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An "artificial milk" system, prepared under controlled conditionms,
was developed. This was used for the study of the initial phase of
rennet action on casein which results in gel formation. It was also
used for a study of factors contributing to syneresis of rennet-casein
gels.

"artificial ailks" containing calcium alone (60 - 125 mg% added
calciun;*;ore shown to contain micelles very similar in gross structure
and physical organisation to those in normal skim milk. It was
demonstrated by electron microscopy that the presence of phosghate ion

in the "artificial ailks ", whether as NaZHPOh or as H,F0O,, sharply

3
raduced the size of casein micelles which were them quite unlike those
in skim milk.

Kennet action at 0°C on both sodium caseinate and calcium caseinate
“milks'" was found to egignificantly reduce the viscosity and hydration
constant 'K' of the caseinate systems. An ultracentrifugal technigue
using haemoglobin e&s an indicator, showed that rennet action on casein
micelles in calcium caseinate '"milks" released, at or about gel point,

a quantity of "immobilised" water which amounted to about 70% of the
weight of the "wet' protein.

Electron Mierographs of calcium-caseinate "milks", calcium caseinate
- calcium phosphate "milks" and akim milk indicated that gel foraation
was essentially a micelle-surface phenomenon. No imdication was found
for the distortion of the micelles due to remnet action, nor did rennet
action appear to reduce the size of the micelles.

Whole casein was found to contain both cystine and cysteine.
However, sulphydryl - disulphide or disulphide exchange reactioms did not
appear to play a significant role in gel formatiom or im the syneresis

¥ added as CaCly- 2H:0




of rennet-casein systems. The studies indicated that the presence of
para-kappa casein in its entirety, probadly on the micelle surface, was
necessary for the development of a 3-~dimensional gel network.
Modification of para-kappa casein through scissