand therebythe kineticparameters. In
theliterature oneoften speaks ofthe apparentKm' and Fmax'.
The techniques for immobilization described in this thesis are the physical adsorption
of enzymes onto soya-oil emulsion droplets and the association oftheseenzymes with caseins
adsorbed onto these emulsion droplets. The phenomena of internal and external diffusion
limitation do not play a role, because the enzyme-substrate reaction can only occur at the
surface oftheparticle and the reactions are carried out instatic experiments without turbulent
flowof the bulk solution. In the case of enzymes associated with caseins in casein micelles,
which are to be considered as penetrable protein aggregates, effects of internal diffusion
limitationmayplayarole.
1.2 Theaimand outlineoftheresearch
The study originated from an attempt to induce acceleration of cheese ripening by
adding acrudesample containing exo-and endoprotease activity, isolated from starter bacteria
as used in the process of cheese-making, to the cheese milk. It was observed, however, that
almost all of the added enzymes remained behind in the whey fraction, and were not
transported intothecurd.It wasreasoned thattheseenzymescould inprinciplebetransported
into the curd by immobilizing them onto milk fat globules assuming that the enzyme activity
wouldbe retained.
To studythispossibility ofimmobilization inamoregeneral andfundamental way two
enzymes,bovine chymosin and hen's egg lysozyme were taken asthe enzymes to immobilize.
These two enzymes are well defined as to their amino acid sequences and their three
dimensional structures.Lysozymecanbe sonsidered asthemost exclusively studied enzymes.

general introduction
Other reasons for choosing these enzymes aretheir differences inproperties such as molecular
weight, isoelectric pH, effective hydrophobicity, working mechanism, cost and last but not
least their conformational stability. Moreover, both enzymes play a significant role in dairy
technology, chymosin asbeingthemost important renneting enzymeincheeseproduction, and
lysozyme to prevent "late blowing " due to gas production of Clostridiumtyrobutyricum
during cheeseripening.
Both enzymes are known to be transported into the curd during cheese making, most
probably due to association with the caseins, which is the main protein fraction in the milk.
This association behaviour makes the casein micelle, i.e. the aggregated form of the casein
molecules, suitable as an adsorbate for enzyme immobilization. Other biologically active
proteins such as plasmin, lipase, bacteriocins, nisin and, most probably many others, can also
associatewith caseins.Thiscould makethecaseinmicelleamoreorlessuniversal adsorbate.
Many studies on the adsorption of proteins onto various interfaces have been
performed over the last decades. Most of these studies deal with fundamentals of protein
adsorption onto solid/water and air/water interfaces. Studies of protein adsorption onto the
oil/water interface are mainly related to food emulsions. Very few ofthese studies, however,
dealwiththebiological activity ofthe adsorbed proteins.Lysozymeisoften used in adsorption
studies on various interfaces, but mainly because ofits properties as a protein and not for its
role as an enzyme. To the authors' knowledge the immobilization of enzymes by means of
adsorption directly onto the oil surface, that means, using the protein as emulsifier, has never
been reported previously.
In thisthesis the immobilization of chymosin and lysozyme with three different carrier
systems is described. In the first system the enzymes are used as the emulsifiers to stabilize
soya-oil emulsion droplets. This system can be regarded as a method of immobilization by
physical adsorption. The enzymes adsorb onto the oil surface by means of hydrophobic
interactions, which arefor themainpart entropically driven. Inthe second systemthe enzymes
associate with casein molecules adsorbed onto the oil surface. This type of immobilization is
for the greater part due to electrostatic interactions. The adsorbed casein molecule serves as
an intermediate ligand. In the third system, the casein micelle, which is an aggregate of
different casein molecules, is used as a carrier system that immobilizes the enzymes. We have
to keep in mind that a casein molecule adsorbed onto the emulsion droplet may have changed
its conformation dueto partial unfolding; it maythusbe exposed to the enzymes ina different
manner compared tothe casein moleculesincaseinmicelles.
In chapter II a review of literature on the properties of the proteins (chymosin,
lysozyme, the caseins and the casein micelle andbovine serum albumin) used inthis studywill
be given. Furthermore theoretical aspects ofadsorption ofproteins ingeneral and of enzymes
in particular onto the various interfaces, of the adsorption isotherm and of emulsification will
bederived. Protein-protein interactions andthe stability ofproteinsinsolutionwillalsobe

Chapter1
described. In this chapter general aspects of the methods used in the study will be outlined,
although most methodology willbe described indetail inthe succeeding chapters, which area
compilation ofjournal publications.
Chapter III deals with the loss of enzyme activity due to adsorption onto soya-oil emulsion
droplets.
Theassociation ofchymosin and lysozyme with adsorbed caseins and oflysozymewith
caseinsand artificially madecaseinmicellesinsolutionisdescribed inchapters IV and V.Less
attention is paid to establish the kinetic or apparent kinetic parameters Km' and VmJ of the
enzymesimmobilized inthisway.
Dairy technologists have known about the transfer of chymosin into the curd during
cheese-making for a long time; it was supposed to occur by means of association with the
casein molecules in the casein micelle [4]. The mechanism of association, however, had not
been worked out. Also influences of temperature, pH, ionic strength and of casein concentration on the transfer yield have been observed [5],without satisfactory explanations having
been given. In chapters VI, VII attempts are madeto answer these questions. To this end the
association of chymosin with caseins in solution, resulting in a kinetic association model, and
with synthetic casein micelles of various composition, was studied as a function of pH,
temperature and casein concentration.
1.3 References
1.
2.
3.
4.
5.

G.S. Mittal,in"FoodBiotechnology",Technomicpublications,LancasterUSA,1992,Ch. 6.
J.M.S. CabralandJ.F.Kennedy,in"ThermostabilityofEnzymes",1993M.N. Gupta,ed.,
Springer-Verlag,NarosaPublishingHouse, Ch.10.
K. van'tRietandJ. Tramper,in"BasicBioreactorDesign",MarcelDekker,inc.,1992,Ch. 15.
J.Stadhouders,G. HupandC.B.vanderWaals, Neth. MilkDairyJ 31, 3, (1977)
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2.1 Interfacial phenomena
A surface is characterized by its surface tension y. Surface tension and its equivalent
surface free energy are often defined asthework required to increasethe area ofasurface [1].
The higher energy state of molecules in a surface arises because they have fewer nearest
neighbour interactions than bulk molecules. This leads to a net attractive force that manifests
itselfasatwo-dimensional tension (N.m1), which isnumerically equal to the Gibbsfree energy
of the surface (J.m-2). The value of y is related to the nature of the attractive forces of the
liquid. The surface tension of liquid helium, solely due to London forces, is very small. In
organic liquidswith contributions from dipole-dipole interactions, the surface tension ishigher
(20-30 mN.m-1), and inwater, with strong hydrogen bonds, the surface tension is 72 mN.m-1.
By and large, the stronger the cohesive forces, the greater the surface tension. In general, the
surface tension increases as temperature is lowered. The interfacial tension between two
immiscibleliquidsoften liesbetween theindividual surface tensions oftheseliquids.
When a solute, dissolved in either of two liquids in contact, accumulates in the
interface between them, the interfacial tension decreases. Theadsorbed substance is said to be
surface active.Theamount ofinterfacial tension decrease77 iscalledthe surface pressure:
n^yo-y,

(l)

inwhich y0 isthe interfacial tension ofthe clean interface. The surface pressure can indeed be
measured asatwo-dimensional pressure betweenbars enclosing acertain interfacial area. The
amount of adsorbed material, called the surface excess or surface load r (moles per unit
interfacial area) is related to the activity a of the surface active material and the change in y
accordingtoGibbs:
-dy =d77 =7?7Tdlna,

(2)

inwhichR and Thavetheirusualmeaning. Thisrelation onlyholdsifonesurfactant ispresent,
andunder equilibrium conditions. Thedecreaseininterfacial tension continuesuntilthe solute
activitydoes notincreasefurther, eitherbecausethe criticalmicelleconcentration orthe solubilitylimit isreached. Atthat pointtheinterface isalmost fully packed with surfactant.
An apolar molecule or a molecular group in an aqueous environment will cause
rearrangements of the orientation of the adjacent water molecules, which exist as hydrogen
bonded "aggregates". The accommodation ofthe apolar molecule will restrict the rotation of
thewater molecule alongthe O-H-0 axisandthereby decrease entropy. Moreover, because of
disturbed hydrogenbonds, lonepairsofelectronsand protonswillincreasethe potential
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energy of water molecules. These two unfavourable thermodynamic factors increase the total
free energyofthe system. In order to restore theformer situation thewater moleculestend to
eliminate the apolar molecule from the aqueous phase. This is called the hydrophobic effect.
For an amphiphilic molecule,with ahydrophilic head and ahydrophobic tail,itwillbe smaller.
The molecule will remain in solution when the decrease of the free energy for the
water-hydrophilic head interaction outweighs the free energy increase due to the
water-hydrophobic tail interaction. When, however, the amphiphilic molecule can reach an
apolar interface, a restoration of rotational freedom and dipole interactions of the water
molecules will increase their entropy and thereby lower the free energy of the whole system.
Adsorption of surface active molecules from an aqueous phase therefore is predominantly
entropy driven.
Detergents or soaps lower the surface tension, the more so for a higher concentration,
until a critical micelle concentration (CMC) is reached. When from that point on the
concentration is raised, the added amphiphilic molecules will form micelles and thus the bulk
activity a and the surface tension will remain virtually constant. In micelles the detergent
molecules will arrange in such a way that the hydrophobic tails group together, away from
water contact, and the hydrophilic heads will be directed towards the water. The same will
happen at an interface. The hydrophobic tails will protrude into a hydrophobic phase such as
oil.
When the surface excess at the air/water interface is relatively high (condensed state),
the hydrophilic heads will remain in the water phase and the hydrophobic tails protrude into
the air to form a hydrophobic layer. When the surface excess is relatively small (expanded
state) the apolar tailswill lieflatonthe surface to form afilm,held together bythe attractive
forces of the apolar tails. Several detergents lower the surface tension of water to 30 - 40
mN.m'1before they reachtheirCMC.
2.2 Protein adsorption
Although most proteins are soluble inwater, they canbe spread asamonolayer onthe
surface. In early studies most research on monolayers was done with spread monolayers,
because of problems in directly quantifying protein concentrations on the surface. An
advantage of spreading a monolayer isthe known amount ofprotein added to agiven area of
surface. Onthe other hand, spread monolayers would rarelybe formed outsidethe laboratory.
In most practical and biological systems monolayers are formed by adsorption in which the
development intimeisanimportant aspect. Moreover it ishard to avoid desorption ofprotein
molecules intothebulk phase[2].
Nowadays, the study of adsorption or monolayer formation can be achieved by
monitoring the change in protein concentration inthe surface bymethods such as ellipsometry
or radioactive tracer measurement. Adsorption kinetics involves the following subprocesses:
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a) the diffusion of the molecules of a subsurface region to the surface layer, b) the actual
adsorption of the protein onto the surface and c) rearrangements of the adsorbed molecules
with time with corresponding conformational changes [3]. Because of this last phenomenon
kinetic research on monolayer formation cannot be carried out directly by surface tension
measurements. Achangeinsurface tensionisnot solelydetermined byavarying concentration
of protein in the surface but also by a change in conformation of already adsorbed proteins
with time. To obtain a conformation resulting in lowest free energy can take considerable
time. Moreover a change in interfacial tension only becomes measurable when a considerable
amount of protein molecules has been adsorbed already. Values of77 greater than 1 mN.m"1
are to be expected only at surface coverages above some 80 % of monolayer coverage [4].
Proteins are far more surface active than small molecule surfactants. This means that a
measurable adsorption is developed at bulk mass concentrations approximately two orders of
magnitude smaller than for these surfactants On the other hand, most soaps have a higher
capacity for lowering surface tension [5],presumably dueto ahigherpacking density.
Thetimeneeded for a macromolecule to adsorb onto a clean surface canbe estimated
usingthe equation
(r/c)2=Dt05

(3)

in which c is the surfactant bulk concentration, D the diffusion coefficient and ta.$ the time
needed to cover halfthe stilluncovered part ofthe surface, ric expressesthe thickness ofthe
liquid layer fom which the adsorbing surfactant is provided. The total adsorption time would
be alow multiple of f0.5, and for common parameter valuesthis leadsto atime ofthe order of
0.01 s[5].
The Gibbs equation for adsorption (eq. 2), which gives the relation between surface
pressure and bulk concentration, is based on an equilibrium situation of adsorption and
desorption of one species of molecules at an interface under constant conditions. However, a
protein cannot be considered as one species, since it is accompanied by counterions and the
number of counterions generally changes upon adsorption. Moreover, desorption of protein
will occur very reluctantly when the bulk concentration islowered by dilution. The reason for
this "irreversibility" isthe very high surface activity of the protein. Diluting needs to be done
to very lowbulk concentrations, resulting inavery small driving force for desorption. Avery
small desorption from the interface may already result in a bulk concentration that is in
equilibrium with the surface. In an emulsion, with larger surface area, this will happen even
sooner. Moreover, the desorption of a protein molecule generally takes a long time, the more
so for larger molecules, andthis maybe longer than the duration ofthe experiment. This does
not exclude exchange of one molecule for another. For (3-casein an exchange of protein with
the air/water interface and the bulk solution, measured with radio-active protein, was found.
Forlysozymethiswasnotthecase[6].
10
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An adsorption isotherm gives the relation between surface excess and the bulk
concentration of the adsorbent in equilibrium with the adsorbate. The slope ofthe initial part
ofthe curve gives an indication for the affinity ofthe adsorbent for the adsorbate. In the case
of protein adsorption, the slope generally rises very steeply and is said to have high-affinity
character. At low initial protein concentrations, most of the protein willbe adsorbed onto the
interface, leaving miniscule amounts in the bulk solution. When the protein concentration is
raised the isotherm will reach a plateau value, indicating that full coverage (rplat) of the
available interfacial area is reached. Although a protein adsorption isotherm looks very much
likethe Langmuir adsorption isotherm for gas adsorption, one ofthe basic concepts does not
apply, namely the absence of mutual interactions between adsorbed molecules. In particular,
cross-linking reactions between protein molecules, which are very close to each other in the
interface, mayprevent desorption.
Desorption of protein from an air/water or oil/water interface can occur when a
substance with a greater capacity for lowering interfacial tension (for instance a
small-molecule surfactant ) adsorbs onto the interface. Surfactants can attain a much higher
surface coverage and inthismannerpush awaythe adsorbed protein. Whentheinterfacial area
is decreased, as can be done between the bars of a Langmuir trough [7], at constant surface
pressure, desorption can also occur. This diffusion controlled desorption occurs faster for a
smaller protein molecule and a higher surface pressure. Proteins adsorbed onto solid/water
interfaces bymeans ofelectrostatic interactions with specific adsorption sitesorligandscanbe
desorbed bychangingthe solvent conditions(pH,ionicstrength) ofthe solution.
Often, different proteins do not displace each other, because they lower surface
tension to more or less the same extent. But when an emulsion is made with a mixture of
as-casein and (3-casein, used as the emulsifying agent, p-casein proves to be adsorbed
preferentially. Moreover it appears that as-casein will get exchanged by P-casein to a greater
extent than when the experiment is carried out the other way round [8]. (3-Casein can also
displace a-lactalbuminbut not P-lactoglobulin.In competition experiments, wheregelatinand
P-casein are adsorbed at the same time during emulsification, the proteins initially adsorb to
the same extent. In the later stages gelatin isdisplaced by p-casein [9].Thisbehaviour canbe
explained by p-casein reducing the interfacial tension to a lower level (the difference in y is
about 13mN.m"1between p-casein andgelatin for aparaffin oil/water interface).
The forces involved in adsorption of protein onto a clean air/water or oil/water
interface are presumably for a large part due to the hydrophobic effect. Electrostatic
intermolecular repulsion, in case of a solvent pH far away from the iso-electric pH of the
protein involved, canhamper further adsorption onto theinterface. It is saidthat an additional
electrostatic potential barrier is built up [10]. It was shown that the adsorption rate of
P-lactoglobulin was fastest near its iso-electric pH [11], where the protein has no net charge.
Solvent conditions will strongly influence protein adsorption onto solid/liquid interfaces,
because adsorption takes place at specific binding sites [12]. Special advantage of this
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phenomenon is taken in ion-exchange and affinity chromatography, where adsorbed protein
canbeeluted bychanging solvent conditions.
2.3Protein conformation and itschange on adsorption
After the initial segmental adsorption a protein can unfold to various extents. This is
often depicted inaloop,train and tailmodel,but itisquestionable asto whether thisisalways
realistic. The extent of unfolding depends on the conformational stability of the protein. Due
to the hydrophobic effect a protein in solution isfolded into its so-called tertiairy structure, in
whichmany ofitshydrophobic parts are inthe interior [13]. Thepolar amino acid sidegroups
will be orientated, if possible, at the periphery of the molecule, shielding the hydrophobic
interior from water exposure. In general it can be said that the larger the molecule the higher
proportion of hydrophobic groups buried inside the molecule. In most proteins the
hydrophobic parts are closely packed, resulting in a globular structure and relatively few
internalwater molecules.a-Helix, (3-sheet and (3-turnconformations aredistinguishable. These
conformations, due to internal hydrogen bonding, are generally found in the interior of the
molecule and cause a large decrease in rotational and conformational freedom and
consequently a loss in entropy. The water-entropy driven process of protein structure
stabilization is counteracted by the loss of conformational freedom of the polypeptide chain.
These antagonistic, large free energy contributions compensate each other almost entirely,
resulting in marginal thermodynamical stability [12]. This means that in protein engineering
only one strategic mutation, resulting in for instance an extra hydrogen bond formation, can
lead to a significant change inthermal stability ofaprotein. Somethermophilic proteins differ
from their mesophilic analogues by only a few salt bridges [13]. It also means that protein
stability can easily be decreased due to changes in temperature, ionic strength or pH. The
presence of an interface is another external circumstance that influences protein stability and,
consequently, its conformation. On adsorption, theinternal hydrophobic parts tend to become
anchored onto or even to protrude for a small part into the hydrophobic phase, resulting ina
change oftertiairy structure of the molecule. Depending onthe conformational stability ofthe
protein, the extent of unfolding ranges from almost full stretching (gelatin, casein) to almost
completeretention ofaglobular shape(lysozyme).
The extent of unfolding is also determined by the time available. In a static system
adsorption is diffusion controled and timerequired for adsorption is inversely proportional to
the square of the bulk concentration (eq. 3). At high bulk concentration the interface may be
fully packed before completeunfolding hasoccurred. Inotherwordsthe extent ofunfolding is
verymuchinfluenced bythesurface areaavailablefor theprotein. Verylittleisknown about
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the conformation ofaprotein after havingbeen adsorbed. HPLC analysisofpeptide fragments
split off from adsorbed a s - casein [14]and P-casein [15]bymeans oftryptic digestion, hasled
to an impression of the protein conformation when adsorbed, assuming that only the
protruding loop andtailparts could beattacked bytheenzyme.
An equation of state, which relates surface pressure n and surface excess T, hasbeen
derived byDeFeijter and Benjamins [16].They developed a "soft particle model"inwhichthe
radius of the protein molecule may change if the surface concentration is varied. They fitted
experimental data found for 77 and r for P-casein and ovalbumin at the air/water interface,
with an equation put forward by Helfland [17] and developed the "soft particle" theory in
orderto explainthe S-shaped equation ofstatecurve.
n = RT r/{\-0)2

(4)

0 =7ir2NAVr

(4a)

with

where r is in mol.m"2;R , Tand NAv have their usual meaning, r is the radius of a protein
molecule in the interface and & is the surface fraction, which is the ratio of the surface
occupied by protein to the available surface. It follows that the value of 0 is overriding in
determining the magnitude of 77 For instance, for a value of r of 2 mg.m"2 as caused bya
protein molecule of 40 kDa, 7"« 5.10"8 mol.m2; then RT r would equal about 0.1 mN.m"2,
whereas actually 77 would equal about 25 mN.m2. Eq. (4) than would give<9= 0.93, and r=
3.1 nm. From the equation of state and the observed value of 77, the radius of the protein
molecules adsorbed onto the interface can thus be estimated. The surface fraction willbehigh
for a high value of77 and depending on the conformational stability ofthe protein, the radius
oftheadsorbed molecules maybelargerthan insolution,themore sofor alowervalueof r.
2.4Adsorption of biologically active proteins
The study oftheworking mechanism and kinetics ofenzymesisnormally carries outin
an aqueous phase under controlled environmental conditions. Conditions such as pH, temperature, ionic strength and substrate concentration will mostly be fairly optimal and may differ
considerably from those inthe physiological environment. In their actual cellular environment
enzymes will often perform quite differently, under less ideal conditions. Surface phenomena
in the living cell will alter protein conformation and hence specific enzyme activities. Since
manyenzymesoperate atthe interface between organellemembranes inaqueous surroundings,
itisofimportance to study enzymes at interfaces.
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The amphipathic character of proteins (enzymes) will make them adsorb at air/water,
oil/water and most solid/water interfaces. In this adsorption process, the reorientation of
various parts of the enzyme molecule over the two different phases can interfere with the
key-lock interaction ofthe enzyme-substrate complex, resulting in partial or total inactivation
of the enzyme. The change in conformation mainly concerns the tertiary structure of the
protein. Thesecondary structures, a-helix and |3-sheet,aregenerally not greatly altered during
adsorption [5].
It was concluded inan extensive review, atthat time (1966), that little research on the
behaviour ofenzymesatinterfaces hadbeencarried out [18]. There arethree waysof studying
biological activity at liquid/liquid interfaces: 1)the interface isthe substrate and the enzymeis
in the bulk phase, 2) the interface holds the enzyme and the substrate is in the bulk phase
(measurement in situ) and 3) transfer of enzyme spread on the interface onto, for instance,a
wire loop, a silk net or onto glass or metal slides, followed by dissolution and activity
determination.
Several studies were carried out in which an enzyme solution was injected under a
spread monolayer of substrate. Generally it wasfound that enzyme-substrate reactions did not
differ greatly from bulk situations. Normal dependencies on pH and enzyme concentration
were found. At surface pressures of phosphatidylcholine of 77< 3 and 77> 28 mN.m1, no
phospholipase activity was found, most probably because at low pressure the enzyme is
irreversibly denatured at the air/water interface by (partial) unfolding and at too high a
pressurethe enzymecan not penetrate intotheadsorption layer [19].
Amainproblem ofmeasurement ofenzymeactivityinsituinmonolayersisto maintain
allenzymemolecules inthemonolayer. TheTrurnit method ofspreading willnever completely
prevent dissolution ofthe molecules inthebulk phase. In afirst study onthe activity of spread
acetylcholinesterase [20], a special four compartment trough was constructed in which a
monolayer could be transported onto a new bulk phase. For a surface pressure of 10mN.m1,
an enzyme activity of 50% was found, compared to bulk situations. At lower and higher
surface pressures enzyme activity was decreased. Zero activity was found at surface pressures
< 2 mN.m1. In a comparable study [21], trypsin was observed to be fully inactivated. After
desorptionfromthe interface no recovery of enzyme activity wasfound. Full activity oflipase
was found at the air/water interface, but not of lysozyme [22]. Hunter et al. [23] reported
30-60% residual activity for lysozyme after depositing and resuspension. A higher extent of
denaturation wasfound for alower surface pressure.
Several studies have been carried out on biological activity at interfaces after
depositing the monolayers on glass or metal slides. Themain problem ofthistechnique isthat
it is hard to estimate the denaturing effect of adsorption on solid supports. No distinction can
be made between the denaturation due to adsorption onto the interface studied or onto the
support [18,24].Moreover, residual activitiesfound onthe supports donot reflect the actual
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situation atthe air/water interface. Even recovery ofenzymeactivitymight haveoccurred. For
several enzymesresidual activitiesontheslideswere found.
Apart from lipases and phospholipases there is hardly any literature that describes
activity of enzymes adsorbed onto the oil/water interface. Gosh and Bull [25] studied the
influence of a n-octadecane emulsion added to solutions of chymotrypsin in various mixing
ratios. They found a strong inhibiting effect upon addition of the emulsion, going down to
zero residual activity in the bulk solution, because of continuous chymotryptic digestion of
unfolded enzymes at the interface. The peptides formed in this way were displaced by the
intact enzymesthat, inturn, became digested themselves.Electrophoretic mobility experiments
showed a change in iso-electric pH of the emulsion droplets covered with the enzyme as
compared to the enzyme itself, presumably because of a change of orientation of the enzyme
molecule at the surface. At higher protein to emulsion ratios an increase of chymotrypsin
activity in situ (up to 17 %) was found after washing the unadsorbed enzyme away. It was
reasoned that at high concentrations of chymotrypsin, time ofunfolding was shorter than time
ofinterface coverage. Onthe other hand, thewashingprocedurewasnot veryintensive.
Instudies investigatingtheinfluence ofbiphasic systems, consisting ofwater andwater
immiscible organic solvents, on acid phosphatase, (3-glucosidase and P-fructofuranosidase
[26], complete inactivation of the enzymes was found after a few hours of intensive stirring.
The stronger the immiscibility of paraffinic solvents like n-octane, n-tetradecane and
n-hexadecane withwater, the stronger theinactivation effect.
Sandwick [27] examined the interactions of several enzymes with solid, hydrophobic
latex particles, by explicitly taking the enzyme activities as a probe for this interaction. The
enzymesalkaline phosphatase, P-galactosidase,lysozyme,horseradish peroxidase, catalaseand
glucose-6-phosphate dehydrogenase were adsorbed in various concentrations to create
inactivation isotherms,which wereshownto beofanon-Langmuiriantype.Formost enzymes
the extent ofinactivation waslessfor higher initialbulk concentration. It wasreasoned that at
low concentrations the enzyme molecules had sufficient time to unfold at the hydrophobic
surface, whereas at higher concentrations the rate of arrival became equal andthen faster than
the rate of unfolding. It was found also that the extent of conformational change was
dependent on the mol mass, and thus the size, of the protein molecules, although lysozyme
seemed to be an exception. Similar extents ofinactivation were found for positively aswell as
negatively charged hydrophobic surfaces. Unfortunately, inthis study, no enzyme activity was
measured insituafter awashingprocedure for theenzyme covered latexparticles.
2.5 Protein adsorption ontoemulsion droplets
An emulsion is a dispersion of one liquid in another with which it is immiscible.
Thermodynamically seen such a dispersion is unstable and it needs a third component, a
surfactant or emulsifier, to become more stable. In food emulsions the immiscible phase and
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the emulsifier agents consist of many components. Milk can serve as a classical example ofan
oil/water food emulsion, in which the lipid phase is dispersed inthe aqueous bulk phase. In a
water/oil food emulsion, like butter, water is dispersed in the oily phase. The type of an
emulsion is determined by the solubility of the emulsifier in either phases (Bancroft's rule). A
protein, which is soluble inthe aqueous phase, can only form O/W emulsions. Emulsions can
also be classified as micro-, mini- and macro-emulsions by the size of the dispersed droplets,
rangingfrom several nanometersto several micrometers.
The stability ofanemulsion is, among otherthings, dependent onthe sizeofthe droplets. The
smallerthedroplets,thegreater the stability ofthe emulsion against coalescence and creaming.
It iseasy to make coarse droplets,but to makethem small enough to achieve stability needsa
lot of energy input, most ofwhich isdissipated inthe form of heat [28].The stress applied to
deform and break up droplets iscounteracted bythe Laplace pressure, which isthe difference
in pressure between the concave and the convex side of the droplet. The smaller the droplet
and the greater its interfacial tension the higher its Laplace pressure and the more energy is
needed to cause deformation of the droplet. Addition of surfactants to lower the interfacial
tension between the oil and water phase will facilitate droplet deformation. AWeber number
(We) can be defined as the ratio of the external stress over the Laplace pressure. Beyond a
critical Weber number, the value of which depends on the type of flow and the ratio of the
drop and continuous phase viscosities, droplet burst can occur. The making of an emulsion is
mostly done in high-speed stirrers or high-pressure homogenizers, which cause large external
stresses onthe droplets. The stresscanbe caused byavelocity gradient inlaminarflow,andis
then of shear type, or can be due to pressure fluctuations, of a size comparable to that of
droplets,i.e. inertial forces, inturbulent flow caused byturbulent eddies.Thelatter mechanism
is predominant inthe process of industrial homogenization of oil/water emulsions. The turbulentfieldisfairly heterogeneous, causingadistribution ofdroplet sizes.
Intheprocess ofemulsification threemainprocessesoccur simultaneously:
1)Droplets aredeformed andbrokenup.
2) Surfactant moleculesaretransported to andadsorbed ontothedroplets, predominantlyby
convection.
3)Dropletsencounter each other and maycoalesceifsurface coverage issmall.
During emulsification the available area for the adsorbed protein will change, caused by
droplet break up and coalescence. This means that the extent of unfolding of the protein
adsorbed will vary with the changing surface area. Coalescence, in which two droplets fuse
into a larger one, leads to a decrease in surface area, causing compression of the surfactant
molecules. Thiscompression produces an increase insurface pressure dueto a higher packing
density of the molecules and less space available for unfolding. Compression can also lead to
multilayer formation, and even desorption seems possible. Desorption due to compression of
an air/water interface area wasdemonstrated in slow macroscopic experiments [7].The forces
exerted ontheadsorbed proteinsmaycause(some) denaturation, whichmayhaveasevere
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impact ontheirbiological activityiftheadsorbed proteins areenzymes.During emulsification,
in which homogenization valve passages may be repeated several times, these effects may
proliferate.
As the literature does not provide studies of biological activity of directly adsorbed
enzymes on emulsion droplets we can compare our results only with the few studies donein
static conditions at the AAV and S/W interfaces. Although characteristics of protein
adsorption in static conditions will resemble adsorption during emulsification, several aspects
will be quite different. As mentioned before (eq. 3), adsorption in a static experiment will be
diffusion controlled and relatively slow (order of a second), whereas during emulsification
convection is the driving force leading to extremely fast adsorption. The approximate time
needed to coverthedroplets' surface isgivenby[28]:
4<h=10rrjcVi Idee''

(5)

wherer isthe surface load (kg.m2), rjQ istheviscosity ofthe continuous phase (Pa.s),d isthe
diameter of the droplet (m), c is the concentration of the surfactant (kg.m3) and s is the
amount of energy dissipated per unit volume and per unit time (W.m3). Substituting
reasonable values this will lead to an adsorption time of about 10"6 s or less. The very short
time needed for adsorption may affect the extent of unfolding of the protein molecule. The
extent ofunfolding depends onthe surface area available,thus onsurface load, and full surface
coverage may have been reached before unfolding could have occurred. This may raise
possibilities for retention of biological activity in the case of emulsification with enzymes,
especially for enzymes with considerable conformational stability. In contrast to static
conditions, surface coverage due to convection may lead to preferential adsorption of the
larger proteins inthe case of emulsification with mixtures ofproteins, although the preference
willbemarginal.Moreover, instatic conditionsthemoleculeswiththegreatest abilityto lower
the interfacial tension willpreferentially adsorb,and it isuncertainwhether thisisalsothe case
during emulsification. Another aspect is that in an emulsion the surface to volume ratio is
higher, leadingto different extents of depletion for the surface active components inthebulk
phase.These aspectsmaycausedifferent surface coveragefor thetwo systems,i.e. the surface
load aswellascomposition.
On solid surfaces a protein adsorbs at specific adsorption sites, whereas at the
oil/water interface hydrophobic domains or amino acid residues may protrude to some extent
intothe oilphase. Sincethe air/water and oil/water interfaces are homogeneous andfluidthey
offer morepossibilitiesfor unfolding.
The suitability of a protein to stabilize emulsion droplets depends on intrinsic
properties of the protein, like its effective hydrophbbicity, its solubility, its flexibility and its
ability to form intramolecular bonds during the interfacial film formation. These intrinsic
factors are, inturn, influenced by external conditions such as pH, temperature, ionic strength
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and protein concentration. The surface hydrophobicity, being a measure ofthe number ofnon
polar amino acid groups at the periphery ofthe protein molecule, is alleged to correlate with
its emulsifying ability [29]. The higher the surface hydrophobicity the greater the emulsifying
activitywould be,but clear exceptions to thisrule havebeen observed e.g. for P-lactoglobulin
[30].
The caseins are known for being hydrophobic and disordered. They contain a high
proportion ofprolineresidues, whichhampers theformation ofoc-helixand P-sheet secondary
structure. Moreover, most caseins do not contain cysteine residues and consequently no S-S
bridges. Only K- and ocs2-casein molecules contain two cysteine residues bywhich means they
can polymerize. Allcaseins arephosphorylated to varying extents at the serine residues. In pand K-casein, the phosphorylated residues and the hydrophobic groups are not evenly
distributed over the molecule, but are for the main part in separate regions along the chain.
This will make these molecules behave like huge soap molecules with a hydrophilic and a
hydrophobic part. These properties presumably make the caseins very suitable for stabilizing
emulsions [31].
2.6 Milk proteins
Bovine milk contains about 33 g of protein per liter. About 80% ofthese proteins are
caseins and the remaining 20% are the so-called serum proteins. Most of the latter leak away
inthewhey fraction duringthe normal process ofcheesemaking and are called whey proteins
for that reason. The whey proteins are, inorder of decreasing concentrations, p-lactoglobulin
(2-4g/1),a-lactalbumin (1-1,5 g/1),immunoglobulins (0.6-1.0 g/1)and serum albumin (0.1-0.4
g/1), and all of them are globular proteins. Two genetic variants of a-lactalbumin and six of
P-lactoglobulin areknown [32],
The bovine caseins maybe subdivided infour species of phosphoproteins that exist in
agglomerates, called casein micelles. The four species a s r, ocS2-, P- and K-casein occur in
relative molar concentrations of about 4:1:4:1.6. The caseins become insoluble at a pH near
their isoelectric point (pH ~ 4.6), of which property use is made in the production of some
food stuffs (e.g. cottage cheese). Theprimary structures ofthecaseins are completely known,
but as they cannot be crystallized little is known for sure about any secondary and tertiary
structure. From circular dichroism, infrared spectroscopy and NMR studies [32] it is known
that caseins in solution possess an open conformation with a high degree of conformational
freedom of the side chains, having little oc-helix structure. The latter is presumably due to the
high content of prolineresidues, which hamper the formation of secondary structure. Because
ofthisabsenceoforganised structuresthecaseinsareveryinsensitivefor denaturation byheat.
The amino acids are not randomly distributed over the molecule, but are grouped together in
fairly hydrophilic and hydrophobic sequences. By means of molecular modelling via energy
minimizationtechniques andmolecular dynamics,based onresultsfrom Raman andFourier
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Transform Infrared spectroscopy, attempts have been made to predict the three dimensional
structure of the individual caseins and even the casein submicelle, mimicking
protein-salt-water interactions [34,35,36].
Isolation of the caseins can be done by various methods, making use of differences in
solubility asa result of differing dependencies onpH, calcium ion and urea concentration. The
identification of the types of caseins and their genetic variants was originally based on their
mobility in various types of gel zone electrophoresis [32], Further developments in isolating
the caseins arose with ion-exchange chromatography by taking advantage of the knowledge
gained from electrophoretic behaviour. Although separation techniques havegreatly improved,
it is still hard to achieve complete resolution of the caseins. Commercially available isolated
fractions of caseins still contain impurities of other caseins. The presence of such impurities
needstobeconsidered inexperimental research.
The caseins can be divided into Ca2+-sensitive and insensitive caseins. The otsi -, as2 and P-caseins precipitate in solution in the presence of Ca2+, whereas K-casein will not. The
sensitivityfor Ca2+isrelated totheextent ofphosphorylation, which ismainlyat seryl residues
with an acidicglutamyl or aphosphoseryl residueintheir vicinity. It is presumed that the sites
of phosphorylation will be onflexible,external loops ofthe molecule, which are accessible for
Ca2+-ions [37]. The three-dimensional predictions of the casein submicelle by Kumosinski et
al.[35] also show flexible loops, that would be accessible for Ca2+-ion binding. ocsi-Casein has
at least five genetic variants of which type B is predominant. The molecule consists of two
fairly hydrophobic regions(residues 1-44 and 90-199) and afairly hydrophilic region (residues
45-89) inwhich seven oftheeight phosphorylated serineresidues arelocated. The solubilityis
very much dependent on pH, ionic strength and Ca2+activity and is considerably less than for
the other caseins. Above pH 5, the solubility sharply increases and it is slightly higher at a
lower temperature. At neutral pH the molecule binds 8 moles of Ca2+ and it is readily
precipitated above a Ca2+- ion concentration of 5 mM. The genetic variant type A is less
sensitive to Ca2+-ion concentration [36]. The self-association behaviour of otsi-casein
molecules depends on pH and ionic strength, but is not significantly affected by temperature
[38]. Themoleculecontains 17prolyl residuesleadingto averyopen structure.
Four variants ofaS2-casein are known, as it isphosphorylated to various extents (10 13 mol P/mol). The casein molecule is very sensitive for Ca2+- ion precipitation and readily
self-associates to polymers of increasing size as concentration increases. It possesses one
cystine and 10 prolyl residues resulting in a higher content of a-helix structure compared to
aS|-casein. Of all caseins as2-casein hasbeen studied the least. In our study weused a mixture
ofa sl -andas2-casein.
Bovine (3-casein contains a hydrophilic, highly charged N-terminal part of about 47
residues, including all the phosphorylated serine residues, but only one of the 37 proline residues Most hydrophobic groups arelocated intheC-terminal remainder ofthemolecule. The
solubility decreases with increasing temperature. This effect is most pronounced between 5
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and 15°C.At apHabovethe iso-electricpH solubility sharply increases. Themoleculecanbe
regarded as a huge surfactant molecule with a polar head and a non-polar tail. The
self-association of P-casein molecules also resembles that of ionic surfactants, leading to
micelle formation depending on concentration and on temperature. The critical micelle
concentration decreases withincreasing temperature and/orionicstrength [38], At 4 °C,inthe
absence ofCa2+, only monomers occur, but at room temperature micelleswill form consisting
of about 23 monomers and an average polymer radius of 17 nm [39]. The temperature
dependence of micelle formation indicates that hydrophobic forces are mainly involved.
(3-Casein is a substrate for the proteolytic enzyme plasmin in milk, resulting in the casein
fragments y-caseins and proteose peptones. as-Caseinsare also attacked byplasmin, but more
slowly.
Two principal genetic variants, Aand B, are known for K-casein. In variant B He136
isreplaced byThr and Asp 148byAla. The C-terminal end ofthe protein, called the caseinomacropeptide, has a high negative charge density. TheN-terminalpart ofthemolecule, called
para-K-casein, isslightlypositively charged atneutral pHand isfairly hydrophobic, resultingin
an amphiphilic nature for the molecule, like P-casein. In comparison with the other caseins,
K-casein almost lacks phosphoseryl groups (only one SerP at position 149) and it is,
consequently, rather insensitive to Ca2+. The solubility ofK-casein increases sharply above the
iso-electric pH and increases, only in the restricted pH range of 4.7 - 5.2, as temperature is
lowered [40]. In contrast to a s] - and P-caseins, the K-casein molecule contains two cysteine
residues (Cys 11and Cys 88). They are both positioned near the surface ofthe molecule[33,
34]inthehydrophobic part ofthemolecule,facilitating randominterchain linking of different
K-casein moleculesvia S-S-bridging [41].These disulfide bondsmayleadto polymers ranging
from 60 kD (trimers) to 150 kD (octamers) and probably even more. These polymers can
further clustertoform particlesofabout 650kDbynoncovalent association [42].
Ofallcaseins, onlyK-casein isaglycoprotein, glycosylated atthecaseinomacropeptide
part and making it highly charged and soluble. Glycosylation occurs at Thr 131, Thr-133,
Thr-135 (or 136) and Ser-141 (or 142) residues [37]. The extent of glycosylation varies
considerably from zero to five sialic acids, which are N-a.cy\ derivatives of neuraminic acids.
The carbohydrate moiety is normally composed of the monosaccharides JV-acylneuraminic
acid, galactose and ^-acetylgalactosamine. The varying extent of glycosylation leads to
various electronegative charge values and, hence, varying electrophoretic and
chromatographic behaviour.
Thejunction ofthe caseinomacropeptide part ofK-caseinto para-K-casein islocated at
the Phe-105-Met-106 bond. At physiological pH, this bond is specifically split by aspartyl
proteinases suchaschymosin or pepsin. Thiscleavageisthebasisofmilkrenneting and cheese
production. Studies on the mechanism of this enzyme-substrate reaction and on K-casein
secondary structure predictions have relied on the use of synthetic peptide substrates, of
varying sizesand aminoacid composition, analogoustothe cleavageregion of
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bovine K-casein [43, 44], The search for synthetic substrates derived from the amino acid
sequencearoundthelabilePhe-Met bond inK-caseinrevealedthat aminimumofatleastfive
His-Pro-His-Pro-His-Leu-Ser-Phe-Met-Ala-Ile-Pro-Pro-Lys-Lys98
102
105 106
110 111
amino acidsisnecessary for cleavagebythe enzyme. TheLeu-Ser order is ofimportance (the
reverse order leads to a much increased substrate turnover [45]). Also His 102 seems to be
essential [46]. The His-Pro-His-Pro (98-102) on the N-terminal side and the Lys 111 in the
C-terminal side seem to be electrostatically involved inthebinding with the active centre cleft
of chymosin [43]. Surprisingly the Phe-Met bond itself does not seem to be very essential for
peptide cleavage [47]. The Pro residues play a role in the tertiary structure of the substrate
making agood fit inthe enzyme structure and promoting stabilization ofthe enzyme-substrate
complex.
Several attempts have beenmade to predictthe secondary andtertiary structure ofthe
K-casein molecule and especially the region around thePhe-Met cleavage side.The C-terminal
part contains numerous negatively charged residues and few positive charges preventing the
chain from folding into acompact structure. Thispart containsana-helix atpositions 136-148
(containing the residues specifying variants Aand B) and a small p-structure at 151-154. The
chymosin sensitive bond is believed to consist of a p-turn, P-strand, p-turn motif [43],
although otherspredict theresidueslocated between the P-turnstobeofa-helical nature[34].
Whatever it is, the cleavage side must stand out on the molecular surface in order to be
exposed to proteolytic attack bythechymosin molecule. Thehydrophobic part oftheK-casein
molecule isbelieved to contain more secondary structure with more evolutionary preservation
among species. Theestimated percentages of secondary structure diverge considerably depending onthe methodsused. Secondary structures inthe individual caseins and submicelles vary
with temperature, pH and ion concentration and identity [48]. All secondary and tertiary
casein structure predictions have to be regarded as qualitative designations. Moreover,
structure predictions lose relevancy, because under natural circumstances, the caseins are
tangled with each other incasein micellestructures.
2.6.1 Casein-casein interactions and micelle structure
Besides the obvious self-associative behaviour of the caseins, studies of casein
coassociation have been done to elucidate the mechanism and the order of casein assembly
into submicelles and the even larger casein micelles from the moment of formation of the
individual caseins in the mammary gland [49]. In these studies, as2-casein has been largely
neglected. Interaction studieslose relevance ifthecomposition ofthe solution divergestoo far
from milk.
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Table1.Physico-chemicalcharacteristicsofrelevantproteins.
ctsi-casein (3-casein

K-casein

chymosin

lysozyme

BSA

23600

24000

19500

35600

14600

66300

199

209

169

323

129

582

glycosylation

-

-

+

-

-

-

S-S bonds

0

0

0

3

4

17

4.1

4.5

4.1

4.7

11.1

4.3

tertiary structure

random

random

random

globular

net charge

-21(pH6.6)

-12(pH6.6)

-4(pH6.6)

-12(pH7.0) + 8 (pH7.0)

m.w. (Da)
nr. of amino acids

I.E.P.

globular

globular

Casein associations are strongly dependent on ionic strength, Ca2+activity, pH, temperature
and concentration. Even at low concentration, caseins tend to self-associate and this will
complicate association studiesofindividualcaseins.
Varying mechanisms involving hydrophobic and electrostatic interactions between the
caseinshavebeen postulated. Payens [50] suggested hydrophobic forces to bemainly involved
inthe stabilization of the casein micelle, based on amino acid composition of the caseins, the
temperature dependency and the established hydrophobic nature of as,-and (3-casein
interactions. In fact for all casein-casein interactions, positive entropy and enthalpy changes
havebeen found, indicating that interactions increase with temperature and that hydrophobic
forces areinvolved.
The interaction best studied is the one between a s i- and K-casein. This interaction is
negligible at 0-6 °C and spontaneous above 37 °C [51], The association constant ranges
between 2 to 8 x 104M"', depending on the methods applied and on pH, ionic strength and
temperature. The association becomes less at increasing pH and ionic strength and decreasing
temperature [52]. Several authors concluded that the interaction between as,- and K-casein
can be equimolar under ideal conditions, suggesting that only one hydrophobic site on either
protein plays a part. On the other hand, the well-known stabilizing ability of K-casein, to
prevent precipitation reactions of self-associated asi-casein and (3-casein in the presence of
Ca2+[53],
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has been shown to be greatly influenced by some modifications of charged amino residues in
the K-casein molecule. Modification of lysine residues, using various techniques, and
esterification ofcarboxylic groups, diminishedthis stabilizingabilityto zerowhenfiveor more
lysine residues had been modified [54]. K-And as)-casein associations weaken at increasing
pHandionicstrength, demonstrating that electrostatic interactions alsoplayarole.
K-Casein is ableto stabilize ots-and P-casein from precipitation against Ca2+ for about
ten times its own mass. This stabilizing ability ispH dependent and increases with dilution of
the system [55]. The stabilizing ability is lost after cleavage of the caseinomacropeptide by
chymosin [46]. On the other hand, in the presence of as-casein, para-K-casein, formed after
cleavage of the caseinomacropeptide by chymosin, does not precipitate in the absence of
divalent cations at pH 7 [56]. It was assumed that the carboxyl group of the peptide bond,
split by chymosin, plays a role in the association of pure para-K-casein. In the presence of
as-casein this carboxyl group was no longer proton titratable, possibly due to an allosteric
effect. It was found that the association accompanied conformational changes of the protein
molecules and apositive change inentropy (AS = 21JK"1mol"1). Therate offormation ofthe
as-K-casein complex was found to be faster than of K-casein-chymosin formation. The
dissociation constant was determined as 2.8 10"5 M and found to be independent of
temperature. It was concluded that a reversible association occurred between K-casein and
ots-casein on a site close to the peptide bond split by chymosin, but different from the site of
fixation of chymosin during enzyme-substrate complex formation. The same effect was found
for |3-caseinand total casein.
p-Casein is not able to protect as-caseinagainst Ca2+ precipitation. The association of
K-casein and P-casein has not been studied extensively. A dissociation constant for the
complex of 1.2.10'4 M was determined [57]. From moving boundary electrophoretic
measurements, Payens [58] concluded that the interaction between a s - and P-casein givesrise
to an intricate assembly of complexes in which as-caseindominates. Qualitative agreement of
experimental and computed Schlieren sedimentation patterns was only obtained if the
simultaneous formation ofa2:1 complex was assumed. However, sedimentation patterns also
haveledtotheconclusion that as-caseininteractswith p-casein.
The caseins, as present in milk, are clustered into spherical spongelike aggregates,
called caseinmicelles. These particlesrange in sizefrom20to 400 nmand areresponsible for
the high turbidity of skimmed milk. The smallest particles are by far predominant in number
but hardly contribute to total concentration of the casein in milk. The dry matter of the
micellesconsists of 93% casein andthe remainder isinorganicmaterial, of which calciumand
phosphate arepredominant. Thevoluminosity ofthemicellesisestimated to beabout 2.2ml/g
dry casein inside the casein micelle and distinctly larger for the micelle as a whole (taking a
hairylayerofK-caseinsinto account),but thevaluesgenerated highlydepend onmethodsused
and experimental conditions [59]. The voluminosity increases at low temperature, partly due
to P-casein molecules protruding. The elucidation of the structure and the composition has
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been the subject of elaborate study over the last decades and several models have been
proposed. Themodel most accepted isthe onebuilt up ofcasein submicelles, where the latter
exist in varying casein molecule composition. The submicelles containing relatively high
amounts of K-casein are grouped on the periphery of the micelle. The hydrophilic,
carbohydrated caseinomacropeptide parts of these K-casein molecules protrude, like flexible
"hairs", outside the micelle and in this way, due to electrostatic and entropic repulsion,
guaranteethe stability ofthemicelleinthemilkdispersion. Thehydrodynamicthicknessofthis
hairy layer would be about 7nm [60].Acrucial rolein all concepts ofthemicelle structure is
played by colloidal calcium phosphate (CCP). The submicelles may be linked together by
means of CCP that bridges opposite serine-phosphate groups of the submicelles [60, 61].
Others believe that CCP fulfils abridging function between casein molecules ofthe samekind,
especially involving the as]-caseins [62, 63]. In this model, aggregation of submicelles into
casein micelles is not due to permanent linking by the CCP, but due to a neutralisation of
negative charges of the caseins [62]. Colloidal calcium phosphate consists for the largest part
of calcium and phosphate, but also of minor components like magnesium, potassium, sodium
and citrate [61]. The exact nature of CCP is under much debate and it is thought to be in a
dynamicpseudo-equilibrium withthemineralsinthe milk serum. Loweringthe pHand prolonged dialysis of milk result inremoval ofthis CCP and inthe breakdown ofthe micelle into its
constituent submicelles [60, 61], or other less well-defined proteinaceous particles [63],
Submicelles would consist of 15-25 casein molecules and a diameter between 10-20 nm. The
hydrophobic partsofthe casein moleculeswould beburied intheinterior ofthe submicelleand
thehydrophilic, charged partsonthe periphery, similarto soap micelles.Theinteraction forces
betweenthecaseinmoleculesarebelieved tobeofahydrophobic and electrostatic nature.
Physical properties like size distribution and stability of submicelles have been studied
systematically by Schmidt by means of electron microscopy of artificial casein micelles. The
artificial caseinmicellesweremadebymixing simultaneously appropriate volumes of solutions
of calcium- and magnesium chloride, sodium- and potassium phosphate, potassium citrate and
the various caseins, the latter in concentrations that could be varied. The mixing was done
under vigorous stirring, with conditions such as pH and temperature kept constant [64], The
width of the size distribution and the average diameter decreases as the amount of K-casein
incorporated into the artificial micelle increases. A linear relationship between K-casein
concentration and surface to volume ratio of artificial and natural micelleswas observed [65].
The relative (3-casein concentration is also higher for the small micelles. The asi- and
aS2-caseinconcentrations are constant inthe range of largeto small micelles, but are relatively
decreased inthevery small particles[66].

2.7Chymosin
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Chymosin (EC 3.4.23.4) is a member of a class of proteolytic enzymes characterized by two
aspartic acid residues located in the active centre. This class of enzymes is now called
aspartate proteinases and they are all inhibited, to various extents, by the microbial
oligopeptide pepstatin. The three dimensional structures of the fungal endothiapepsin,
rhizopepsin and penicillopepsin, the mammalian chymosin, pepsin (human, bovine, porcine),
and human renin, all belonging to this class, have been elucidated by crystallographic studies
[67]. These enzymes, except for renin, are used in the process of cheese-making because of
their milk renneting property. Traditionally, calf rennet, which is an extract from the fourth
stomach oftheyoung calfand which comprises mainly chymosin asthe renneting enzyme, has
been used to clot milk. The scarcity of calf stomachs, due to the worldwide expansion of
cheese production, has led to asearch for chymosin replacers. Thefungal proteases mentioned
canbeused asreplacers for bovine chymosin for some cheesevariaties.Biotechnology hasled
to production of identical bovine chymosin by means of recombinant DNA modified
microorganisms.
The chymosin molecule has an irregular, kidney-like shape with approximate
dimensions of 40 x 50 x 65 A. The chymosin molecule contains a single chain of 323 amino
acids, a mol mass of 35600 Da. It contains three cystine disulfide bridges. The secondary
structure consists mainly of parallel and anti-parallel P-strands with little a-helix structure.
Two isozymes, chymosin A (Asp-244) and B (Gly-244), are known which slightly differ in
isoelectric pH (about pH 4.7), and are separable by isoelectric focusing [68]. Chymosin is
secreted as the inactive zymogen prochymosin, which is activated in the stomach at pH 2by
removal of 42 N-terminal residues. The enzyme can readily be denatured in solution at
temperatures above 40 °C, dependent on pH, ionic strength and buffer identity (stable at low
pHand high I[69]).
The aspartate proteinases consist of two structurally similar lobes of about 160
residues. The lobes are separated by a deep cleft, forming the active centre, and each lobe
contributes one aspartic acid. There is a small peptide chain (6 residues) connecting the two
lobes and serving as a backbone to the active-site region of the molecule. The mammalian
aspartate proteases are synthesized in precursor forms, whereas the fungal proteases are not.
Zymogens like prochymosin and pepsinogen are inactive but, in acidic surroundings, the
propeptides are split off to activate the enzymes. In the case of pepsin (bovine, porcine) the
peptides (residues 1-16) released on acidic activation, are strong inhibitors of the enzymes
above pH4. Thisisnotthe casefor chymosin [70],
The active site in aspartate proteases is very well conserved among the various
proteases, which agrees with the mechanism of interaction of the essential aspartic residues
with specific inhibitors being the same for pepsin and chymosin [71]. Also the three
dimensional structures oftheN-terminal lobes ofthe proteases arevery similar, whereaslarger
differences exist for the C-terminal lobe structures. It is presumed that the two lobes, which
have relatively little interaction with each other, can move as separate rigid bodies, thereby
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altering the shape ofthe active centre [67].This movement, which is largest for the C-teminal
lobe, especially occurs oninteraction with pepstatin, but hasnot been observed with substrates
[72]. Crystallographic studies up to now did not provide good evidence for extensive
conformational change ofthe aspartic proteases during catalysis. An exception was found for
an extended loop projecting across the cleft to form a flexible "flap" (a (3-hairpin; residues
73-82), which encloses substrates and inhibitors in the active site and which opens to allow
accessto the active site. This position oftheflapregion inthe chymosin molecule is different
from that found for other acidproteases. Themechanism ofproteolysis byaspartate proteases,
and chymosin in particular, has, in spite of crystallographic elucidation, still not been revealed
in detail. The substrate binding cleft can accommodate seven amino acid residues. The two
Asp residues 34 and 215 are located deep inthe centre ofthecleft and interact closely. In the
activeform they are connected to each otherbythe oxygen atoms ofthetwo carboxyl groups
sharing a proton. Due to this interaction the pKa values of the two Asp residues differ
considerably (in the case of pepsin being 1.5 for the one and 4.7 for the other). There is
evidence that in the enzyme-substrate complex Asp 34 is negatively charged and Asp 215 is
protonated [73]. The significantly higher activity of chymosin A for its natural substrate
K-casein compared to chymosin B, hasbeen explained byan increased affinity, due to several
negatively charged residues near the Asp-244 residue located on a loop on the surface ofthe
molecule. These additional negative charges aid in the electrostatic stabilization of the
enzyme-substrate complex. Some prerequisites, like chain length and amino acid identity, for
the peptide to be suitable as a substrate, were established by Visser and others (42, 43) and
form a so-called secondary specificity. Removal of the Leu in the hexapeptide sequence
Leu-Ser-Phe-Met-Ala-Ile or the Heconsiderably influence enzyme kinetic parameters. Several
substrate analogs were found to act well as a substrate for determining chymosin and pepsin
activity, although differences in turnover and affinity for both enzymes were found. The
methylated synthetic hexapeptide H-Leu-Ser-Phe(N02)-Nle-Ala-Leu-OMe proved to be a
useful substrate for determination ofrennet activity.
An important part of the affinity between enzyme and substrate will be due to the
opposite charges of the two molecules. In the case of chymosin and its natural substrate
K-casein, both being proteins, the opposite charges are formed by the constituent amino acids
and depend on the pKa values of the residues on the surface ofthe molecules. Chymosin has
54 charged residues, at neutral pH, resulting in a net charge of -12. The N-terminal lobe
contains five amino acid residues within the sequence 48-62, forming a positively charged
patch on the surface of the molecule. The C-terminal lobe, on the other hand, has nine
negatively charged residues (Asp and Glu residues) within the sequence 208 - 290 that are
located on the surface on the molecule (Figure 1). This polarization of the molecule may
predispose the correct orientation of chymosin as it approaches the casein micelle surface. It
maypartly explain the strong dependence of enzyme activity onpH and ionic strength. It may
alsoplayaroleintheassociation ofchymosin with para-K-casein during cheesemaking.
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2.8 Lysozyme
Lysozyme (EC. 3.2.1.17) is a glycosidase, more specifically a muramidase, that
displays endo-Af-acetylmuramoylhydrolase specificity. It is one of the best known and most
amplystudied proteins orenzymes and oneofthefirstproteinsofwhichthethree dimensional
structure was elucidated from X-ray diffraction of a protein crystal. Lysozyme is an
antibacterial enzyme found in egg white and in saliva, tear secretions, and nasal mucus of
mammals. It has also been isolated from fish, bacteria and bacteriophages. Treatment of
gram-positive bacteria with the enzyme followed by osmotic shock can lead to lysis of the
bacteria. The activity of the enzyme can be easily monitored spectrophotometrically by
determining decreasing turbidity of M. lysodeikticus cell walls in suspension (74). The
fluorescenceincrease with the substrate 4-methylumbelliferyl-iV,A^'A^"-triacetyl-chitotrioside
also may serve [75].The lytic action ofthe enzyme isbased on the attack ofglycosidic bonds
between the C-l atom ofiV-acetylmuramate and the C-4 atom ofAf-acteylglucosamine of the
murein skeleton of the bacterial cell wall. Lysozyme also has chitinase and transglycosidase
activity[76].
Lysozyme from hen's egg white is a globular protein, consisting of 120amino acids,a
molar mas of 14.4 kD and an isoelectric pH of 11.1. It contains four S-S bridges and has a
relatively high conformational stability in solutions of low pH. Lysozyme molecules tend to
self-associate reversibly at high concentrations (20 g/1), at pH > 5.0 and dependent on
temperature. In the head-to-tail self-association the Glu-35 and the His-15 residues are
involved [77].The self-association isaccompanied byareduction ofactivity. ThepHoptimum
for activity is around 5, where two essential amino acid residues Glu 35 and Asp 52 in the
active centre areprotonated and deprotonated, respectively.
Thestructure showstwo lobes,with adeep active sitecleft inbetween (Figure 2).One
lobe consists of the N- and C-terminal sequences, 1-36 and 85-129, containing four major
a-helices and two short loops (orange coloured in Figure 2). The other lobe consists of the
centralregion ofthe polypeptide chain, residues37-84,containing atriple stranded antiparallel
(3-sheet. The two domains are linked by two crossings of the polypeptide chain in which two
out ofthefour S-S bridges areinvolved.
The surface of the lysozyme molecule is characterized by a hydrophobic cluster of 8
residues at the back opposite to the active centre (Figure 2). At neutral pHthe surface ofthe
domain consisting of residues 37-84 has a net charge of+2, and the other domain of+6. The
lysozyme molecule has striking similarity, structural as well as compositional, with bovine
oc-lactalbumin (40 % of amino acid residues corresponding). Onthe other hand a-lactalbumin
does not show enzymic activity. It serves as a cofactor in the synthesis of the (3 (l-> 4)
glycoside lactose, whereas lysozyme catalyses the cleavage of this bond [78].In the cheese
industry lysozyme has been applied as a means to control the outgrowth of Clostridium
tyrobutyricum, which causesthedefect lateblowing [79],
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Abstract
In order to study the possibility of immobilization of enzymes on aliquid carrier
while retaining activity, we used hen's egglysozyme(EC.3.2.1.17) and bovine chymosin
(EC. 3.4.23.4) as the emulsifying agents to make emulsions of soya-oil in water. The
enzymes were applied in three different ways: (i) mixed with the soya-oil-water, then
emulsified, (ii) immediately added to emulsions of soya-oil made with bovine serum
albumin in a range of concentrations, and (iii) simultaneous emulsification with an
enzyme and bovine serum albumin in various concentration ratios. The extent of
adsorption was determined in depletion studies. Enzyme activity insitu was determined
usingflexible small-molecularweight substrates.
It was found that every mode of emulsification led to complete in situ
inactivation of the enzymes. Even after desorption of the enzymes by the surfactant
Tween' 20 the enzymes proved to be inactivated; the surfactant itself caused no
inactivation oftheenzymes insolution.
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3.1 Introduction
Protein adsorption onto various interfaces has been the subject of many studies,
relatively few of which deal with the change in biological activity of proteins due to their
adsorption onto these interfaces. The enzyme lysozyme often has been used, mainly because
ofitsspecific properties asaprotein ratherthan itsproperties asanenzyme.
James and Augenstein [1] reviewed the work done on biological activity at interfaces.
Sandwick studied the conformational change of several enzymes due to adsorption onto
hydrophobic S/L interfaces [2,3] in terms of enzyme activity. Unfortunately, the solid
particles, whichmayhaveretained enzymeactivity,were not separated from thebulk solution.
Consequently, it wasnot established whether and to what extent the enzymes remained active
when adsorbed.
Theactivity ofenzymesatinterfaces canbeandhasbeen studiedinthreeways:
(i) The substrate is at the interface and the enzyme is in solution. In these cases full or
diminished enzyme activitieswere found.
(ii) Enzymes adsorbed onto the AAV interface are transferred by Langmuir-Blodgett like
techniques and resuspended afterwards. Mostly, little or no activity was observed. Besides,
anyinfluence ofdeposition ofenzymeonthematerialsused inthetransfer wasoverlooked,
(iii) The interface holds the enzyme (activity in situ) and the substrate is in the bulk phase.
This has mainlybeen done at the S/L interface [7] and at the AAVinterface [4,5,6,7]. Mostly,
partial to complete inactivation was observed, especially for low enzymebulk concentrations.
In all cases the inactivation was ascribed to (partial) unfolding of the enzyme molecule,
presumably because contact of the internal hydrophobic protein residues with the surface
results in a lower free energy. Activity insitu of enzymes adsorbed at the oil/water interface
hasnotbeen studied before, except forlipases.
In our study we immobilized enzymes on a liquid carrier such as soya-oil emulsion
droplets, bymeans of emulsification and byusingthe enzyme asthe emulsifying agent. Inthis
way immobilization would be achieved in an entirely food grade system, which could find
application in specific targetting of enzymes in foodstuffs [8], providing that the adsorbed
enzymes retain activity. Adsorption of enzymes onto the oil/water interface inthe process of
emulsification might offer an opportunity for retaining enzyme activity, because adsorption
occurs on a very short time-scale, say 1 us [9], which may be too short for substantial
conformational change.
We studied the enzymes bovine chymosin (EC. 3.4.23.4) and hen's egg lysozyme (EC.
3.2.1.17), both globular proteins, but differing in properties such as isoelectric pH, molecular
size and conformational stability [10, 11]. These enzymes were directly applied in the
emulsification ofsoya-oilbut alsoincoadsorption withbovineserumalbumininvariousways.
3.2 Materials and methods
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Recombinant-DNA bovine chymosin produced by Kluyveromyces lactis (Gist
brocades) was dialysed against 25 mM K-phosphate buffer of pH 5.8 to lower salt content.
The solution contained 44.5 uM of active chymosin and was electrophoretically pure, but still
contained a rather high amount of peptide impurities (80 % of total protein content). Hen's
egg lysozyme and bovine serum albumin were purchased from Sigma Chemical Company.
Lysozyme was found to be electrophoretically pure on Coomassie-stained
SDS-polyacrylamide gel. Commercially available soya-oil (Reddy) was used and made
monoglyceride-free by stirring it with predried Kieselgel 60 (Merck) for two hours, followed
by centrifugation and decantation. The interfacial tension between the soya-oil and water was
28mN.m1, indicating absence of surface-active impurities.Emulsions (25 ml)were madewith
a lab-homogenizer (Condi), flow rate of 5.25 1/h,approximate pressure of 100 bar, for three
minutes (about ten homogenization head passages) at room temperature. A soya-oil volume
fraction of q> = 0.02 and a protein content of 2 g/1 were used. The liquid fed into the
homogenizer was vigorously stirred with a magnetic stirrer to ensure a homogeneous
distribution of the initially large emulsion droplets in the system. Care was taken to avoid air
inclusion.
Emulsion droplet sizeanalysiswasperformed bymeansofalaser diffraction technique
(Coulter LSI30), yielding the volume/surface average diameterrfVs.The specific surface area
(A) ofthe emulsion was calculated with the equation A = 6<pld%,s , in which <p isthe volume
fraction of the soya-oil, determined by the method of Gerber [12], which was originally
developed for milk fat analysis (a correction factor of 1.11was applied to convert from mass
tovolume fraction).
Protein analysis wasperformed withtheBCAprotein assay (Pierce Ltd.) correlated to
a bovine serum albumin standard curve. Spectrophotometric analysis was carried out with a
Pharmacia LKB-Biochrom 4060 spectrophotometer. The protein surface load /"(mg/m2) was
determined by measuring the protein concentration of the original solution and of the
supernatant of the emulsion after centrifugation (Sorvall) for 20 min at 15000g and dividing
thedifference valuebythe specific surface areaA.
Chymosin activity was determined with the Berridge clotting test [13] in which the
timeneeded for visually observableflocculationto occur isdetermined bypulling up substrate
milk (100 g low heat milk powder per liter of water) against the glass wall of the reaction
vessel. The measurement was performed at 30.4 °C. Chymosin concentration was calculated
according to the relation of Storch and Segelcke [14], which states that the clotting time is
inversely proportional to the chymosin concentration. The concentration of active chymosin
could becalculated bytaking asareference that a 13.3 umolarconcentration would result ina
clottingtimeof300sata4000-fold dilution [14].
This clotting test could not be applied to determine chymosin activity in situ, that
meanswhenadsorbed onto theemulsion droplets,becauseofthediffusion limitation ofthe
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immobilized enzyme on the oil droplets and the K-casein substrate, being in an aggregated
form, i.e. in casein micelles. Therefore a flexible small-molecular synthetic hexapeptide
substrate HLeu-Ser-Phe(N02)-NLe-Ala-Leu-Ome (Bachem) was used [15]. This substrate is
split atthePhe(N02)-NLelinkage andtheproduct canbemonitored spectrophotometricallyat
310nm. The emulsion droplet layer was washed three timesby means of centrifugation (2ml
Eppendorfvial, 12000 rpmfor 1 min)and suspending ina 50mmolaracetatebuffer ofpH4.7,
and finally suspended ina0.5 mmolar hexapeptide solution inthe samebuffer. After 20minof
incubation the emulsion was filtered (pore size 0.2 um) and the absorbance of the filtrate
measured.
Lysozyme activities in solution and insituwere determined bymeasuring the intensity
of fluorescence of the fluorescent label of methylumbelliferyl-4-N'-N"-N'"-triacetylchitotriose
(5 nmolar) splitt off by lysozyme [16]. After 20, 40 and 80 min, samples were taken from a
reaction mixture of a three times washed emulsion droplet layer suspended in a 5 umolar
substrate solution in 50 mMK-phosphate buffer ofpH 5.1.The reaction took place at 40°C.
Thereaction wasstopped byadding 0.7 mlof sampleto 2.5 mlofasolution of 1 Mglycine,1
M NaCl and NaOH to a pH of 12.Fluorescence was measured at an emission wavelength of
448 nmand at anexcitation wavelength of358nm. Thesensitivity ofthe method proved tobe
13.3 DI (intensity units)/min for a lysozyme concentration of 1g/1for the linear part of the
curve.
It maybe argued that the washing procedures employed could have caused desorption
of proteins from the emulsion droplets. It is, however, well established [17] that proteins are
extremely surface active, plateau valuesfor adsorption atfluidinterfaces beingreached atbulk
concentrations of about 1 mg of protein per liter. This makes the adsorption virtually
irreversible (unless washing is repeated, say 100 times) and any desorption must have been
negligible.
Deliberate desorption of the adsorbed enzymes was accomplished by adding 1%(v/v)
ofTween1320(Merck)to the emulsion andletting itincubatefor 16hours, leadingto virtually
complete desorption. It was checked that Tween° 20 did not influence the enzyme activities
and theenzymeandproteinassays.
3.3 Results and discussion
3.3.1 Influence of homogenization
It was checked first whether the homogenization process itself did inactivate the enzymes in
solution, since it hasbeen observed [18]that various enzymes lose activity when a solution is
brought under a high shear stress for a long time. Lysozyme in solution (2 g/1) did not lose
any activity during 70 head passages with the lab homogenizer. Chymosin in solution lost
activity rapidlyifairbubbleswerepresent duringtheprocess (Fig. 1).
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Fig. 1. The influence of number of homogenizationhead passages andfoam formation
duringhomogenizationon the inactivationof chymosin (0.66jumolar chymosin,pH 5.8,50
mmolar K-phosphate buffer). Loss of chymosin activity in the solution during foam
development (O), in thefoam itself (+) and in thesolutionwhenfoam wasnotallowedto
form (A) .
Chymosin activity measurements of samples taken from the foam formed and the
corresponding bulk solution showed a gradual decrease in activity, indicating that the enzyme
was denatured due to adsorption onto the expanding air/water interface. If no air was
incorporated, the chymosin retained full activity. The loss in linearity of the curve in fig.1for
longer time of homogenization was probably due to deviation from the linear Storch and
Segelckerelation at longclottingtimes. Inacomparable study inactivation ofvariousenzymes
wasobserved toberelated linearlytotimeofbubblingairthroughtheliquid [19].
3.3.2 Enzymes assurfactants.
Soya-oil was emulsified (volume fraction q> = 0.02) in enzyme solutions of 2 g/1in 50
mmolar K-phosphate of pH 5.8. The emulsion made with chymosin had an emulsion droplet
size dvs« 150 urn and a surface load r » 4.50 mg/m2 and for the lysozyme emulsiondvs *
3.67 um and F « 7.9 mg/m2was found. Sincelysozyme shows atendency for self-association
abovepH 5athighconcentration [20],another soya-oil emulsion wasmadewith2.8 g/1 of
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lysozyme in 50 mmolar of K-phosphate buffer at pH 5.1 (dvs =3.30 um, .T» 10.9 mg.m2).
Self-association oflysozymewas assumed then to be minimal. Thehighvalues of surface load
are probably due to an overestimation ofrfvsby the droplet size distribution laser diffraction
analysis. Several sizedistributions were also measured by a spectroturbidimetric method [21],
which generally resulted in a smaller average droplet size. The high values for the droplet
diameter, however, donot affect our conclusions.
Theemulsions showed no activity of lysozyme or chymosin insitu. Enzymes desorbed
by adding Tween" 20 also did not show activity, indicating that the enzymes had been
irreversibly inactivated. The surfactant did not affect the enzyme activity. Most probably, the
inactivation is due to unfolding of the enzyme molecules during adsorption onto the oil
surface. Much the same may possibly hold for adsorption ontothe air/water interface, but for
lysozyme a substantial residual activity has been observed [22]. We have to consider that
adsorption of proteins onto a macroscopic air/water or solid/water interface is diffusion
controlled and will, for low bulk concentrations, take place on a time scale of the order ofa
second. During emulsification adsorption takes place in an essentially isotropic turbulentfield
and time of adsorption can be estimated by using an equation [9], derived from Kolmogorov
theory:
U *Wrric],2/dmci?n

(s)

in which 4ds= time of adsorption (s), r = surface load (kg/m2), TJC = viscosity of the
continuous phase (1. 103 Pa.s), d= droplet diameter (m), mc = protein concentration (kg/m3)
and e = power density ( about 10" W.m3). For the systems used, adsorption times were
estimated to beatmost 10"6 s.
Because the unfolding of a protein at an interface also takes time, it may be possible
that the interface becomes fully packed before appreciable unfolding of the protein occurs
[17]. This was also suggested by Sandwick, who studied adsorption onto polystyrene (i.e.
hydrophobic) particles [3],to explain the conservation of enzyme activity in situ at high bulk
concentration, where the rate of arrival at the surface would become faster than the rate of
unfolding. In the process of emulsification this possibility may well be real. Nevertheless,
inactivation was complete. Any unfolding of the protein at the oil/water interface should
therefore occur within a us. Such a time scale for unfolding may be likely for chymosin, that
apparantly has little conformational stability, but for lysozyme, which is known for its high
stability, agreater reluctancetounfolding, andhencealongertime,wouldbeexpected.
As the extent of unfolding of a macromolecule is related to the surface area available
per molecule, we used the equation of state applied by De Feijter and Benjamins [23] to
estimate the extent of unfolding, expressed in the radius of the adsorbed protein molecule for
lysozymeatthe air/water and oil/water interfaces. Wemadeuseofdataon surface pressure
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(77inmN.ni'1)versus surface areaper molecule(Ainm2.mg"')byGraham&Phillips [24].The
equation reads

77= rRT/(l-0f
with

0 = n^N^r
in which r = surface load (mol.m2), 0 =surface fraction and r =radius of an adsorbed
protein molecule (m) in the plane of the interface. R, Tand NAv have their usual meaning. It
follows (Fig. 2) that the radius of the adsorbed lysozyme molecule would be large at low
surface load, especially at the oil/water interface. At r > 2 mg.m'2 the radii of lysozyme
molecules at the air/water and oil/water interface seem to be hardly changed (the radius of
end-on adsorbed lysozymemoleculesattheair/water interface is 1.5 run[21]).
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Fig. 2. Calculatedradius of lyosozymemoleculesadsorbedonto an air/water (A) and an
oil/water (+) interfaceasafunction ofsurfaceloadr. After refs.[22],[23].
Sincethe surface load oflysozymeinthe emulsions made appeared to be high (observed r =
7.9 mg.m2), no unfolding and, consequently, no inactivation of the enzyme would be
expected. Nevertheless complete inactivation, even after desorption, was observed. It thus
appears that conformational changes inthe enzyme molecule on adsorption do not necessarily
becomemanifest inalargerradiusofthemolecule.Perhapschangesinprotein conformation
after adsorption maybe moreprominent atthe oil-water interface as compared to air-liquid or
solid-liquid interfaces. Hunter etal. [21]indeed found higherresidual activities oflysozyme
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adsorbed ontotheair/water interface athigher surface loads.However, thesewerenot enzyme
activity measurements in situ but after redeposition on a Teflon bar and resuspension in
solution.Norde et al. [25]found adecreaseina-helix structure oflysozymedueto adsorption
onto hydrophilic, negatively charged latexparticlesat low surface loads. Complete recovery of
a-helix content was found in bulk solution after desorption. At plateau surface coverage, no
changeina-helix structure was established.
Since the conformational stability of a protein is highest at its isoelectric pH, soya-oil
was emulsified with lysozyme at pH 11, but also here no activity in situ or after desorption
was found. A single passage of a lysozyme solution with oil through the homogenizer valve
sufficed to fully inactivatethelysozyme.
Emulsification with chymosin at its isoelectric pH was not studied, but it is very likely
that no residual activity would result for this enzyme, because of its small conformational
stability.
3.3.3Enzymesaddedtosoya-oil/BSAemulsions.
The extent of unfolding ofaprotein at an interface may, among other factors, depend
on the surface area available; it would then be negatively correlated with the surface load
obtained. Emulsions of soya-oil were made with various concentrations of bovine serum
albumin in 50mMof K-phosphate pH 5.8 (Table 1).By applying low concentrations ofBSA
wetried to createalow surface coverage, yieldingfairly unstableemulsions.
Table 1. Effects of the addition of enzyme immediatelyafter emulsification of soya-oil in
BSAsolutionsofvariousconcentrations.pH 5.8,50mmolarK-phosphatebuffer, T= 20°C.
LYSOZYME 2.7 g/1

CHYMOSIN 0.17g/1
[BSA]
(g/1)

chym.
(% ads.)

0.03

[BSA]

(mg/m )

(g/1)

lysoz.
(% ads.)

45

coal3.

0.008

0

coal'

-

0.06

25

0.7

0.04

0

coala

-

0.13

0

2.5

0.20

0

3.63

1.06

0.62

0

2.9

1.0

0

1.90

2.74

1.25

0

3.6

2.5

0

1.55

3.66

5.0

0

6.9

5.0

0

1.52

6.75

^BSA
2

a

)Coalescence ;r could notbeestimated
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Immediately after emulsification, enzyme was added (up to 0.17 g/1for chymosin, based on
activity, and 0.14g/1 for lysozyme,based onprotein concentration).
It was reasoned that the enzyme could possiblyfillthe "gaps" of uncovered surface without
being able to unfold, thereby retaining activity. Adsorption percentages were determined by
depletion, by measuring residual enzyme activities inthe first supernatant after centrifugation
(20min, 15000g) after anincubation timeofapproximately one hour.
For chymosin activity measurements the hexapeptide assay was used and for lysozyme the
fluorescence assay. Chymosin indeed was able to penetrate the oil-water interface partially
covered byBSA and to further stabilize the emulsion, but lysozyme did not within thetime of
incubation.
The inability of lysozyme to coadsorb onto a partially covered interface was also
shown byothers [26,27] who studied coadsorption oflysozymeand P-casein at the air-water
interface. The emulsion droplets partially covered with chymosin showed no activity in situ.
Chymosin desorbed bymeansofaddingTween°20proved tobefully inactivated.
3.3.4Emulsification ofsoya-oil usingBSA and theenzyme simultaneously.
Soya-oil was emulsified in solutions of BSA and enzyme in various concentration
ratios at a constant total protein concentration of 2 g/1in 50 mM K-phosphate buffer of pH
5.8 (Table 2). Percentages of enzyme adsorbed were determined by measuring enzyme
activities in the original solution and in the first supernatant after emulsification and
centrifugation (20min 15000g). Enzyme activity wasmeasured insituafter washing thriceto
removeunbound enzyme. Inthefourth supernatant no enzymeactivitywasmeasurable.
Lysozyme proved to be a poor emulsifier, yielding unstable emulsions containing large
emulsion droplets. Asthe BSA/lysozymeratio increased, the emulsion droplets obtained were
smaller, and the emulsions were more stable. Thevarious concentration mixtures of BSAand
chymosin did not yield differences in emulsion stability or droplet size, suggesting that the
emulsifying properties of these two proteins are more or less the same. The percentages of
adsorption of the enzymes in both systems were consistent for all concentration ratios.
However, activity insituwas not found for any system. Moreover, the enzymes proved to be
fully inactivated after desorption byTween°20.
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Table 2. Effects of the emulsification of soya-oil with solutions containing BSA and an
enzyme invariousconcentrationratios.pH 5.8,50mmolarK-phosphatebuffer,T= 20°C.
[BSA]
(g/0

[Chymosin]
(g/D

dvs
(urn)

Chymosin
(% ads.)

[BSA]
(8/1)

(g/D

dvs
(urn)

Lysozyme
(% ads.)

0.33

1.67

2.04

21.1

0.5

1.5

4.90

18.4

0.67

1.33

2.00

16.4

1.0

1.0

4.27

15.3

1.00

1.00

1.97

16.4

1.5

0.5

2.56

12.5

1.33

0.67

1.96

17.7

1.75

0.25

1.96

17.0

2.00

0.00

1.94

0

[Lysozyme]

3.4 Conclusions
It may be concluded that adsorption of chymosin and lysozyme (and probably most
other enzymes as well, apart from lipases) onto the triglyceride oil/water interface leads to
complete inactivation of the enzymes. Of course there isthe possibility that the active site of
lysozyme or chymosin is involved in the adsorption onto the interface, thereby leaving no
entrance for the substrate molecule to react. Furthermore, the adsorption of an enzyme onto
the oil surface mayreduce its average motion and flexibility, which is often anessential partin
the mechanism of enzyme-substrate reactions. However, after desorption by Tween° 20,
which, by itself, does not affect the activity of the enzyme, the enzyme brought back to its
native environment didnot showanyactivity. Ifthe desorbed enzymemoleculeswould tend to
carry any oil with them, the Tween 20 present would most likely have removed the oil,
considering its strong detergent activity. Thisisstrong, albeit indirect evidence for the process
ofadsorption ofprotein ontothe oil/waterinterface leadingto denaturation.
Aswe arenot aware ofother research been done inthisway, comparisons can onlybe
madewith protein adsorption onto solid/liquid and air/liquid interfaces. These interfaces differ,
however, in interfacial properties. Oil droplets have a homogeneous fluid surface, whereas
solid particles, e.g. latex, would have specific adsorption sites for proteins. Hydrophobic
amino acid residues may to some extent become buried in the oil phase, whereas this is
impossible in solids and in air. The oil/water interface therefore may induce greater
conformational changes in adsorbed proteins than the other interfaces. Onthe other hand, the
short time needed for an emulsion droplet to obtain a fully packed surface in the process of
emulsification (about a us) may be supposed to prevent the protein from becoming unfolded.
Thiswould bemorelikelyfor aprotein with agreater conformational stability.Nevertheless,
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wealwaysfound the adsorbed enzymestobefully inactivated, irrespective ofthe procedureof
emulsification. This conclusion maynot be surprising, considering the conformational stability
of a globular protein to be actually rather small [28]. Aglobular protein is characterized bya
small difference between two large terms that stabilize (mostly bond energy) and that
destabilize the protein (for a large part conformational entropy). A small change in one of
these energy contributions (for instance due to a higher temperature, addition of urea or the
presence of an interface) may considerably alter conformational stability. It would, however,
take elaborate and painstaking studies to establish what exactly will happen with the protein
conformation upon adsorption onto anoil/water interface.
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Abstract
The association of hen's egg lysozyme with caseins was studied by using three
casein substrates: (I) solutions of the various caseins, (U) artificially made casein
micelles ofvarious compositions and (III) caseins adsorbed onto soya-oil emulsion droplets. In solution, lysozyme associated most strongly with <xs- casein, less with P-casein
and not with K-casein. Accordingly, lysozyme associated less with casein micelles
composed of P-and K-casein (ratio 1:2) than with whole casein micelles, which contain
as-casein as well. The extent of association with emulsified caseins was in the order<xs >
P>K,although the differences were notlarge.The effects oftemperature and pH onthe
association appeared to besmall.
After association with caseins, lysozyme was always found to be active,
suggesting that the active site of the molecule was not involved in the association. The
association of lysozyme with casein-stabilized oil droplets may provide a satisfactory
technique for immobilization of the enzyme on a liquid carrier, since in situ activity is
retained.
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4.1 Introduction
In cheese making, the enzymelysozyme (muramidase, EC. 3.2.1.17) can beused asan
agent to prevent growth of Clostridium tyrobutyricum, which causes off-flavours and late
blowing in some cheeses [1], Another application of lysozyme may be the possible
acceleration of cheese ripening, because lysis of starter bacteria would cause release of
cytoplasmic enzymes, which play a key role in proteolysis during cheese ripening. The
mechanism of transfer of lysozyme to the curd is believed to be due to association of the
enzymewiththe caseins,themain protein fraction inmilk [2, 3].The samemayhold for other
enzymessuchaschymosin andplasmin.
In an attempt to immobilize enzymes on a liquid carrier while fully retaining their
activity, we used lysozyme as the emulsifying agent in making oil/water emulsions [4]. The
adsorption, however, caused lysozyme to lose all activity. After subsequent desorption by a
surfactant (Tween™ 20) it also proved to be inactivated. As done earlier for the renneting
enzyme chymosin [5], we therefore used caseins as intermediates to stabilize soya-oil
emulsions, whereupon added lysozyme would associate with the droplets at various pH and
temperatures. Concomitantly, synthetic casein micelles were used as a carrier for lysozyme
immobilization. The suitability of these systems for immobilization purposes was checked by
determination ofinsituactivity.
4.2 Materials and methods
4.2.1 Caseins in solution
Lysozyme (Sigma) and caseins (Sigma) were dissolved in about equimolar
concentration (1.5 and 3.0 g/1 respectively) in0.05 Mphosphatebuffer, 0.05 MNaCl, pH6.7.
Equal amounts were mixed and the flocculated lysozyme-casein complexes were removed by
means of filtration (0.45 urn). The proteins present in the clear filtrates were analysed by
means of high performance size exclusion chromatography on a Bio-Sil TSK 125 column
(column dimensions 600x75 mm, 150 ul sample, flow rate 1ml/min, monitoring E2so). The
original solutions of lysozyme and casein were diluted once with buffer, filtrated and used as
blanks. The association of lysozyme with caseins was calculated from the decrease of the
lysozyme and casein peak areas due to the complexation after mixing. The experiments were
carried outtwice. Therelative standard deviation (RSD)for thepeak areawas2%.
The influence of the association (if occurring) on the activity of lysozyme was
determined as follows. A lysozyme solution (500 ul) was mixed with a casein solution (500
ul) and, after a short incubation time, a suspension ofMicrococcuslysodeikticus(500 ul, 0.6
g/1)wasadded. Thecaseinsused wereas-, P-,K-casein, wholecaseinateandpara-K-casein;
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the latterwas madebyaddingan appropriate amount ofrennet (Maxiren™ ;Gist-brocades) to
the K-casein solution, followed by a 10 min incubation at 30 °C and addition of pepstatin to
prevent further proteolytic activity during the assay. After mixing all reagents, the cuvette
contained 400 U of lysozyme/ml (0.74 uM), 0.2 g/1 M. lysodeikticus, and the molar
concentrations of the various caseins being 10, 1, 0.1 or 0.01 times that of lysozyme.
Immediately after addition ofM. lysodeikticusthe suspension was mixed and the decrease in
turbidity was measured spectrophotometrically at 450 nmat 25 °Cfor 140 sin 20 sintervals.
Theactivity measurementsweredone at pH 5.1 or 6.4 in0.1 Mpotassium-phosphate buffer at
0, 0.5, 1or 2%NaCl. In the blanks the casein solutions were replaced by buffer. The casein
solutionsthemselvesdidnot showanydetectablelysozymeactivity.
4.2.2 Caseinated emulsions
Emulsions of commercially available soya-oil (Reddy™; volume fraction <p = 0.02)
were made with a Condi-lab homogenizer. The soya-oil used was first made
monoglyceride-free by stirring the oil for two hours with predried Kieselgel 60 (10 % w/v,
Merck) followed by centrifugation and decantation. The soya-oil volume fraction of the
emulsion was determined according to the method of Gerber [6]. A factor of 1.11 was used
for correction of mass to volume percentage. The emulsions were made after addition of the
soya-oil fraction to 50mMK-phosphate buffer pH 5.8 containingthecasein (2g/1).
Droplet sizeanalysiswas donebymeans oflaser diffraction (Coulter LSI30), yielding
the volume/surface average diameter dyS (m), normally used to characterize the emulsion
droplet diameter. The specific surface area (A) of the emulsion (m2.m3) was calculated by
usingtheequationA = 6 <p/d\z •
The casein concentrations inthe initial solution and in the emulsion supernatant (after
centrifugation for 20 min at 15000g) were determined using the BCA protein assay (Pierce)
against abovine serum albumin standard curve. The surface load (Tlaseu, in mg.m"2)was found
by dividing the difference in protein concentrations (in mg.m"3)by the specific surface area A
(inm1).
Theassociation oflysozymeand caseinis showninadsorption orassociation isotherms
inwhich the surface excess r (mole lysozyme / mole casein adsorbed) isgiven as a function
of the free lysozyme concentration. To this end various concentrations of lysozyme were
added to the emulsion, after having removed unadsorbed casein bywashing 3times bymeans
of centrifugation for 5 min at 11000 g (1 ml vials) with 50 mM K-phosphate buffer at the
appropriate pH. After incubation for 30 min,the sampleswere centrifuged for 5min at 11000
g (1 ml vials). The free lysozyme concentration in the supernatant was determined by
determination of activity, compared to the original concentration of enzyme in the emulsion
buffer, andthe surface excess calculated.
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Lysozyme activity was determined spectrophotometrically by following the lysis of
Micrococcus lysodeikticus(0.2 g/150 mM K-phosphate buffer, pH 6.3) at 25 °C [7]. The
slopeoftheinitialdecrease ofturbiditywastaken asameasureofenzymeactivity.
To determinethe effect oftemperature onthe association oflysozyme withthe various
adsorbed caseins, a depletion study was performed. The emulsions, made at pH 5.8 (50mM
K-phosphate buffer), were washed three times with the same buffer at various temperatures
(5, 20or 40 °C)to removeunadsorbed caseins.Lysozymewasadded atthesetemperatures up
to a concentration of 20 uM and the solutions were incubated for 30 min. Percentage
association wasdetermined bymeasuring theactivity oflysozymeinthe supernatant and inthe
original 20 uM solution. The experiment was repeated once for the same temperature range
(average RSD = 7.8 %, n = 6). Activities were also determined by using a fluorescence
method. In this assay, lysozyme activity was determined by measuring the intensity of the
fluorescent label of methylumbelliferyl-4-N'-N"-N'"-triacetylchytotriose (Boehringer) split off
by the enzyme [8]. Fluorescence was measured at an emission wavelength of 448 nm and an
excitation wavelength of358 nm. 750 ul of clear supernatant sample wasmixed with anequal
volume of emulsion buffer containing the fluorescent substrate (10 uM). The reaction was
performed at 40CCand stopped byadding 0.7 mlofsampleto 2.5 mlofa stopping solution of
1 M glycine, 1M NaCl adjusted to pH 12 with NaOH. Samples were taken after 40 and 80
minofincubation. Theactivity wasmeasured asthe changeinabsorbance intime(AE/min).
Lysozyme activity in situ (i.e., while still being associated with the adsorbed casein)
can only be measured by using a small molecular substrate. To this end the fluorescent
substrate is suitable. The emulsion droplets were washed twice, by centrifugation and
resuspending in phosphate buffer and finally by resuspending in the fluorescence substrate
solution (5 uM in phosphate buffer; volume equal to the original emulsion sample). Before
mixingwiththe stopping solutionthe samplewasfiltered (0.45 um). Samples weretaken after
40and 80minincubation.
4.2.3Artificial Micelle Milk (AMM)
In artificial micellemilk the caseincomposition ofthemicellescanbe readilyvaried; therefore,
AMMisasuitable substrate to study lysozyme association with casein inrelation to the casein
micelle composition. AMM was made according to Schmidt [9]. The pH of the AMM was
adjusted to 6.0 by slowly adding0.3 MHC1 at 30°C, whilestirring. To 4mlofAMM, 1,2,3,
4 or 5%byvolume ofalysozyme stock solution (varying concentrations) was added. After 10
and 50 min a 2 ml sample was removed and the Ca2+ concentration was raised to 1mM. A
small amount of chymosin (1 ul for undiluted AMM and 3 ul for three times diluted AMM;
0.12 g/1 Rennin (Sigma)) was added to flocculate the casein micelles (whether or not
associated with lysozyme). Subsequently, the sample was centrifuged (Eppendorf) at 11000g
for 1 minat room temperature.
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Theamount oflysozymeassociated withthe casein isexpressed asmoleoflysozymepermole
of casein and is plotted against the equilibrium concentration of the enzyme in adsorption
isotherms.Forthemolarmassofcasein inthewholemilk,themeanmolarmass ofthe various
caseinswascalculated to be23400 Da, assuming amassratio ofas-casein :p-casein :K-casein
=3.8 :3.0 :1.3. For AMMof p-casein :K-casein = 1:2, anaveragemolarmassof21030Da
was used. Dilution factors for the various amounts of lysozyme solution added were
accounted for. No corrections were made for the volume occupied by casein or for steric
exclusion. The amount of precipitated casein was calculated by subtracting the total casein
concentration ofthe AMMbythefreecasein concentration inthe supernatant (free [casein]sup
= [protein]sup - [lysozyme]Sup). In this way the association of lysozyme with paracaseinate can
be calculated. Thelysozyme concentration was determined bythe method of Smolelis [7]and
theprotein concentrations intheoriginal solution and supernatant bythebiuret method [10].
The effect of casein concentration on lysozyme association was established by diluting
the AMMthree times with its corresponding permeate, separately made byultrafiltration ina
(Filtron) stirred cell (pressure difference 1.5 bar, room temperature, molecular weight cut-off
100 kDa). Lysozyme was added to the diluted AMM and its association determined as
described abovefor AMM.
The lysozyme activity in situ, i.e. while associated with casein micelles, was
determined using the fluorescence assay. The AMM-lysozyme suspension (1.5 ml) was
ultrafiltered in a stirred cell to prevent pellet formation, until 1ml of permeate was collected.
Then, 1.5 ml of potassium phosphate buffer (25 mM, pH 6.0) was added and ultrafiltration
was repeated. The washing was repeated three times. Thewashing procedure applied hasled
to atotal dilution by 20times (byafactor of4bythefirstwash, afactor of2.5bythe second
and a factor of 2 by the third). Lysozyme activities were determined in the permeates and
retentates. The lysozyme activity in situ was determined for three different lysozyme
concentrations applied.
4.3Results and discussion
4.3.1 Association oflysozymewith caseins in solution
Table 1shows the percentages of lysozyme and of the caseins found in thefiltrates
made after removal of the casein-lysozyme complexes formed. Based on a calibration curve
(retention time as a function of molecular weight) it was shown that the individual caseins in
solution occurred mainly indi-and multimer forms and lysozyme inmonomer form. Some 2/3
ofP-casein and lysozymewere associated inan equimolar ratio and filtered out. One molecule
of ds-casein associated with more than one molecule of lysozyme, whereas K-casein and
lysozymedid not associate atall.
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These results agree with those of Thapon and Brule [3], who found 100% association with
ots-casein (even within a pH range of 7.0 - 4.8 and up to 4% NaCl). They observed that
K-casein did not show any affinity inthe pH range mentioned, and (3-caseinand whole casein
showed intermediate affinities, decreasing with decreasing pH and increasing ionic strength.
The extent of association of lysozyme with caseins therefore appeared to be correlated with
the degree of phosphorylation of the various caseins (asi-casein : 8 P, P-casein : 5 P and
K-casein : 1P). Electrostatic interactions between the positively charged E-amino groups of
lysine residues of the lysozyme molecule with negatively charged phosphate groups were
assumed to beresponsible for theassociation[3].
In Fig. 1the relative activities of lysozyme (the lysozyme activity of the casein free
sample was taken as being 100%) are given in relation to the amount of casein added. The
lysozyme was allowed to associate with the caseins for some time, before adding the cell
suspension. Adding various concentrations of casein had only a small effect, if any, on
lysozyme activity, as compared to a blank without casein. Similar results were found for
higherNaCl concentrations and pH 6.4, although the absolute activity was significantly lower
at higher ionicstrength and pH(Fig.2).
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Fig. 1 The relative activity of lysozyme (0.74 JXM) as a function of the molar ratio
[casein]/[lysozyme]of various dissolved caseinsadded at pH 5.1. as-casein (+), p-casein
(A), K-casein (o),para-K-casein(+) andwholecaseinate (A).
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Table1Amounts oflysozyme and casein in thefiltrates,collectedafter having mixedequal
volumesoflysozyme (1.5g/l) andcasein(3.0g/l) solutions(50mMphosphate buffer,50 mM
NaCl,pH 6.7), determined by measuring E^o after HPSEC.Percentage is relative to the
amountintheoriginalsolution.

Casein

%casein

ocs-casein
(3-casein
K-casein

38.9
33.3
100.0

% lysozyme
2.0
23.8

100.0

A relative standard deviation of 3.0 % and 4.3 % at pH 5.1 and pH 6.4 respectively were
found for blank measurements inthe absenceofNaCl (n=15).
Aprerequisite for lysozymeactivity isthatthe Glu 35and Asp 52residuesinthe active
centre are protonated and deprotonated respectively [11]. Thiswill occur around the optimum
pHof5.0.
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Fig. 2InfluenceofNaCl on therelativeactivityoflysozyme atpH 5.1 (+)andpH 6.4(o)in
0.1MK- phosphatebuffer.
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The NaCl present in the experiments may well play a role in disturbing this delicate
electrostatic interaction. Moreover, a high ionic strength will affect the secondary affinity,
which defines the proper positioning of the strongly positively charged lysozyme molecule
(isoelectric pH 11) and the bacterial cell wall. Since lysozyme did not or hardly lose activity
when associated with a s - and (3-casein, its active site cannot be involved in this association.
These results agree with those of Birkkjaer [12],but conflict with those found by others [3],
who reported a thousandfold decrease in activity of lysozyme, due to association with whole
casein at pH 6.2 (molar ratio lysozyme:casein= 1:4). Such a decrease seemsto be at variance
with the observed activity of fairly small amounts of lysozyme in cheese against C.
tyrobutyricum [1].Furthermore, it isimportant to notethat we alwaysfound insituactivityof
lysozymeintheother casein substrates applied (seebelow).
4.3.2 Association oflysozymewith casein micelles
The effect of association of lysozyme with casein micelles in milk on its activity cannot be
studied by applying the experimental methods described above. The decrease in turbidity due
to cell lysis cannot be determined in a milky, turbid medium. Moreover, an enzyme
immobilized dueto association withcaseinmicelles,will exhibit akineticbehaviourthat differs
from that of an enzyme in solution, the more so because the cell wall substrate itself is a
particle [13]. Tostudy lysozyme activity insitu, abetter substrate would be a small molecule
that can interact with the immobilized enzyme. A small-sized, fluorescent substrate was
therefore selected. As shown in Fig. 3, the association with whole casein micelles is much
stronger than with casein micelles composed of P-casein :K-casein = 1:2 at the same (low)
equilibrium concentration of lysozyme. This corresponds with the results on lysozyme
association with caseins in solution. The lack of ots-casein in the p/K-casein micelle (a small
amount of a s - casein may be present as an impurity) and the presence of K-casein not
associating withlysozyme,could account for theweaker association.
The "association" isotherms in Fig. 3 do not reach a plateau value. The curve for
undiluted AMM represents three separately made AMMs to which lysozyme in different
ranges of concentration was added (coefficient of correlation = 0.99). Extrapolation of the
curves for the whole casein micelle would lead to a plateau value of about 0.8 mole of
lysozyme per mole of casein (the curve was mathematically described by y = ax/(b + x), in
which values for a and b were calculated by an iteration procedure). This would mean that
caseinssituated intheinterior ofthemicellemayalsobindlysozymemolecules.If, likeinsolution, K-casein does not take part in the association with lysozyme, this would imply that an
ots-caseinmolecule(likeinsolution) canassociate withmorethan onelysozymemolecule. Itis
also possible that lysozyme, due to its self-association will associate as a dimer or a higher
aggregated form [14]. Self-association of lysozyme is most likely to have occurred in the
original lysozyme stock solution, considering itsconcentration andthepH. Ontheother hand,
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as self-association is a reversible reaction, dilution (which occurs by adding lysozyme to the
casein solution) would causemonomelic forms oflysozymetobecome exposed to thecaseins.
Whatever the mechanism, the casein molecules of casein micelles can bind considerable
amounts of lysozyme. In other words, formation of casein-lysozyme micelles can readily
occur[15, 16].
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Fig. 3Adsorption isothermsshowingthelysozyme-para-casein association (mmol/mol) as a
function of [lysozyme]in thesupernatantof themilk atpH 6.0and 30 °C.Artificial casein
micelles: wholecaseinate (+),wholecaseinate threetimesdiluted (A),fi:K-casein 1:2(o) and
f}:K-casein 1:2threetimesdiluted(+).
Dilution of the system (i.e. decreasing the concentration of adsorbent) did not affect the
lysozyme association (Fig. 3).This differs from the association of chymosin with caseins[17].
The increase of association with chymosin on lowering the casein concentration is partly
explained by amechanism of competitive adsorption (De Roos and Walstra, to bepublished),
which meansthat "binding sites" for chymosin onthe para-K-casein molecule may be shielded
by other caseins. On dilution of the system, a change in association equilibrium between the
caseinswould cause such a siteto become exposed, leadingto association ofchymosin. Inthe
caseoflysozymethis mechanism willnot hold, firstly becausethe lysozyme molecule doesnot
associatewithK-casein;moreover, achangeincasein micellecomposition, dueto ccs-or
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P-casein leavingthemicelle after dilution, would hardlybe "sensed"bythelysozymemolecule,
because its association with either of these caseins does not greatly differ. Table 2 shows
lysozymeactivityinsitu, after association withwholecaseinmicelles.Bycomparingthewhole
amount of lysozyme added with lysozyme remaining in the permeate (both based on activity
measurement), the amount of lysozyme associated can be calculated. Percentages of
association wereroughly constant for thelysozyme concentrations involved. It meansthat the
largest amount of lysozyme associated occurs in the system with the highest lysozyme
concentration. However, the in situ activity in the retentates, although increasing, did not
increase proportionally (Fig. 3 shows that the rv\Aassociation value has not been reached at
the free lysozyme concentrations of the permeates). The in situ activity measured was
considerably lower than expected. Probably, inthis system internal diffusion limitation for the
substratewithin thecasein micelleplaysarole[13].
Table2.Association of lysozymewithwholecaseinmicelles.In situ activity in theretentate
wasdeterminedafter threetimeswashingwithphosphate bufferpH 6.0bymeans ofstirring
andfiltration. % activity in situ is the amount of activity actuallyfound compared to the
amountexpected.

sample
original
inpermeate
inwash-1
inwash-2
inwash-3
inretentate
% act, insitu
(% association)

[lysozyme]uM
92.6
26.4(71.4*)
14.6
8.0
5.9
3^0
93

198
56.3(71.6)
18.7
8.3
9.0
69A
68

304
66.3(78.2)
20.3
5.4
4.2
6T2
38

In this system relatively more lysozyme would have been associated in the interior of the
casein micelle. The decrease of lysozyme concentrations in the permeates due to dilution is
lessthan calculated because partial desorption of lysozymefromthe casein micelles occurred.
The extent of desorption seems to be larger in the system of low lysozyme dosage.
Nevertheles, all retentates contained much higher (immobilized) activity than the permeates
from wash3.
4.3.3 Association oflysozymewith adsorbed caseins
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Fig. 4 shows association isotherms of lysozyme at pH 5.8 on soya-oil emulsion droplets
stabilized by various caseins (coefficients of correlation for two separately made emulsions
with ocs-, P- and K-casein were 0.88, 0.95 and 0.94 respectively). Once again, lysozyme
associated most strongly with as-casein. In contrast to its behaviour in solution, adsorbed
K-casein bound lysozyme in considerable amounts. In solution, however, K-casein occurs in
covalently linked multimerswhich associate into micelles, depending on concentration [18]. It
is unlikely that K-casein micelles would remain unaltered after adsorption onto the oil/water
interface. Probably, dueto adsorption, K-casein changes its conformation bypartial unfolding,
thereby exposing amino acid residues which may subsequently associate with lysozyme
molecules. However, suchunfolding would be limited, becausethe caseins areknown to have
little secondary and tertiary structure. Another possibility is that lysozyme would coadsorb
onto spots of uncovered oil/water surface area. Such anchoring of lysozyme would not result
in extensive unfolding of the molecule and might result in preservation of activity. However,
attempts to immobilize enzymes in such a system bycoadsorption with bovine serum albumin
failed [4].
Comparison ofthelysozymeassociation isothermsofthe casein micelle system (Fig. 3)
withthose ofthecaseinated emulsion droplets system (Fig.4), showsthat, for thelatter
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Fig. 4Adsorptionisothermsof lysozymefor variouscaseinsadsorbedontosoya-oilemulsion
dropletsatpH 5.8and20 °C. as-casein(A),/3-casein (6)and K-casein (0).
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system, a surface excess plateau value (-Gut)isreached at a much lower lysozyme equilibrium
concentration (about 5uM)thanfor thecaseinmicellesystem (about 500 uM). Obviously,the
accessibility of lysozyme for binding sites in a casein micelle is more limited than for caseins
adsorbed onto an emulsion droplet. The hairy layer of flexible K-casein molecules may
sterically hamper accessibility of lysozyme molecules to penetrate the interior of the casein
micelle.Moreover, K-caseinitself, asa part ofthemicelle, ispresumably not abinding site for
lysozyme. The greater accessibility to adsorbed caseins is reflected in a steeper slope (higher
affinity) ofthe adsorption isotherm. Theplateau adsorption levelsreached for ocs-and P-casein
corresponded withthevaluesreached insolution (Table 1).
Table3. Theinfluence ofpH on theassociationof lysozymewith various caseinsadsorbed
onto soya-oil emulsion droplets. Plateau values found by extrapolation of adsorption
isotherms
pH

5.4
5.8
6.2

/"piate.u(mole lysozyme / mole

casein)

a s -casein

P-casein

K-casein

0.97
1.03
1.20

0.99
0.99
0.99

0.91
0.63
0.57

Theinfluence ofpH onthe association (Table 3) isrelatively pronounced for adsorbed
K-casein, and limited and absent for ocs-and P-casein, respectively. In solution, association of
lysozyme with ocs- and P-casein was independent of pH, within the range chosen. ots- and
P-casein are able to bind lysozyme in about equimolar amounts; this result corresponds with
thosefound for dissolved caseins.
Table 4. Theinfluence of temperatureon the association of lysozymewith variouscaseins
adsorbedontosoya-oilemulsiondropletsatpH 5.8 (molelysozyme/mole adsorbedcaseinat
[lysozyme]equmbrium =1 yM)- Totalconcentrationoflysozymeaddedtotheemulsion20juM.

casein

5°C

cvcasein
P-casein
K-casein

0.80
0.44
0.31

20°C

40°C

0.67
0.48
0.22
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Theinfluence oftemperature onthe association isgiven inTable4. Theextents of association
oflysozymewiththe caseins isgiven for a comparable lysozymeequilibrium concentration (1
uM). Within the temperature range chosen (5 - 20 - 40 °C) no significant influence of
temperature was found, indicating that hydrophobic interactions do not play an essential role
inthe association.
Lysozyme activity insitu was measured after athreefold washing procedure bymeans
of centrifugation and resuspension (the fourth supernatant did not contain any lysozyme
activity within the detection limit ofthetest). Reliable measurements could onlybe donewith
lysozyme associated with adsorbed K-casein, because only in this system could the droplet
layer, formed after centrifugation, be resuspended. Table 5 shows that the total activity ofthe
lysozyme present is recovered. Emulsions containing ots- and (3-casein as the emulsifiers,
exhibited considerable lysozyme activity in situ, but not all activity was recovered, but this
could havebeen caused bythepoor resuspending ability.
Table5.Partitioningoflysozymeactivity(fluorescenceDE/min)overthesubphaseandwhile
associatedwithadsorbed K-casein (insitu) inthecreamlayeratpH 5.8aftercentrifugation
ofanemulsion. 20pM addedtothe emulsion.

added

in 1stsubphase

0.40
0.47
1.52

0.26
0.28
1.24

insitu
0.16
0.21
0.39

4.4 Concluding remarks
Lysozyme readily associated with ots- and (3-caseins (a s > P) in solution, but no association
with dissolved K-casein was observed. This difference in association of lysozyme with the
various caseins isreflected inthe associations with casein micelles ofvarious compositions. In
contrast to results obtained by others, no significant loss inactivity dueto the association was
observed, indicating that the active centre of lysozyme is not involved in the association. It
appeared that immobilization oflysozymebyassociation withwholecasein micellesresultedin
a loss of activity, probably due to association of lysozyme with casein molecules inside the
caseinmicelles,resulting ininternal diffusion limitation.
The association properties of K-casein for lysozyme were drastically changed after the
casein had been adsorbed onto an oil/water interface (compare Fig. 4 and Table 1). Achange
inaggregation orconformation oftheK-casein molecules dueto adsorption mayresultin
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exposure of an accessible part of the molecule, followed by association with lysozyme.
Another possibility is that casein-coated emulsion droplets can coadsorb lysozyme with
preservation ofactivity.The association oflysozymewithcaseins isdominated byelectrostatic
interactions, as shown by the influence of ionic strength. The small effect of temperature on
the association suggeststhat hydrophobic interactions donot playasubstantialrole.
The lytic activity of lysozyme towards M. lysodeikticusstrongly depends on pH and
ionic strength. Probably, in applying lysozyme to prevent "late blowing" in Gouda and
Emmentaler-type cheese ripening, the enzyme will only be active during the first
manufacturing stage, i.e. before the salting of the cheese. In salted cheese, where the salt
content may be 5% in the water, no activity is expected. However, at high salt content, the
Clostridiacannotgerminateanyway.
Casein micelles and casein-stabilized emulsion droplets can be regarded as suitable
adsorbants for the immobilization of lysozyme. The adsorption of lysozyme onto the carriers
impliesthat the activity oflysozymetowards substrates that cannot diffuse to the enzyme, i.e.
inmanycasesbacteria, willbe diminished. In everyinstance, itwould be necessary to estimate
this effect.
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Abstract
We studied the association behaviour of chymosin with caseins, adsorbed onto
soya-oil emulsion droplets, under various conditions by making up adsorption
isotherms. Itwas found that chymosin associated solely with adsorbed K-casein and not
with as- or P-casein. This association was stronger for lower values of pH, ionic
strength, temperature and K-casein concentration, indicating that electrostatic
interactions areinvolved.
Associated chymosin was found to bestillactive. Thesystem described can be conceived
as anewtechnique for immobilization of biologically active proteins on aliquid carrier.
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5.1.

INTRODUCTION

In studies aimed at the acceleration of cheese ripening by means of adding exo- and
endoproteases, isolated from starter bacteria, to the cheese milk, it is often observed that,
during the cheese making process, almost all off the extra added enzymes go to the whey
fraction andverylittleto thecurd. Itwasreasoned thattheseenzymesmaybetransported into
the curdbyimmobilizing them onto milkfat globules onthe conditionthatthe enzymeactivity
isretained.
In a more general study we used the renneting enzyme chymosin as the emulsifying
agent inorderto stabilizeasoya-oil/water emulsion. Inthisstudyitwasfound thatthe enzyme
had lost its activity and even proved to be denaturated after having been desorbed from the
oil/water interface bymeansofaddingasmall-molecule surfactant.
It is well established that chymosin is transported partly (depending on production
conditions) into the curd during cheese-making, playing a key role in cheese ripening. The
mechanism oftransport ofchymosin intothecurd isbelieved tobe oneofadsorption onto (or
better association with) casein micelles. Thismechanism ofchymosin association withcaseins,
however, isnot well understood, noris it known which casein isprimarily involved. Weused
caseinsas an emulsifier with which chymosin could be associated. Inthis paper aspects ofthe
mechanism of chymosin association with adsorbed caseins are described. The influences of
various conditions such as pH, ionic strength, temperature and substrate concentration are
shown in adsorption isotherms. We have to keep in mind, however, that these adsorption
isotherms reflect a protein/protein interaction betweenthe adsorbed casein and chymosin and
nottheadsorption ofproteinsonto solid/liquid orfluid/liquidinterfaces.
5.2

Materials and methods

Emulsions were made with a Condi lab homogenizer using purified soya-oil (volume
fraction <p = 0.02) and various caseins (w/v 2 %, Sigma) as the emulsifying agents. The
emulsions were made in 25 mM K-phosphate buffer, pH 6.7, repeating the homogenization
ten times. Commercial soya-oil (Reddy™) was mademonoglyceride-free by stirring it for one
hour with predried Kieselgel 60 (Merck) followed by centrifugation. The soya-oil volume
fraction was determined by the Gerber method [1] (a correction factor of 1.11was used for
the soya-oildensity).
In a preliminary experiment, meant to establish the casein with which chymosin
associates, the cream layers of soya-oil emulsions made with a,-, B-or K-casein (2g/1)were,
after having washed away the unbound caseinstwice bycentrifugation (20 min, 12000g) and
resuspending with 25 mM K-phosphate buffer solutions of pH 5.0 - 5.4 - 5.8 - 6.2 or 6.8,
resuspended inK-phosphate buffers with 0.7 umolarchymosin.
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Inthefollowing experiment thecreamlayersofaK-casein/soya-oilemulsionwerewashed two
timeswithK-phosphate buffers of different concentration, pH, temperature and ionic strength
(by adding KC1), and finally resuspended in the same buffers with chymosin included at
concentrations of 1 0 - 5 - 4 - 3 - 2 - 1 and 0.5 umolar. The chymosin (Chymax, Pfizer) was
lyophilized after having been made salt-free by means of dialysis against water, in order to
minimize the influence of salts on the adsorption conditions due to addition of the enzyme.
Theemulsion was incubated with the chymosin for 20minand then centrifugated in 1 mlvials
(Eppendorf, 1 min - 12000 g). The residual chymosin activity in the supernatant was
determined with the Berridge flocculation test [2]. Chymosin adsorption percentage could be
calculated according to the relation of Storch and Segelcke, which states that the flocculation
timeisinversely proportional tothechymosin concentration [3],
Chymosin solutions correspondingwiththeexperimental conditions,ina concentration
togiveaflocculation timeofabout 300 s(on4000timesdilution)wereused astheblank.
Emulsion droplet size analysis was performed by means of laser diffraction (Coulter
LSI30)yieldingthevolume/surface averagediameter (dvs). Thespecific surface area (A)ofthe
emulsion wascalculated withtheequation A =6 <pld,s.
The casein concentrations in the starting solution and the emulsion supernatant were
determined with the BCA protein assay (Pierce). With the difference between these two
concentrationsthecasein surface load (.Teasinmg.m2)could becalculated.
The chymosin surface load on adsorbed casein (mmol chymosin/mol casein) was
determined considering that a 13.3 umolar chymosin concentration [3] leads to a rennet
clottingtimeofabout 300 s(4000fold dilution).
Chymosin activity in situ, i.e. while being associated with the casein-coated droplets,
was
determined
with
a
small
synthetic
hexapeptide
substrate
HLeu-Ser-Phe(N02)-Nle-Ala-Leu-Ome (Bachem), that is split at the Phe(N02)-NLe linkage
[4]. The emulsion droplet layer was washed three times in a 0.05 molar acetate buffer of pH
4.7 and resuspended in a 0.5 mmolarhexapeptide solution inthe samebuffer. After 20 minof
incubation the emulsion was filtered (pore size 0.2 urn) and the absorbance of the filtrate
measured at310nm spectrophotometrically.
Alternatively, chymosin activity in situ was measured by following
caseinomacropeptide release by means of HPLC chromatography [5] after various times of
incubation ( 0 - 0 . 5 - 1- 2 - 5 - 15and 30min) of washed emulsion droplets with aK-casein
solution (2g/1 atroomtemperature).
5.3

Resultsand discussion

Thefirstdetermination to bemadewaswithwhich casein wasthechymosin associated
[6].Infigure1 theassociation ofchymosin withemulsionsmadewiththethree different
66

Association ofchymosinwithadsorbed casein
caseins is shown. Chymosin was associated strongly and exclusively with adsorbed K-casein;
the association washigher at lowerpH.Association witha s - or 6-casein wasweak or absent.
Fast creaming of the K-casein emulsion was observed after addition of the chymosin.
This must be due toflocculationof the emulsion droplets, caused by loss of steric repulsion
after splitting off the caseinomacropeptide of the K-casein molecule. This would imply that
the caseinomacropeptide part is not attached to the soya-oil/water interface. The association
of chymosin probably takes place at the remaining para-K-casein part, most likely after
splitting off the caseinomacropeptide. Emulsions made with ots- and 13-casein were far more
stable after addition ofchymosin. Inthe supernatant ofthese emulsions with added chymosin,
casein fragments were found by means of HPLC gel permeation measurements. Identification
ofthesefragmentswasnot carried out.
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Fig. 1 The association of chymosin in % of initial amount of chymosin (0.7
jumolar) with adsorbed as-casein(+) , /3-casein (A) and K-casein (o)as a function of
pH, after 20 min of incubation atroom temperature in 25 mM K-phosphate buffer.
Chymosin adsorption isotherms under various conditions were made starting from one
K-casein/soya-oilemulsion withthefollowing characterictics: ^oya=0.0185 ; volume/surface
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average weighed diameter dU= 163 106 m ; specific surface area A = 0.068 m2/m3;K-casein
surface load r =8.97 mg/m2 corresponding with a K-casein concentration of 31 uM for the
emulsion. The chymosin surface load on this emulsion is expressed as mmol chymosin/mol
K-casein. Theresultswerefitted to aLangmuir-type equation.
Figure 2showstheinfluence ofthepH onchymosin association. Chymosin association
increased with decreasing pH. This pH dependence points to electrostatic interactions being
involved. At pH 5.0 thechymosin moleculewill havea smallnet negative charge (i.e.p. =4.7)
that willincreaseat increasingpH.
In the pH-range mentioned para-K-casein will be positively charged (the i.e.p. is
unknownbut electrophoretic mobilitytowards thecathodeisobserved atpH 7(7)).Aswedo
not know the mechanism the enzyme-substrate complex formation and the pK-values of the
amino acids involved, it is difficult to explain this result. The three histidine groups (amino
acids 98 - 100 - 102) are believed to play an essential role in the formation of the
enzym-substrate complex that precedes the cleavage ofthePhe-Met bond ofK-casein [8].At
pH values above pH = 6.0 the histidine groups become less positive and more and more the
negatively charged chymosin is not able to associate. This speculation on the mechanism of
association can onlybevalidifitwould becoupled to theactivecentre oftheenzyme.
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Fig. 2 The influence of pH on the association of chymosin with K-casein,
adsorbed onto soya-oil emulsion droplets, after 20 min of incubation in 25 mM
K-phosphate buffer at room temperature. pH 5.0 (+), 5.4 (A), 5.8 (o)and6.2(+).
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Fig. 3 The influence of ionic strength on the association of chymosin withK-casein,
adsorbed onto emulsion droplets, after 20 min of incubation in 25 mM K-phosphate
buffer pH 5.5 at room temperature. [KCl] 0 mM (+), 75 mM (A) and 150 mM (o).
Ifthe protein/protein interaction isof an electrostatic nature, ionic strength should also playa
part. Wevaried theionicstrength atconstant pHbyaddingKClatvarious amounts. Ascanbe
seen infigure3, chymosin association becomes lessat increasing ionic strength. Although the
Debye length isexpected to become shorter [7](for 0mMKCl« 0.95 nm and for 150 mM«
0.63 nm)andcloser approach ofthetwoproteinswould thusbepossible,association becomes
less. This may be due to association of the ions with the charged groups, which play an
essential role in the electrostatic protein interaction. Other salts, such as NaCl, LiCl and
varyingconcentrations oftheK-phosphate buffer showed comparable effects.
In cheese making the transfer of chymosin into the curd is highly affected by
temperature [9]. A similar effect was found in the system used here (figure 4). Chymosin
association becamemuch stronger at decreasing temperature. Forthisreasontheinteraction of
chymosin and para-K-caseinisnotbelieved tobeahydrophobicone.
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Fig. 4 The influence of temperature on theassociation of chymosin with K-casein
adsorbed onto soya-oil emulsion droplets, after 20 min of incubation in 25mM
K-phosphate buffer at pH 5.5. 4 °C (o), 20 °C (A) and 40 °C (+).
When chymosin was added to dilutions of the emulsion with adsorbed K-casein the
absolute percentage of association became less. At first sight this looks quite obvious.
However, if we express the association in values of surface load, i.e. mmol of chymosin
associated per mol casein, we find, surprisingly, at comparable chymosin equilibrium
concentration ahigher surface loadfor thediluted system.Dilution oftheemulsion resultsina
decreased number of fat globules, hence, an increased water/adsorbed protein ratio. In other
words, atahigherwater to proteinratio ofthe system, chymosin association becomeshigher.
In a very concentrated system like cheese, a surface load of 0.1 mmol chymosin/mol
K-casein was found and for milk (pH 5.0, I = 120 mM, [K-casein] = 130 uM ), the diluted
form, 1.4 mmole chymosin/mole K-casein [10]. By comparing the surface load for the
emulsion system (under the same experimental conditions as in milk and a chymosin
equilibrium concentration of 0.1 uM), we find the same surface load of 1.4 mmole
chymosin/mole K-casein. An explanation for this phenomenon of chymosin surface load being
dependent ontheK-caseinconcentration hasnot been worked out completely yet, but we feel
it must be due to a shift in association equilibrium situations with competitive associating
molecules, presumablyother caseins,upon dilution. Theeffect oftemperature onthe chymosin
surface load mayalsobethe consequence
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of the shift in the association equilibrium of the competitive associating molecules.
Hydrophobic interactions mayplayarolehere.
w
in
<a
o
m
a.
a.

210

(0

150

180

^.
Cfl
Q.

a>
o
E

1?0

90

—.

c

'</>

60

O

E
x:
o
<D

a
E
E

30

0

2

4

6

8

10

[chymosin] equilibrium / pM

Fig. 5 Theinfluence of the K-casein concentration, in various dilutions of the
soya-oil/K-casein emulsions , on the association with chymosin after 20 min of
incubation in 25 mM K-phosphate buffer pH 5.5 at room temperature. Emulsion
dilution: 10 x (+), 5 * (h) , 2 x (o), 0 x (+) and 0.5 x (A) .
Astheassociation ofchymosinissodelicately dependent onenvironmental conditions likepH
and ionic strength, the reverse process of release of already associated chymosin may be
induced by altering these conditions. If emulsion droplets loaded with K-casein and chymosin
(made, for instance, at pH 5.5) are added to milk in the Berridge flocculation test
(experimental pH 6.3), a chymosin activity is found, corresponding to the differences in
association between pH 5.5 and 6.3. If emulsion droplets, made at pH 6.3 and at an ionic
strength comparable with that inthe flocculation milk [11], were used intheflocculationtest,
no chymosin activity was found, presumably because the associated chymosin had not been
released. This means that association of chymosin with adsorbed K-casein does not inactivate
the enzyme. It also means that the concentration of associated chymosin in situ cannot be
determined by the flocculation assay, because diffusion limitation and steric hindrance may
effect their affinity. In another chymosin activity assayinwhich a highly mobile low-molecular
synthetichexapeptide substratewasused, completeconversion ofthe substratebythe
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associated chymosin in situ was found. No farther quantification of this finding was made, but
it was shown that chymosin associated with K-casein remains active. In the experiment where
K-casein was used as the substrate, complete conversion of the substrate was found. If the
association interaction is restricted to the active centre of the enzyme, as was speculated
before, it is hard to imagine that the enzyme can be associated to para-K-casein and be able to
be active at the same time. The amino acids involved in the association interaction are thus
most likely different from those involved inthe enzyme-substrate reaction.
It is known that other biologically active proteins, like lysozyme, lipase, plasmin,
bacteriocins and nisin also have an associating affinity for caseins. All these proteins can be
transfered into the curd during the cheese making process. Although we have to keep in mind
that the process of emulsification may well cause a conformational change of the casein
molecules and thereby exposure of different functional groups for association, there is still a
fair chance that adsorbed caseins will associate with the proteins mentioned above. Moreover
other proteins may possess binding affinity for caseins. In this way emulsion droplets can serve
as a liquid carrier for immobilizing proteins with caseins as the intermediate ligand.
5.4

References

1.
2.
3.

NEN 962, 3e druk, 1964
N.J. Berridge, Analist, 77, 57(1952).
P. Walstra and R. Jenness, in"Dairy Chemistry and Physics", John Wiley & Sons inc.,
USA, 1984, Chapter 13, p.171.
H.N. Raymond, E. Bricas, R. Salese, J.Gamier, P.Garnot, B.Ribadeau-Dumas, J. Dairy
Sci.,5<5, 419(1973).
A.C.M. van Hooydonk, C. Olieman, Neth. Milk Dairy J.,36, 153 (1982).
A.Andren, K. Larsson, H. Andersswon, L. BjOrck, Brief communications and abstracts of
posters of the XXIII International Dairy Congress, Montreal, 1,248(1990).
D. G. Dalgleish,in"Developments in Dairy Chemistry - 1 " , Applied SciencePublishers, London
& New York, 1982,Chapter5,p. 329.
N.M.C.Kay, P.Jolles, Biochimica Biophysica Acta, 536, 329(1978)
J.Stadhouders, G.Hup, Neth. Milk Dairy J.,29, 335(1975).
T.J. Geurts, Unpublished results.
R.Jennessand J.Koops, Neth.Milk Dairy J., 16, 185 (1962.

4.
5.
6.
7.
8.
9.
10.
11.

72

ASSOCIATION OFCHYMOSIN WITH CASEINSIN SOLUTION
CHAPTER 6

This chapter has been published by B. Dunnewind, A.L. de Roos and T.J. Geurts in
NetherlandsMilkandDairyJournal50, 121,1996.
73

Chapter6

Abstract
The association of chymosin with para-K-casein was studied in a solution of K-casein in
imidazole buffer, with orwithout a,- orp-casein being added. Standard conditions were
pH 6.3, 30°C and ionic strength 0.04 M. Association was determined by removing the
coagulum by centrifugation and determining the activity of chymosin in the
supernatant.
The association of chymosin with para-K-casein was decreased by adding as- or
P-casein and was increased upon dilution with imidazole buffer. Competition between
chymosin and as- or P-casein for association with para-K-casein is offered as an
explanation for these results. The association was slightly lower at 10°C than at 40°C
and decreased with increasing ionic strength or pH. Presumably, hydrophobic
interactions aswellaselectrostaticforces areinvolved.
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6.1 Introduction
During cheese making, part of the chymosin is retained in the drained curd. During cheese
ripening, this chymosin hydrolyses the caseins in the cheese. The peptides formed include
bitter peptides. Subsequently, the proteases and peptidases of starter bacteria may hydrolyse
the peptides into smaller non-bitter peptides and amino acids. These processes contribute to
thetasteofcheese.Chymosin istherefore anessentialfactor incheeseripening[1].
An even distribution of chymosin over the aqueous phases in milk and curd during
cheese manufacture would leadto about 5%ofthe added chymosinbeing retained inthe curd.
However, Stadhouders and Hup [1] found this to be about 15% in Gouda cheese. They also
showed that by decreasing the pH ofthe cheese milk or the scalding temperature, the amount
ofretained chymosin increased.
Byusing artificial micelle milk, the composition ofthe casein fraction was found to be
an important factor in chymosin retention (De Roos et al., unpublished results). The retention
increased when the content of K-casein in casein fractions increased, and chymosin retention
was stronger in case of micelles composed of P- and K-casein than in case of micelles
composed ofots-andK-casein.
Chymosin may be retained inthe curd by association with paracasein. The aim ofthis
study was to achieve a better understanding of the mechanism of this association. For that
purpose, the interaction between chymosin and several caseins was investigated in a model
system. To make this model as simple as possible, caseins were in a dissolved state. Factors
investigated were contact time between chymosin and casein, casein and chymosin
concentrations, composition ofthe caseinmixture,temperature, ionicstrength andpH.
6.2 Materials and methods
Caseins were dissolved in 0.05 M imidazole-HCl buffer of pH 6.3 and ionic strength 0.04 M
[2]. pH 6.3 is acommon pH atthe start ofpressing ofcurd in Gouda cheese manufacture [3].
The concentration ofthe individual caseins was calculated from the casein content (87%w/w
by Kjeldahl analysis) and the composition of the casein preparations used (Sigma Chemical
Company, St. Louis, USA). The casein in the K-casein preparation contained 94.6% K-and
5.4% as-casein, the as-casein preparation 88.5% ocs- and 11.5% p-casein and the P-casein
preparation 91.2% P- and 8.8% as-casein (w/w; estimated from polyacrylamide gel
electrophoresis and densitometry of the resulting gels). Chymosin (lyophilized powder, 94
units/mg; Sigma Chemical Company) wasdissolved inthe samebuffer ascasein. Inthis buffer,
the chymosin activity did not decreaseduringtheexperiments.
A 1ml volume of K-casein solution (imidazole-HCl buffer for the blank) was mixed
with 2mlofchymosin solution. Concentrations ofcaseinsand chymosin arementioned later.
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Themixture waskept stirred at 30°C.High concentrations ofchymosinwere used (by a factor
300 to 3000 times higher than in cheesemaking), and para-K-casein coagulated within a few
seconds. At 0.5, 2 and 4 min after mixing (contact time), a sample was centrifuged for 1 min
at 11000 g in an Eppendorf centrifuge to remove the coagulum containing the associated
chymosin. In the supernatant, the chymosin activity was determined by the Berridge
flocculation test [4]: x ml was added to a polystyrene conical tube containing 0.15 ml
reconstituted whey (no residual chymosin activity; Borculo Whey Products, Borculo, The
Netherlands) and 0.5 ml 0.2M CaCl2; water was added to give 5 ml. The whey was used to
prevent inactivation of chymosin during storage of the sample at about -22°C (Geurts,
unpublished results). A solution of 20 g low-heat skim milk powder in 100 g water
(double-concentration reconstituted skim milk [5], stirred at 45°C for 1h and stored at 4°C
overnight), the conical tube containing the sample, and a 25 mlbeaker with a glass rod were
warmed to 30°C. Then, 5 ml of the milk was added to the sample, mixed, poured into the
beaker and kept at 30°C. The time after which thefirstfloesbecame visible was taken asthe
flocculation time(t{).
Thepercentage ofassociated chymosin (P)wascalculated usingtheruleof Storch and
Segelcke [6],which states that theflocculationtime is inversely proportional to the chymosin
concentration:P = [(fc-to,)I fe]100, where & and tn, aretheflocculationtimesfor supernatant
and blank, respectively. The maximum chymosin association at a certain chymosin
concentration, reached immediately after hydrolysis of the Pheios-Metioe bond of K-casein to
form para-K-casein, was determined by extrapolating the percentages of association after 0.5,
2and4minofcontact to reachtimezero,usinglinear regression.
For the calculation of the concentration of chymosin (C), it was assumed that the
chymosin concentration in a commercial calfrennet of 10800 Soxhlet units was 13.3 \iM[6].
4000-Fold dilution ofthis rennet wasfound to leadto aflocculationtime of about 300 s. Asa
standard throughout the experiments a rennet solution guaranteed to contain 9660 Soxhlet
units (i.e. 11.9 uM chymosin by using the above-mentioned assumption) (RIKILT-DLO,
Wageningen, The Netherlands) was diluted 3578-fold to achieve a flocculation time (ttg)of
about 300 s. C was then calculated on the basis of the rule of Storch and Segelcke: C =
(11.9/3578)-(rfg/fe)-Z), where Cisin uM, andD isthe dilution factor for the samples. From P,
C andthe concentration ofcasein, the association and the chymosin equilibrium concentration
can then easily be calculated. Subsequently, isotherms can be made. No correction was made
for thevolume occupied bycaseins;for thehighest K-casein concentration applied (i.e., 15 g/1)
the calculated association therefore might be up to 3%too low. Throughout this publication,
the association isexpressed relative to para-K-casein, because chymosin appeared to associate
mainlywithpara-K-casein[7].
To estimate proteolysis, the protein concentration inthe supernatants was determined
by the Biuret method [2]. Absorbance was measured at 20°C and 540 nm. Bovine serum
albumin(Sigma Chemical Company) wasused asa reference.
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Unless stated otherwise, the experimental conditions were pH 6.3, 30°C and ionic
strength 0.04M.
6.3 Results and discussion
6.3.1 Contact time
Figure 1shows the association of chymosin with para-K-casein as afunction oftime, for some
chymosin/K-casein ratios. The association immediately reached a maximum, followed by
dissociation. The higher the ratio of chymosin to casein, the faster the dissociation. The
dissociation and the increase inprotein content ofthe supernatant were faster at 40°C than at
10°C (Figure 4C). A decreasing stability of the para-K-casein precipitate during some
prolonged incubations was also noticed (i.e., the precipitate formed a weaker pellet and was
hard tofully separatefrom the supernatant).
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Figure1.Associationof chymosinwithpara-K-casein (in %of totalchymosin)asafunction
of timeafteradditionof chymosintosolutionsof K-casein. pH 6.3,30°C,ionicstrength0.06
M (20mMNaCladded). Concentrations of K-caseih (g/l)and chymosin(fiM): 3.3and5.71
(0); 1.0 and 0.31 (A); 1.0 and 3.37 (o); 0.15 and 2.05 (+), respectively. The ratio of
chymosin to K-casein (mol/mol) isindicated.
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Obviously, proteolysis isinvolved, andthisis acomplicating factor indetermining association.
Very high ratios of chymosin to casein and/or optimal conditions for proteolysis may even
result in excessive dissociation, so that any determination of association becomes impossible.
Inthe experiments discussed inthe following sections, carewastakento avoid such excessive
dissociation Theassociation of chymosinwithpara-K-casein had tobedetermined immediately
after hydrolysis of the Pheios-Metio6 bond of K-casein to form para-K-casein. The above
mentioned dissociation and varying rates of proteolysis were, therefore, the reasons to
estimatethemaximum association byextrapolating the percentages ofassociation to timezero
(seealso Section2).
6.3.2 Casein composition and casein concentration
To further investigate the effect of casein composition asmentioned inthe introduction, small
amounts of cv or P-casein were added to K-casein solutions, ou- And p-casein each clearly
suppressed theassociation,ou-caseinhavingthe stronger effect (Figures2Aand 3). Additional
ots-casein in the K-casein solution further decreased the association, though to a decreasing
extent (Figure2B). Similarresultswerefound at 10and40°C(Figures4Aand4B).
Because ofthe impurity of the K- and p-casein preparations, the solutions with added
P-casein contained more ou- (5.6% w/w) than p-casein (4.5% w/w). Therefore, the effect of
added P-casein may be (partly) through the action of as-casein rather than p-casein. These
results mayexplain the results with artificial micelle milk as mentioned inthe introduction and
the low chymosin association found in cheese (i.e., 0.1 mmol/mol) and in milk (i.e., 1.4
mmol/mol; O,I:OU2:P:K= 4:1:4:1.6 on a molar basis, 25°C, pH 5.0, ionic strength 120 mMand
K-casein concentration 130 uMor 2.5g/1)(Geurts,unpublished results).
At 11.3 mol % ou-casein it took more than 0.5 min for the association to reach a
maximum. Above 17mol%ots-casein,themaximum association wasnot reached within 4min.
Therefore, the true values of the maximum association at these ots-casein concentrations may
be slightly higherthan shown inFigure 2B. Thiseffect maybe dueto inhibited aggregation of
para-K-casein asaresult ofthepresenceofots-casein[8].
Diluting a solution of K-casein (with or without added ots-casein) with imidazole-HCl
buffer resulted in a higher association (Figure 3). In the case of added ots-casein about 13%
ots-casein was present; again, as mentioned in the discussion of Figure 2B, no maximum in
association was found within 4 min. Anincrease in association as a result of dilution has also
been found in artificial micelle milk (de Roos, unpublished results). Furthermore, in a very
concentrated casein system like cheese an association of 0.1 mmol/mol was found and for
milk, the diluted form, 1.4mmol/mol (see above). Also in soya oil emulsions with K-casein as
an emulsifier, the association of chymosin with para-K-casein increased by diluting the
emulsion[7].
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79

Chapter6
K-Casein forms complexes with a s - and P-casein [9, 10, 11]. Obviously, such complex
formation upon addition of ccs- or P-casein to a K-casein solution resulted in a weaker
chymosin association. The negative effect of complex formation, including self-association of
K-casein [6, 12], is also clear from the higher association in diluted casein solutions. As
determined by the association constant [9, 10, 11], dilution of a casein solution will cause
K-casein to be less (self-)associated. This means that upon dilution, chymosin can increasingly
associatewith para-K-casein.
Gamier et al. [13, 14] found upon addition of ots-casein or P-casein to a K-casein
solution no change in the enzymatic activity of chymosin on the Pheios-Metios-bond of
K-casein, although fewer protons were released. They concluded that a5- and p-caseins
associate with K-casein on a site different from the site of enzyme binding, but close to the
ester bond hydrolysed by chymosin. Binding close to this ester bond would decrease the
dissociation constant of the carboxyl group of Phe)05 of para-K-casein, leaving it in a more
protonated form. Other possible explanations are anincreased buffering effect from added a s or P-casein and a totally different conformation of the C-terminal end of para-K-casein,
thereby interactingwitha s -or p-caseinmolecules.
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Figure 3. Effect of caseinconcentrationon the associationof chymosinwithpara-K-casein
(mmolchymosin/molpara-K-casein) insolutionsof K-casein, withorwithout as-casein (K:CCS
10:1 massratio)added.pH 6.7, 30°C,ionicstrength 0.04M.
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Therefore, complex formation between caseins may have caused steric hindrance or different
electrostatic interactions, resulting in decreased association of chymosin with the C-terminal
end of para-K-casein. Kumosinski et al. used molecular modelling to construct
three-dimensional models for a casein submicelle consisting of one K-casein,four oc^-caseinB
andfour P-casein moleculesintheabsence [15]andpresence [16]ofwatermolecules.
In their model, two ctsi-casein B dimerswould interact with a K-casein molecule and
3-casein molecules would be docked into massive hydrophobic areas of the 0Cs-K-casein
complex. These proposed structures would suggest that interaction of one otsi-casein dimer
with the so-called 'front-leg' (residues 20-34) of K-casein can sterically interfere with the
binding ofchymosin.However, thisinitself cannot explainthe enormous effect ofots-caseinon
the chymosin association with K-casein; only 20 mol % ov-casein sufficed to reduce the
association to nearly zero (Figure 2B). Since K-casein molecules in solution can associate to
form structures resembling detergent micelles [12],interaction of oneas-caseinmolecule with
one K-casein molecule may also have caused other K-casein molecules of the same K-casein
micelletobestericallyhinderedfromassociatingwith chymosin.
6.3.3 Temperature
Chymosin association in solutions containing K-casein, with or without cts- or P-casein being
added, was determined at 10and 40 °C. Becauseofthe impurity ofthepreparations used, the
final ots-casein concentration in the p-K-casein solution was 0.05 g/1higher than the P-casein
concentration. The casein and chymosin solutions were kept for at least 30 min at the
measuring temperature before mixing. Slower or inhibited precipitation of para-K-casein as a
result of weaker hydrophobic interactions at 10 °C did not appear to affect the results, since
noadditional coagulum was formed inthe 10°C supernatant after warming itto 40 °C. At40
°Cthe association was higher than at 10°Cfor all solutions (Figures4A and 4B). This seems
to contradict the effects ofavarying scalding temperature in cheese manufacture, reported by
Stadhouders and Hup [1].De Roos etal. [7] also found increasing chymosin association with
decreasing temperature in soya oil emulsions with K-casein as an emulsifier. The discrepancy
between this earlier work and the present results may be ascribed to differences in contact
times applied, i.e., about 1 h and 20 min for Stadhouders and Hup, and De Roos et al.,
respectively, and extrapolated to 0 min in the present experiments. The importance of this
aspect isillustrated inFigure 4C. At 40 °C,theinitial chymosin association washigher thanat
10 °C. However, at 40 °C the dissociation was much faster than at 10 °C, probably due to
higher proteolytic activity [6, 17];after about 3minthe association at40 °Cbecame lessthan
that at 10 °C. Obviously, contact time (or rather the degree of proteolysis) is an essential
factor in chymosin association with caseins, especially at the very high chymosin
concentrations used inthepresent study.
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Figure4.Associationof chymosinwithpara-K-casein (mmolchymosin/molpara-K-casein) at
10and 40 °Cinsolutionsof 5g K-casein/l, withorwithout0.25g/l added oo-casein (A)or
fi-casein (B). (C) Association of chymosin withpara-K-casein (% of total chymosin) and
protein concentrationin supernatants (brokenlines)as afunction of time after additionof
chymosin toasolutionof 5g K-casein/lwithorwithout0.25g p-casein/ladded.
pH 6.3,ionicstrength0.04M.K-caseinat 10 °C(+) and 40 °C(o), respectively; K-and asor fi-casein at 10°C(A)and40 °C(0), respectively.
At 10 °C, association was less than at 40 °C, though the differences were small as
compared to the effect of addition of ots- or p-casein to K-casein solutions (Section 3.2).
Chymosin preferentially cleaves between amino acid residues with non-polar side-chains[18],
sothistemperature effect maybe ascribed tohydrophobicinteractions.
The association between ou-and K-casein [19, 20], and probably also between p- and
K-casein [21, 22, 23], decreases with decreasing temperature. With K-casein becoming less
(self-)associated, chymosin can increasingly associate withpara-K-casein. Thismaypartlyhave
compensated for the tempaerature effect on chymosin association (see also effect of dilution,
Section 3.2). Hydrophobic interactions may thus have played a more important role than one
would concludebyconsidering onlythedatapresented inFigure4.
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6.3.4 Ionicstrength andpH
Ionic strength wasvaried by addingNaCl to the casein and chymosin solutions. To determine
the association at lowionic strengths, inthisexperiment a0.01M imidazole-HClbuffer (7=8
mM) was used. The association decreased with increasing ionic strength (Figure 5). This
showsthat charged groups wereinvolved inchymosin association.
This can also be concluded from the influence of pH. Increasing the pH from 4.7
(isoelectric pH of chymosin) to 7 (where para-K-casein is still positively charged [24])) will
render chymosin more negative and para-K-casein less positive. Association was estimated in
solutions of 5gK-casein/1 with orwithout 0.25 g ots-casein/l added, at pH 6.3 and 6.7. At 0.5
\iMchymosin equilibrium concentration and 30 °C, the chymosin associations were about 13
and 44 mmol chymosin/mol para-K-casein, respectively, at pH 6.3 (Figure 4A), and 0.4 and
5.0 mmol/mol, respectively, at pH 6.7 (Figure 3). Obviously, chymosin association decreased
with increasing pH. Ionic strength and pH seemed to affect chymosin association more
strongly than temperature, in the ranges studied. Similar effects of ionic strength and/or pH
were found in emulsions containing K-casein adsorbed onto soya oil droplets [7], in casein
suspensions [25]andinartificial micellemilk[26].
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Figure 5.Effect of ionicstrength on the associationof chymosinwithpara-K-casein (mmol
chymosin/mol para-K-casein) in a solution of 1.0 g K-casein/lin 0.01 M imidazole-HCl
buffer. pH 6.3,30 °C. Amount ofNaCl addedisindicated. 1=8plus amount of NaCladded
(mM).
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The ionic strength and the pH may have affected, among others, the interactions between
chymosin and the C-terminal end of para-K-casein. Besides being affected by the pH, the
dissociation of the carboxyl group ofPhe-105 of para-K-casein maybe decreased by addition
ofa s - or (3-caseinto aK-casein solution [13, 14;seealso Section 3.2].Furthermore, Dalgleish
[24] concluded that amino acid residues 98-102 of K-casein (His-Pro-His-Pro-His) are
important for chymosin binding. This fragment contains the only three histidine residues in
K-casein. Histidine isthe only amino acid ofwhichthepKa ofthe sidegroup (6.00) isbetween
pH 5and 7 [27]. The strong association at low ionic strength, i.e. at athick electrical double
layer ( l / k « 3 . 4 n m a t / = 8 mM), suggeststhat the three histidine residues are all involved in
chymosin association, possibly actingasonepositivecharge.At higherionicstrength, henceat
athinner electrical doublelayer (0.8nmat/ = 151mM),thehistidineresidues willincreasingly
act as separate charges. His-102 is then probably essential [28]. Electrostatic interaction
between K-casein and negativelycharged K-carrageenan wasalso suggested to involvepositive
charges (including the three histidine residues) on K-casein. However, at pH 6.7, the latter
interaction increased withincreasing ionicstrengthupto 0.2M [29].
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Abstract
The influence ofcasein micelle composition on the extent ofchymosin association
is described. The association of chymosin with artificial micelles, made with
combinations ofas- or P-casein with K-casein, in a range of a s or p : K of 12:1 to 1:5 at
varying pH has been studied. Isotherms for chymosin association with caseins were
constructed. The micelles composed of (3- and K-casein retained more chymosin than
micelles composed of as- and K-casein. The chymosin association increased with higher
K-casein content and due to dilution of the system. Furthermore the association
depended on contact time, on casein and chymosin concentration, on temperature and
on pH. It is hypothesized that chymosin associates mainly with para-K-casein and that
the mechanism of association is one in competition with the other casein molecules. A
model for this competitive adsorption is presented.The model can explain several
observations onrennet retention incurd.
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7.1 Introduction
In the process of cheese making the renneting enzyme chymosin is partly retained in
the curd. This retention is not due to an even distribution over whey and curd, but is controlledbyadelicate mechanism of association, influenced bypH [1, 2, 3,4].ThelowerthepH
the more rennet is found in the curd. Recently the association of chymosin with caseins has
been investigated in various ways [5, 6, 7], The casein concentration and the time of contact
seem to play an important role, as do properties of the proteins involved such as isoelectric
pH, occurrence ofspecific adsorption sitesandthethree-dimensional structure.
As was demonstrated recently [6], the presence of a s - and/or P-casein in a solution
containing K-casein and chymosin greatly affects the mutual association of the latter two
proteins. For this reason, the composition ofthe constituent caseins inthe casein micellewill,
most probably, determine the extent of possible association of chymosin with para-K casein.
Thiswaspartlyworked out byLarsson etal. [7].In orderto achieve abetter understanding of
the mechanism of chymosin association with casein micelles, a broad range of ratios of the
various caseinswas applied.
Thisinvestigation ispart ofatrial tofindafood-grade carrier for theimmobilisation of
enzymes.
7.2 Materials and methods
Artificial micelle milk (AMM) was made according to Schmidt et al. [8]. Artificial
micelles, composed of a s - and K-caseins or p- and K-caseins (Sigma), were made in various
concentration ratios of 12:1, 3:1, 3:2, 1:2 and 1:5 (ocs-casein or P-casein :K-casein) or from
whole caseinate. In composing the AMMs, the impurity of the caseins [6] was not taken into
consideration. It was determined (Kjeldahl protein assay) that 87 % of weighed material
consisted of protein and thiswas accounted for, such that the solution contained 2.6 % ofcasein(likeinbovinemilk). TheAMMwasbrought to pHwith0.5MHC1 during cooling onice
to prevent casein flocculation.
Chymosin wasobtained from Sigma (Rennin). Asolution of 1.2 g/1 0.02 M aceticacid
buffer was made, corresponding inactivity to a standard calfrennet. Various amounts (1to5
% w/v) of this solution were added to 6 ml of AMM, while stirring, at 30 °C. Chymosin
activity in the "whey" supernatant was determined by means of the Berridge flocculation test
[9], This chymosin concentration is the chymosin equilibriumconcentration in the aqueous
phase ofthe system. Thedifference betweenthetotal concentration of chymosin originallyapplied and the equilibrium concentration in solution, is considered to be the amount ofchymosin that has associated with the casein in the AMM. The concentration of chymosin in the
"whey" supernatant was determined using the rule of Storch and Segelcke, which states that
theflocculation timeisinverselyproportional to thechymosin concentration [10].It was
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assumed that a 4000-fold dilution of a commercial calf rennet in milk, resulting in a
flocculation timeofabout 300 s,had a 13.3 uMconcentration [11,6]. Thecasein participating
in the association with chymosin, was precipitated by means of centrifugation. Its amount is
derived from determination of the protein concentration in the whey. In this manner the
surface load T (mole chymosin / mole casein) can be calculated. No volume corrections for
solute exclusion bythe casein were made [12].For the undiluted AMM thiswould lead to an
underestimation of the association by at most 10 %. This underestimation will be less in the
caseswherethemilkhadbeen diluted. Thevariouschymosin equilibrium concentrations found
in the system can be given in an adsorption (association) isotherm. As was demonstrated
earlier [6], the extent of association is dependent on contact time between the chymosin and
the casein. For that reason, at three different times, within an hour, 2 ml samples were taken
and centrifuged for 1 min (Eppendorf; 11000 g). The value for association found after
extrapolation to zero contact time was used for the association isotherms. It was found
experimentally that extrapolation of the (apparent) amounts of chymosin associated was the
most reliable method (extrapolation offlocculation timeisan alternative). The protein content
inthewhey sampleswas determined bytheKjeldahl andlaterbythebiuret method[13].
In the experiments in which the casein concentration was varied, the AMM had to be
diluted with awhey-like solvent. It wasfound that this solvent could bestbemadeby addition
ofasmall amount of chymosin to astirred AMM, followed bycentrifugation after clotting has
occurred [6]. Alternatively, the AMM can be ultracentrifuged, but then not all casein will be
separated; or aJenness-Koops buffer, mimicking the ionic composition and strength ofwhey
may be used, or the AMM may be ultrafiltered. However, all of these methods result in a
somewhat changed protein composition. None of the mentioned dilution solvents can be
considered ideal but mutual differences were small. Experimental errors were minimized by
choosing the appropriate blanks. The association isotherms shown were made once; the
experimentsneededto determineavaluewithintheisotherm werecarried outtwice.
7.3 Results and discussion
7.3.1 Casein composition
The synthesis of a casein complex in micellar form is only possible if K-casein is present [8].
The relative amount of theK-casein needed for making AMM with respect to the amounts of
the other casein types does not seemto be very critical, although for ots-/K-caseinmicellesthe
ratio should not exceed 10:1. P-Casein appearsto haveaweaker micelleforming capacitythan
as-casein. Therelativeamount ofK-casein inthemicelle strongly affects micellar size[8].
Fig. 1showstypical examples of adsorption isotherms found for chymosin association
with the ds/K-caseiaand p/K-casein systemsin ratios 1:2 at pH 5.0. The adsorption isotherms
didnotreach aplateauvalue.Withintherangeofchymosin concentrations applied (0.1190
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0.56 uM) percentages of chymosin associated remained approximately constant (about 84%
for the (Xs/K-casein system and about 95 % for the p/K-casein system). The extent of
association was extrapolated back to contact time / = 0. Due to the association, the
equilibrium chymosin concentration in solution was at most 0.08 uM. Comparison of various
systems (for instance variation in casein composition, pH, temperature or ionic strength) is
onlyuseful atthe sameequilibrium concentration ofchymosin.
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Figure 1 Adsorptionisothermsof chymosinfor caseinmicellescomposedof as-or p- casein
and K-casein. Ratio a/K-casein = 0.5orJ$/K= 0.5atpH 5androomtemperature. p.K(A) (r
= 0.98) and CCS:K(+) (r = 0.96).
Fig. 2a showsthe effect ofthe relative amount ofK-casein incasein micelles,madeof CLJYL- or
(3/K-casein, on the extent of chymosin association with the paracasein at a chymosin
equilibrium concentration of 0.07 uM at pH 5.0. Curves for as/K-casein micelles and
p/K-casein micelles are given. The association of chymosin in the AMM with p/K-casein
micelles is 2-3 times larger than with the as/K-casein AMM. Furthermore, a slight increase of
association is observed inthe AMM systems withhigher content ofK-casein. InFigure 2a the
association of chymosin has been expressed relative to the total concentration of casein
applied (the mean of molar masses of the various casein compositions were used in the
calculations). Alternatively, theassociation maybeexpressed inmolesofchymosinpermole
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of K-casein used (Fig. 2b). There is evidence that chymosin associates (almost) exclusively
with K-casein [5, 7, 14].Inthat case a higher surface excess r willbe calculated for K-casein
alone as compared to total casein content. Under the experimental conditions (pH, temperature, casein and chymosin concentrations) used, percentages ofassociation were allrather
high (75 - 95 %) and about constant over the range of K-casein incorporated, resulting in a
higher surface excess per mole of K-casein for a lower concentration of K-casein. A rough
estimate of chymosin association with pure dissolved K-casein, based on previous results [6]
and accounting for pH and concentration differences, would result in an association of 10-20
mmole chymosin per mole K-casein. This would mean a very steep increase in association
whentheK-casein content isnearing 100%, which agreeswiththefinding[6]that addition of
a small amount of a s - or P-casein to a K-casein solution strongly decreased the extent of
chymosin association with the para-K-casein. The effect of as-casein addition in such an
experiment wasbyabout twotimes strongerthan addition ofp-casein.
At the lower percentage of K-casein applied the values found for association are becoming
very inaccurate. Moreover, at very low,but also atvery high percentages ofK-casein content,
the casein aggregates become ofadifferent nature,rangingfrom casein dimersto wholecasein
micellar structures to K-casein "submicelles". If the assumption of chymosin associating only
with K-casein would be correct, then the curve would go down to zero association when
nearing 0 % content of K-casein. In conclusion it may be stated that chymosin association
markedly depends onthecomposition ofthemicelle.
7.3.2 pH
The dependency of the extent of rennet retention in cheese on the pH during curd
making haslongbeen known [1,4], Thisretention behaviour varies amongtypes of renneting
enzyme [2, 3,4]. For chymosin, the lower the pH of the curd, the higher the amount of
chymosin retained. In model systems [5, 6, 7] simulating the cheese making process, similar
behaviour hasbeen observed. Fig. 3givesanother exampleofthistrend.
As K-casein is mainly involved in the association with chymosin, the composition of
the caseins inthe casein micelle will determinethe binding affinity for chymosin. The effect of
pH on the association of chymosin with the micelle may also vary with this composition. It
was indeed shown that the influence of pH on chymosin association was stronger for micelles
withlower content ofK-casein[7].
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7.3.3 Casein concentration
In previous work [4, 5, 6] the influence of casein concentration on the chymosin-casein
association hasbeen mentioned. Theassociation ofchymosin with casein inmilkhasalsobeen
found to be stronger than in cheese, which may, in a way, be considered as a concentrate of
milk (Geurts, to be published). In other words, chymosin-casein association depends on the
ratio of water to protein. In figure 4 the effect of dilution for chymosin association in a
p/K-casein(1:2) AMMisgiven.
7.3.4 Contact time
Theassociation ofchymosin withpara-K-casein isdependent onthe time ofcontact of
the associated chymosin [6]. Most probably due to proteolysis, chymosin association
decreases with contact time; the more so for a lower pH and a higher temperature. On the
other hand at extrapolated contact time t = 0 the association of chymosin appeared to be
somewhat larger at higher temperatures. In the cheese making process there may be an
inactivating effect of high temperature on chymosin, during scalding of the curd, that would
diminishthe amount ofremaining activity inthecurd.
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Figure 5a shows how the rate of decrease of the amount of chymosin associated with casein
micelles, for convenience called dissociation rate, isrelated to the casein concentration ofthe
system and the concentration of chymosin added (note that it is not the equilibrium chymosin
concentrationsthat areplotted). Inthemorediluted systemchymosin dissociated faster thanin
the concentrated system. Asexpected, athigher concentrations ofchymosin applied,
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Figure 5b Effect of thesurfaceexcessr<m theproportion ofchymosindissociatingper min
atpH =6.0,between20 and 40 min of contacttime. Caseinmicelles composed of ft- and
K-casein, ratiofi/K= 0.2.
dissociation, determined at20-40and60minofcontacttime, proceeded relativelyfaster than
atlowchymosin concentration applied.Figure 5b showsthecorrelation (r= 0.96) between the
surface excess of chymosin on casein and the rate of dissociation. The values comprise all
surface excess values (I) determined over three dilutions of p/K-casein = 1:5 AMM
(undiluted, 2times and 4 times diluted). The higher the surface excess the larger the rate of
dissociation. Inthe range of high surface excess thisdissociation is no longer linear withtime,
meaning that during the first 20 minutes much more chymosin dissociated than between 40
and 60min.
The same trends were found for AMM of other casein composition, although the
extent ofdissociation maybedifferent. Figure 6givesanexample. Chymosin dissociation from
the p-/K-casein micelleproceeded morereadilythanfromtheots-/K-caseinsystem. Forthese
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reasons it is essential that values used in the association isotherms are determined through
extrapolation to t =0. Another consequence of this dissociation behaviour is that the casein
micelleisnot a suitable carrier to immobilize aprotease, unlessthecontact timeisquite short.
The protease will digest its own association site. When a non-proteolytic enzyme, like
lysozyme, has become associated with a casein micelle the extent of association will remain
constant in time [15]. Within half an hour of contact time chymosin, associated with caseins
adsorbed onto soya-oil emulsion droplets,wasnotfound to dissociate[5].
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Figure 6 Effect of thecaseinmicellecompositionon thedissociationof chymosin (surface
load r was 0.42 mmol chymosin/molecasein at t = 0, bothfor the CC/K- as well as the
fS/K-casein micelles)as afunction of contacttime.Chymosinactivityin thewheyfraction as
afunction of contacttime: CC/K-AMM (A) andfi/K-AMM(A).Amount ofprotein in thewhey
fraction asafunction of contacttime:p/rc-AMM(+) and ajK-AMM (o).
Theprotein concentration inthe supernatant increased withtime(Fig. 6).Most ofthisprotein
fraction consisted of the caseinomacropeptide, but, as time passed, the protein concentration
exceeded the theoretical concentration ofCMPavailable inthe system. Thereleased chymosin
itself contributed to a negligible extent to this protein increase; hence, it must originate from
the paracaseinate. It was found that the increase in protein in the wheys of P/K-AMM and
a^K-AMM wasthe same.For the whole series of AMMs (ccs, or (3/Kratios from 1:2 to 12:1)
at pH 5the p/K-AMM contained more non-micellar casein than the aA-AMM; percentages
oftotal caseinwere35.6(RSD 17.3%;n=9)and 13.7(RSD 14.1%;n=9),respectively.
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7.3.5 Competitive association
One ofthe most obvious resultsfromthis study onthe extent ofchymosin association
with casein micelles of various casein composition, is that the a s-/K-casein micelles bind less
chymosin than the p-/ic-casein system. This result might lead to the conclusions that P-casein
offers a more suitable binding site than the ocs-casein and that K-casein is not involved in the
association (since otherwise both types ofmicelleswould showthe same association per mole
ofK-casein).Former work [5,6, 7]hasgenerated strong evidencethat all ofthese conclusions
are incorrect. Chymosin does not associate with a s - or P-casein adsorbed onto oil emulsion
droplets, and onlyto aminor extent whenthese caseins were adsorbed onto amicrotiterplate.
Onthe otherhand, chymosin associates markedlywithK-casein adsorbed onthese systems.Of
course, we have to keep in mind that adsorbed caseins may expose different amino acid
residues to chymosin as micellar caseins do in an aqueous phase. However, in studies on
dissolved casein it was also found that chymosin adsorbed exclusively with K-casein in the
form of precipitating complexes. Addition of small amounts of as- or P-casein to the
K-casein/chymosin solution resulted in a strong decrease of chymosin association. So in fact,
K-casein (or rather para-K-casein) appears to bethe oneand only caseinto bind the chymosin
molecule, anda s - and p-casein hinderthis association. Thisabilityto hinder the association of
chymosin with para-K-casein in solution would then be stronger for as-casein than for
p-casein. Similar behaviour may occur in casein micelles. A suspension of casein micelles
consisting of as-/K-caseins binds less chymosin than one consisting of P-Ac-casein micelles.
Apparently, ocs-and P-casein compete with chymosin for oneor more binding siteslocated on
para-K-casein, or a potential binding site for chymosin on the para-K-casein molecule is
shielded bytheothercaseins.
7.4 Discussion
Besides the observation that P- and as-casein decrease the association of chymosin
with para-K-casein, some other aspects mentioned above need explanation: (i) chymosin
association with K-casein is extremely small considering the excessive amount of K-casein
present, and (ii) association of chymosin increases upon dilution of the system. These aspects
can in a simplified form be approached using the following concept of "competitive
association", which willbediscussed below initsmost simple form.
The adsorbate molecule A (chymosin) will associate with the adsorbant molecule B
(K-casein)to form a complex AB. However K-casein is known to have a strong tendency for
self-association. So, chymosin has to compete for an association site on a para-K-casein
molecule. The following reactions are assumed to take place in the system (the subscript 0
refers totheequilibrium concentration insolution, andttothetotal concentration):
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(a)
(b)

A+B <± AB
B+B ^ B 2

and K\=[AB]/[A]0.[B]0
and £2=[B2]/[B0]2

Thefollowing relationswould thenbevalid:
[AB]=tf,[A]o.[B]„
[B2] =K2[B0f
[A]t =[AB] + [A]0
[B], =[B] 0 + [B2]+ [AB]

(1)
(2)
(3)
(4)

If [A]« [B]then [AB]inrelation (4) willbenegligible.In cheese making conditions thiswill
normallybethecase. Consequently,
[B],*[B]o+[B 2 ]

(4a)

The adsorption isotherm for chymosin is a relation between the surface load r (mole of
adsorbate/moleofadsorbent) andtheequilibrium concentration ofadsorbate insolution:
r«[AB]/[B] t =f([A]„)

(5)

Substitution of(1) and (4a)gives:
r= K\[B]o.[A]„/([B]o+ [B2])=tf,.[A]o/(l+ [B2]/[B]0)

(6)

In Table 1 the effect of dilution has been calculated based on experimental results by
Dunnewind et al. [6](seeFig. 3) onassociation ofchymosin insolutions ofK-casein (5 and 15
g/1).Inthis calculation the equilibrium constantK\ wastaken as 104m3.mol"'.Values for [B] 0 ,
[B]2 andK2were calculated using eqs. (2) and (4a). r of chymosin inthe diluted system was
calculated using (6). The calculated value of 13.7x 103 mole/mole corresponds well with the
experimental value of 12.0 x 10~3 mole/mole found. In reality things are more complicated
because K-casein does not only simply dimerize but may polymerize to up to 20-40 K-casein
molecules. The model explains, however, why the association of chymosin is so small despite
thelargeamountofK-caseinpresent andtheeffect ofdilutionofcaseinonthe association.
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Table1.Samplecalculationof theeffect ofdilutionofa K-casein solutionon theassociation
ofchymosin. Seetext.

Variable

unit

"normal"

diluted

[A]0(chymosin)
[B]t (K-casein)
Kx
[B2]/[B]0

nmol.m3
mol.m"3
m3.mol"'

r

mol/mol

1.
0.77
1.104
713.8
0.007

1.
0.26
1.104
713.8
0.0137
(0.012)

[B2]
[B]o
K2

mol.m3
mol.m3
m3.mol"'

0.414
0.0020
1.105

0.130
0.0011
1.105

Casein micelles consisting of P- and K-casein will associate better with chymosin than
micelles consisting of ots-and K-casein. In former experiments with caseins in solution [6] the
Os-casein was more effective at preventing chymosin association with K-casein than p-casein,
and much more than K-casein itself. Apparently the association constants for association with
K-casein is inthe order ofcu >p » K. In other words,the purer the K-casein, the stronger its
association with chymosin. These effects may be approached as follows. The adsorbate
molecule A (chymosin) will compete with a competitive adsorbate C (for instance p-casein)
for anadsorption siteonpara-K-caseinB.
(a)

A+BftAB, and K,= [AB]/[A]0.[B]0

(b)

C+B ^ C B , and K2= [CB]/[C]0[B]0

Thefollowing relationsarevalid:
[AB]=K, [A]0.[B]o

(1)

[CB]=£2[C]o.[B]o
[A], =[AB] +[A]0
[C]t =[CB] + [C]„
[B]t = [AB]+ [CB]+ [B]„

(7)
(3)
(8)
(9)

If [A]« [B]then [AB]inrelation (9) willbe negligible. Incheese making conditions thiswill
normallybethe case,hence:
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[B], * [CB]+ [B]0

(9a)

However, since C associates also with B (competitively), [C] will not be negligible. The
concentration of C (and thus of CB) may vary with process conditions like pH, temperature
and calciumandphosphate concentration.
Our experiments donot reveal anyinformation onthequantities ofCandB associated.
On the other hand we do know the added amount [A], in reaction (a) and [A]0 has been
determined; consequently, the contribution of Ainthe decrease of [B] to free [B]0 is known.
Reaction (b)also contributesto [B]0,butto anunknown extent.
Bysubstitution of(8)and(9a)in(7)wecanexpress [B]0inaquadratic equation:
K2[B]02 + (K2[Cl -K2[B]t+1)[B]0- [B],=0

(10)

whichyields
[B]»=lK2[Bl-K2[C]t-l +^{(K2[C]t-K2[Bl+\f+4K2[B]t}}/2K2

(11)

The adsorption isotherm for chymosin is a relation between the surface load r (mole of
adsorbate/moleofadsorbent) andtheequilibrium concentration ofadsorbate insolution:
r=[AB]/[B] t =f([A]„)

(5)

When [B]0 in (1) is substituted by (11), and the left and right hand terms are divided by [B]t,
we havean equation like (5)inwhich bothA",andK2 are expressed. By means ofan iteration
procedurevaluesfortheseequilibriumconstants canbeestimated.
InTable2the effects ofdilution and caseincompositional changehavebeen calculated
makinguseofarbitrary valuesforK.It showsthat thecalculations leadto anincreasein
association upon dilution and also upon increasing K-casein content (comparable to
"purification" of K-caseins), which has also been found experimentally. Of course, also this
approach isanoversimplification. Inmilknumerousinteractions (ofdifferent nature) between
the various caseins (including self-association) will take place, each of them has its own
association constant and each affects the extent of chymosin association. It is not feasible to
take all these values into account in a trial to support experimental results with kinetic
calculations.
The value of the model isthat it supportsthe idea of competitive association between
chymosin and casein molecules for interacting with K-casein and that the low extent of
association, the influence of dilution and compositional variation can be semi-quantitively
explained byit.
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Table 2. Sample calculation of the effects of concentration and compositional change of
caseinmicelles(K+(1)ontheassociationofchymosin. Seetext.
Variable

unit

[A],(chymosin)
[B],(K-casein)
[C]t((3-casein)
*.
K2

nmolm-3
molm-3
molm-3
m3.mol"'
m'.mol"1

[B]0
[AB]/[B]t=r

mol.m-3
mol/mol

normal

diluted

3.0
0.20
0.40
20
40

3.0
0.10
0.20
20
40

0.0204
2.04 [A]0

0.0175
3.5 [A]0

other
ratio K/P
3.0
0.20
0.10
20
40
0.118
11.8[A]0

The renneting of milk by chymosin is accompanied by virtually complete cleavage of
K-casein, releasing caseinomacropeptides (CMP). Coagulation of casein micelles starts after
release of some 70 % of the available CMP, and cleavage still continues after flocculation.
Consequently, association of caseinswith K-casein does not prevent the proteolytic attack of
chymosin of the Phe-Met bond (as is the case for P-lactoglobulin associated to K-casein by
heat treatment [16]. Thiswasalready postulated byGamieretal. [17]. Thekinetic parameters
of the reaction, however, are slightly changed due to casein molecules associated with
K-casein. Association oftheK-casein substrate with itselfincreasestheKm-valuebyafactor of
two (from 10 uM to 20 uM) under physiological conditions, but the proteolytic coefficient
(KJKczt) is changed even less [18]. However, the association of a chymosin molecule with a
casein-associated para-K-casein molecule is strongly affected, even impeded bythe associated
casein. Also self-associated K-casein prevents the association of chymosin. The effectiveness
oftheprevention ofchymosin bindingwouldbedetermined bytheassociation constants ofthe
caseinswith eachother, causingtheextent ofassociation ofchymosin withpara-K-caseintobe
inverselyrelated totheextent ofassociation ofothercaseinswithpara-K-casein. Thechymosin
molecule binds exclusively to the para-K-casein molecule after having split the Phe-Met bond.
The amount of chymosin association will increase with decreasing pH, increasing
concentration ofchymosin added and increasingwater-protein ratio.
Association constants were 3.2-104 M"' (pH 6.8; / = 0.02; according to Nakai and
Kason [19]) for asi-/K-casein and 8.3-103M"' for P-/K-casein (pH 6.9 ; [17]). The association
constants increase with increasing pH, ionic strength and temperature. The lower value ofthe
K^ for P-/K-casein means that more K-casein is available for association with chymosin. It
also explains why supernatants of these AMMs contain more protein. These values are valid
for the simple systems in which they were determined and will lose significance when the
caseinsareconsidered inthecomplex caseinmicellesysteminmilk,where interactions
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between all caseins (in various ratios of concentration) and with the colloidal calcium
phopsphate will be far more complicated. Moreover, the history of the treatment of the milk
will also have an effect on these interactions [20]. It does not appear feasible to take all these
relations into account in an attempt to support our experimental results with a full kinetic
calculation.
7.5 Concluding remarks
We propose that retention of chymosin in curd during cheese making is based on association
of chymosin exclusively with para-K-casein. The very small relative association is determined
by the association constants that exist between the caseins. This model of competitive
association further explains the influence of dilution of the system and casein compositional
change in solution and casein micelles. The effects of contact time and temperature severely
complicate the mechanisms involved. The casein micelle is not suitable as a carrier for
immobilisation of a protease due to the enzyme digesting its adsorbent.
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SUMMARY
The proteolytic action of proteases present in cheese playsa major role inthe ripening
of cheese. These proteases originate from the rennet, the starter cultures and from the milk
itself. The proteolysis in cheese results in the degradation of the casein proteins into smaller
peptides and free amino acids, which act asflavourprecursors. Theripeningof cheese under
conditioned storage istime consuming and costly. Addition of specific enzymes to the cheese
milk is one of several options to accelerateripening.Amajor problem then isthat hardly any
oftheseproteases end up inthe cheese and most disappear withthewhey stream. Entrapment
of bacteria and milk fat globules into the casein matrix of the curd is due to their particle
character. Immobilisation of proteases onto particles would thus result in retention of these
proteins in the curd. Ideally, for reasons of acceptance, these particles should originatefrom
themilkitselfor at leastbeedible.
In this study, in a more general approach, soya oil emulsion droplets and casein
micelles, being protein aggregates, were tested asthe carrier system. Chymosin and lysozyme
were taken asthe enzymes to be immobilized, because oftheir relevance to the dairy industry
and because they are scientifically well-known. Moreover, their biochemical divergence make
them suitable modelsfor study.
The literature provides several studies on adsorption of proteins onto interfaces. Few
of these proteins are enzymes. In cases where lysozyme was studied, it was included because
of its extraordinary properties as a protein and not because of its enzymatic activity. Apart
from (phospho)lipases there is scarcely any literature that describes activity of enzymes
adsorbed onto the oil/water or air/water interfaces. Proteins tend strongly to accumulate in
interfaces and for that reason are said to be very surface active. This adsorption is
accompanied byaconformational change ofthethree-dimensional structure oftheprotein that
results in some unfolding, ranging from almost full stretching of the peptide chain to a more
conserved conformation. Hydrophobic residues or patches ofthe protein, mostlyburied inside
the molecule, will tend to position themselves next to or even protrude partly into, the
hydrophobic phase of an oil/water interface. The extent of conformational change depends on
the conformational stability of the protein, which, in turn, depends on pH, temperature, ionic
strength etc. Furthermore, the extent of unfolding will be dependent on the surface area
available and on the time scale, and hence, on protein concentration. In a static condition,
adsorption at the interface will be diffusion driven, whereas during emulsification the time of
adsorption will be determined by convection and will be very much shorter. Consequently,
conformational changes of proteins during emulsification should be smaller because full
surface coverage may be reached before unfolding can occur. In the case of enzymes being
adsorbedthe emulsification processwouldtherefore offer anopportunity to retainactivity.
The relation between the surface pressure (77) i.e. the extent of surface tension
decrease andtheamount ofprotein adsorbed perunit surface area available(/"), providesa
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possibility to relate the size of the adsorbed protein molecules, and thereby the extent of
unfolding, to the surface load. As mentioned earlier the extent ofunfolding should be less ata
higher r value. It has been calculated that lysozyme, an enzyme of high conformational
stability, hardly unfolds at the air/water interface, even at low surface coverage. For the
oil/water interface, however, aconsiderable increaseintheradius oftheprotein moleculeswas
observed at low surface load (see Chapter 3). At surface coverage of> 1.5 mg.m"2,the radius
remained more or less constant, indicating that substantial unfolding did not occur. Despite
this rigidity, the enzyme had lost all of its enzymatic activity in situ and it even remained
inactive after desorption (Chapter 3). Apparently, conformational changes in the enzyme
molecule do not necessarily become manifest in a larger size for the molecule. Chymosin,
being an enzyme of smaller conformational stability, naturally lost all of its activity due to
adsorption onto the oil/water interface. In experiments with the enzymes coadsorbed
simultaneously with bovine serum albumin, or the one after the other, there was no retention
ofinsitu activity. Chymosin also proved to beinactivated atthe expanding air/water interface
dueto airincorporation, ifthisoccurred e.g. during homogenization.
Duringthecheese-making processenzymes likechymosin andlysozyme areretained in
the curd. Thisretention mustbe due to association ofthe enzymeswith the caseinfrommilk.
In order to adsorb the enzymes with retention of activity, the various casein fractions were
used to make and stabilize a soya-oil emulsion, and the enzyme was subsequently allowed to
associate with the casein. The extent of association of lysozyme with the caseinfractionswas
in the order cvcasein > P-casein > K-casein. Only for the K-casein stabilized emulsion, was
lysozyme association dependent on pH within the range of pH 5.2 - 6.4 (greater for a lower
pH). Furthermore, the association with the caseins was not dependent on temperature,
indicating that hydrophobic interactions were not predominant. The same trends were found
with the various caseins in solution, albeit that association with K-casein hardly occurred. It
should be kept in mind that casein adsorbed at an interface will expose other amino acid
residues compared to its behaviour when free in solution. For that reason the association
behaviour in the two systems may differ. Because the association varies between caseins the
extent of association with lysozyme depended on the composition of the casein micelles
(aggregates of manycasein molecules and calcium phosphate, as occurring especially inmilk).
As expected, casein micelles containing a higher proportion of K-casein associated less with
lysozyme. It was found that lysozyme did not lose activity due to association with casein
adsorbed on soya oil droplets or free in solution. However, lysozyme activity was markedly
reduced when the enzyme was associated with casein micelles. In this system lysozyme also
associated with casein in the interior of the casein micelle. The apparent loss of activity was
most probably dueto internal diffusion limitation. The difference ofassociation for the various
systemswasalsoreflected inthefreeequilibrium concentration atwhichthe surface excess
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plateau value was reached. In the system of adsorbed caseins this value was reached at a free
lysozyme concentration of about 3 uM, whereas for the micellar system this value was about
100timeshigher.
The association of chymosin with casein hasbeen studied inthe samethree systems of
casein adsorbed onto soya-oil emulsion droplets, caseinsin solution and caseins aggregated in
casein micelles. Chapter 5 describes the association of chymosin with adsorbed caseins. It
appears that chymosin only associated with adsorbed K-casein and not with adsorbed a*- or
P-casein. Preceding the association, the caseinomacropeptide part of K-casein is split off,
followed immediately by the aggregation of the soya-oil emulsion droplets containing the
remaining para-K-casein. This coagulation behaviour is identical to the renneting of milk
during the cheese-making process. The association characteristics for chymosin are also
comparable. The association was strongly dependent on pH and ionic strength, and on
chymosin and casein concentration. In Fig.l these relations are schematically given. The
K-casein stabilized emulsion has proven to be a good model system for studying chymosin
retention incurd. The chymosin associated with para-K-casein was shown to be still active on
added K-casein or on a fluorescent small hexapeptide substrate. Consequently, the active
centreoftheenzymeispresumablynot involved intheassociation with casein.

adsorbed casein

20

PH

contact time (min)

35

temperature

[casein]

[chymosin]

Figure 1. %ofassociationofchymosinwith casein
The association of chymosin with caseinsfreein solution is considered inchapter 6. Only ina
solution containing K-casein will addition of chymosin result in protein flocculation and
precipitation. This flocculation is due to splitting off the caseino-macropeptide part of
K-casein and the consecutive aggregation of the fairly hydrophobic and almost electrically
neutral para-K-casein molecules. The precipitated protein fraction also contains associated
chymosin, to anextent depending onconditionslikepH,ionicstrength and caseinand
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chymosin concentrations. Similar relations were found as shown in Fig.1. In this system time
and temperature also affected the extent of chymosin association. The association decreased
with increased contact time and was stronger at higher temperatures. The protein content in
the supernatant after centrifugation increased not only due to dissociation of chymosin but
also due to the presence of casein fragments. Apparently, the dissociation of chymosin was
related to its proteolytic action. The dissociation rate increased with decreasing pH where
chymosin becomes more active and less specific. The dissociation also increased with
temperature for agiven time ofcontact. However, when extrapolated to a contact time of/=
0 (i.e.when dissociation dueto proteolysis hasnot occurred yet)the association was observed
to be somewhat stronger for a higher temperature. The effect of temperature on the
proteolysis-dependent dissociation, apparently was stronger than its effect on the increase of
the association. Since chymosin association depends on mutual association of caseins (see
below), it will also depend on the temperature dependence of the latter. Dissociation of
chymosin was not found in the system of caseins adsorbed onto emulsion droplets. Relations
for thedissociation behaviour are shown schematically inFig.2.
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Figure 2. %ofdissociationofchymosinfrom casein
The addition of small amounts of as- or (3-casein strongly decreased the extent of
association of chymosin with para-K-casein. This effect was stronger for Os-casein than for
P-casein. It was also found that the extent of chymosin association (moles of chymosin per
mole of para-K-casein) was larger when the system was diluted or, in other words, when the
casein concentration was reduced. Both phenomena can be explained by assuming that
competitive association occurs between the caseins and chymosin for interaction with a paraK-casein molecule. Chymosin isonlyableto associate with apara-K-casein molecule whenthat
isnot associated with othercasein molecules.Thermodynamicallyspeaking, the extent of
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association of chymosin is determined by the association constants that exist between all
caseins under conditions as in the system. These association constants vary with pH, ionic
strength, casein concentration andtemperature.
In chapter 7the model of competitive association is further developed and applied to
the association of chymosin with casein micelles of various composition. It follows that
chymosin will associate less with casein micelles composed of a,- and K-casein than with
micelles composed of P- and K-caseins. Again, thisbehaviour canbe explained by competitive
association, since different association constants exist for the caseins and chymosin for
association with para-K-casein. The relations for association and dissociation found in this
casein micelle system are comparable with those found with caseins in solution. The kinetic
model for competitive association is only a crude approximation. It does not provide
possibilities of calculating all the association constants occurring in milk from the relations
found from retention ofchymosin incurd.
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De lange duur van rijping van kaas in geconditioneerde ruimten bepaalt voor een
aanzienlijk deel de kostprijs van kaas. Er is de industrie veel aan gelegen dezerijpingstijdte
verkorten. De rijping van kaas is in hoofdzaak het gevolg van proteolytische splitsing van
caseine, het belangrijkste eiwitbestanddeel in koemelk. Deze eiwitafbraak wordt veroorzaakt
door proteasen afkomstig uit demelkzelf,uit het stremsel enuit demelkzuurbacterien vanhet
zuursel. Om de rijping van kaas te versnellen is een voor de hand liggende optie om extra
proteasen toe te voegen aan de kaasmelk .Het probleem dat zich hierbij tijdens de procedure
van kaasbereiding voordoet, is dat deze enzymen met de weistroom kunnen verdwijnen en
derhalve niet in de wrongel terecht komen, dit in tegenstelling tot grote deeltjes zoals
bacterien, oliedruppels en eiwitaggregaten - zoals de caseinemicelleri - diezich in de wrongel
laten insluiten. Indien de gewenste proteasen kunnen worden geimmobiliseerd aan grotere
deeltjes dan zouden ze wel in de wrongel terecht kunnen komen. Methoden om dit te
bewerkstelligen zijn vaak te duur gebleken of kunnen niet met "kaas eigen" grondstoffen
worden uitgevoerd. In dit onderzoek is geprobeerd enzymen, met behoud van activiteit, te
immobiliseren aan food-grade deeltjes, zoals oliedruppeltjes en eiwitaggregaten. Hiervoor is
gebruikt gemaakt van soja olie en casei'nemicellen. De enzymen chymosine en lysozym zijn
gekozen alsmodelenzymen omdehaalbaarheid tetoetsen.
De adsorptie van eiwitten aan grensvlakken is uitvoerig beschreven in de
wetenschappelijke literatuur en nog steeds is er op dit terrein veel onderzoek gaande. De
meest bestudeerde grensvlakken zijn lucht/water, vaste stof/water en, zoals in emulsies,
olie/water.Eiwitten hebben sterk de neiging zich ingrensvlakken opte hopen. Ze hebben een
hoge oppervlakteactiviteit, hetgeen inhoudt dat ze al in geringe concentraties de
grensvlakspanning kunnen verlagen. Adsorptie van een eiwit aan een grensvlak gaat veelal
gepaard met veranderingen van de ruimtelijke conformatie van het betrefFende eiwit.
Gedeelten van het eiwit zullen zich ontvouwen, afhankelijk o.a. van de conformatiestabiliteit
van het eiwit en van de hoeveelheid beschikbaar oppervlak. De biologische activiteit van een
eiwit is in sterke mate afhankelijk van zijn conformatie. Voor biologisch actieve eiwitten zal
adsorptie grote invloed kunnen hebben op die activiteit. Als het adsorptie aan oliedruppels
betreft, zal de bedekking van het olie/water grensvlak tijdens het proces van emulsievorming
zo snel verlopen dat ontvouwing nog niet of nauwelijks heeft kunnen plaatsvinden. Het
grensvlak is dan al geheel bedekt voordat ontvouwing van het eiwit plaats heeft kunnen
vinden. Dit zou kunnen betekenen dat een enzymmet behoud van activiteit aan het olie/water
grensvlak wordt geadsorbeerd. Merkwaardigerwijs is er op dit gebied nauwelijks onderzoek
bekend (uitgezonderd voor lipases). Hoofdstuk 2 beschrijft theoretische aspecten van
eiwitadsorptie, vooral ook metbetrekkingtot enzymen.
In hoofdstuk 3 is de invloed van adsorptie van lysozym en chymosine aan het
soja-olie/watergrensvlak beschreven. Deenzymen zijn alszodanig alsemulgator gebruikt,
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maarook inverschillende samenstellingen vanconcentratie metboviene serumalbumine. Ook
zijn de eiwitten in verschillende volgorde via homogenisatie aan het grensvlak olie/water
gebracht. In geen der gevallen is in situ enzymactiviteit gemeten. Vastgesteld werd dat een
geringe conformatieverandering van het enzym, niet leidend tot meetbare spreiding over het
grensvlak, alvoldoendewasvoorvolledigeinactivering enzelfstot denaturatievanhet enzym.
Na desorptie van het enzym door middel van verdringing van het grensvlak door laagmoleculaire oppervlakte-actieve stoffen , blijkt geen herstel van enzymactiviteit op te treden.
Als conclusie komt naar voren dat adsorptie van enzymen aan emulsiedruppels gepaard gaat
met irreversibele denaturatie.
Lysozym en chymosine associeren met caseine. Verkazing van melk waaraan deze
enzymen zijn toegevoegd leidt ertoe dat beide enzymen in de wrongel terecht komen. Van
deze eigenschap is gebruik gemaakt in de poging tot immobilisatie aan emulsiedruppels.
Caseines zijn bij uitstek geschikt om olie/water emulsies te stabiliseren vanwege hun
hydrofobiciteit en hun niet-globulaire structuur. Emulsies van soja olie worden met de
individuele caseines gestabiliseerd. Na toevoegen van lysozym aan elk van deze emulsies trad
onmiddellijke associatie op. De beladingsgraad van lysozym aan geadsorbeerde caseines isin
devolgorde oc-casein > P-caseine > K-casei'ne. De associatie aan geadsorbeerde K-casei'ne is
van de pH afhankelijk (hoger bij lagere pH). Voor de andere geadsorbeerde caseines is pH
afhankelijkheid inhet pH-traject van 5,4 - 6,2niet of minder duidelijk aanwezig. De associatie
bleeknauwelijks temperatuursafhankelijk, hetgeen erop wijst dat hydrofobe interacties niet de
oorzaak van de associatie zijn. In hoofdstuk 4 worden naast de associatie van lysozym aan
geadsorbeerde caseines ook associatie aan opgeloste, vrije caseines en casei'nemicellen
beschreven. Met vrij opgeloste caseines wordt dezelfde voorkeursvolgorde van associatie
gevonden als voor geadsorbeerde caseines, met dien verstande dat associatie met K-casei'ne
nauwelijks optreedt. Dit komt ook tot uiting in de verschillende mate van associatie aan
caseinemicellen van verschillende composities. Casei'nemicellen die meer K-caseine bevatten
associeren minder met lysozym. Lysozym geassocieerd aan geadsorbeerde caseine bleek de
volledige enzymactiviteit te behouden. Dit was ook het geval voor associatie met vrije
caseines. Associatie aan caseinemicellen had een aanzienlijk (schijnbaar) activiteitsverlies tot
gevolg,vermoedelijk door diffiisielimitatie.
Op vergelijkbare wijze werd de associatie bestudeerd van chymosine met caseines die
geadsorbeerd waren aan emulsiedruppels van soja olie. Chymosine associeert uitsluitend met
geadsorbeerde K-casei'ne en niet met door as- of p-caseine gestabiliseerde emulsiedruppels
(hoofdstuk 5). De karakteristieken van adsorptie aan door K-caseine gestabiliseerde
oliedruppels zijn gelijk aan die zoals bekend van het kaasmaakproces. De door K-caseine
gestabiliseerde emulsie is eengoed modelsysteem gebleken omretentie van chymosine inkaas
te bestuderen. Toevoeging van chymosine resulteerde in de afsplitsing van het
caseinomacropeptide vanK-casei'ne,waarnaeenonmiddellijke aggregatievandedoor
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para-K-caseine gestabiliseerde emulsiedruppels volgde. Dit coagulatiegedrag is analoog aan
het stremmenvan melk.Deassociatieisinsterkemateafhankelijk van depHenionsterkte,
maar ook van de chymosineconcentratie en decaseineconcentratie. Deze afhankelijkheden zijn
schematisch weergegeven in Fig. 1. De geassocieerde chymosine bleek in staat om extra
toegevoegde, vrije K-casei'ne te splitsen, evenals een fluorescerend synthetisch hexapeptide.
Het aktieve centrum van het enzym is dus niet betrokken bij de associatie met geadsorbeerde
K-casei'ne.

geadsorbeerdcaseins

PH

contact tijd (min)

mM
temperatuur

[caseine]

[chymosine]

Figuur 1. %associatievanchymosine metcaseine
In hoofdstuk 6 wordt de associatie van chymosine met opgeloste caseines beschreven.
Toevoegen van chymosine aan de afzonderlijke caseines leidde alleen met K-caseine tot een
waarneembare precipitatiereactie. De associatie met para-K-caseine bleek tijdsafhankelijk. Na
een korte contacttijd van chymosine met K-caseine werd in het supernatant na centrifugeren
minder chymosine gevonden dan na een langere contacttijd. Met andere woorden,
geassocieerde chymosine desorbeerde in de tijd. Deze desorptie bleek afhankelijk van de
chymosine-en decaseineconcentratie, van depHenvan detemperatuur. Degevonden relaties
(schematisch weergegeven inFig.2) doen vermoeden dat dissociatie van chymosinehet gevolg
is van proteolytische afbraak. De associatie van chymosine aan para-K-caseine wordt sterk
verminderd door toevoeging van andere caseines. as-caseine heeft een sterker reducerend
effect op de associatie dan p-caseine. De associatie van chymosine met para-K-caseine wordt
sterker bij lagere concentraties van caseine. Dit is ook het geval bij verdunnen van mengsels
van K-casei'ne met ccs- en P-casei'ne. Dit verschijnsel kan worden verklaard door competitieve
associatie. Chymosine kan alleen associeren met para-K-caseine als deze niet reeds met een
ander caseinemolecuul is geassocierd. De mate van associatie van chymosine wordt bepaald
door de associatieconstanten voor de associaties tussen de caseines onderling. Deze
constanten varierenmetpH,ionsterkteentemperatuur.
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geadso1beerd casaina

PH

contact tijd (min)

temperatuur

r chymosine (mmol/mol)

Figuur 2. %dissociatie vanchymosine vancaserne
De temperatuur heeft op een ingewikkelde manier invloed op de mate van associatie.
Extrapolatie van associatie naar tijdstip t = 0 laat een sterkere associatie zien bij een hogere
temperatuur. Maar na een korte contacttijd blijkt deze associatie zo sterk te zijn verminderd
dat juist bij lagere temperatuur de associatie groter is. Dit verschijnsel wordt verklaard
doordat dedissociatie, dieberust optemperatuursafhankelijke proteolyse, sterker isbij hogere
temperatuur. In hoofdstuk 7, waarin de associatie van chymosine met case'inemicellen van
verschillende caseinecompositie wordt beschreven, worden dezelfde relaties gevonden als in
hoofdstuk 6 met opgeloste caseines. Case'inemicellen bestaande uit 0- en K-casei'neassocieren
sterker met chymosine dan case'inemicellen bestaande uit ots- en K-caseine. Het principe van
het model van competitieve associatie werd verder uitgewerkt. Het model is slechts een
benadering van de complexe werkelijkheid en voorziet niet in de mogelijkheid om
associatieconstanten tussen de caseines, zoals die in melk voorkomen, te berekenen aan de
hand vandegemeten chymosineretentie.
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NAWOORD
De schrijver Godfried Bomans heeft ooit over zichzelf geschertst dat hij een van die
zeldzame Nederlanders was die op middelbare leeftijd het middelbare schooldiploma haalde.
lets daarvan voel ik meemet het voltooien van dit proefschrift. Het onderstreept de (om)weg
diegegaan isomtot hierte komen. Alsechter voorafwas zichtbaar geweest dat devoltooiing
van dit "project" deze tijdsspanne zou omvatten en deze inspanning zou vergen, zou ik me
flink achter de oren hebben gekrabd. Desalniettemin benikblijdeze wegte hebben bewandeld
enishetgevoelvandestijds dat dezekanstot promoveren eenbuitenkanswasaltijd gebleven.
De totstandkoming van dit proefschrift is het resultaat van bijdragen door meerdere
mensen geleverd en de koppeling van alleen mijn naam met dit proefschrift is derhalve niet
geheel gerechtvaardigd en vanzelfsprekend. Ik wil Pieter Walstra bedanken voor de prettige
samenwerking en de zeer stimulerende begeleiding. Pieter, ik beschouw het als een grote eer
onderjouw supervisie dit werkstukje te hebben afgeleverd. Tom Geurts wil ik zeer bedanken
voor zijn onbaatzuchtige inbreng. Veel van hetgeen beschreven is, kan gezien worden alseen
afronding van werkzaamheden en gedachtegoed die door jou al was ingezet en aangegeven.
Viajou bedank ik tevens de studenten die voor mijn tijd al een bijdrage hadden geleverd en
wier resultatenikdeelshebverwerkt.Hugo,Henk&Henkbedank ikvoor hun ondersteuning.
Gist-Brocades wil ik bedanken voor de geboden kans dit project uit te voeren. Gabrie
Meesters en Niek Persoon hebben driejaar lang als een stimulerend klankbord gefungeerd.
Vooral Niek, als manvan het eerste uur en alsmedegrondleggervan dit project, heeft middels
de voortgangsvergaderingen veel morele steun verschaft. Jan-Metske van der Laan heeft op
onnavolgbare wijze deknoppenvande"Computer Graphics"bediend.
Dankbaar heb ik gebruik mogen maken van de diensten van een aantal enthousiaste en
getalenteerde afstudeerders; te noemen Maarten Bakker, Jose ter Linden, Carianne Weerens,
Jennifer van Dijk en vooral Bertus Dunnewind, die tekstueel zelfs een gedeelte van dit
proefschrift voor zijnrekeningheeft genomen.
Mijn collega-promovendi hebben er zeer toe bijgedragen dat mijn Wageningse
intermezzo zeer plezierig was(delow-budget tour door industrieel Groot-Brittanniebeschouw
ikalshoogtepunt). FransdenOudenwordt bedanktvoor driejaargezellighokken.
Aad enJokeBarendse, bij wieik de zolderetage heb mogen bewonen, hebben een niet
te onderschatten rol gespeeld. Op een of andere manier kwam ik, na nachtelijke Wageningse
dwalingen, steedsweerbijjulliehuisuit.
Marijke, wat mij betreft mag jouw naam ook op de omslag. Dit project hebben we
tenslotte samenuitgevoerd.
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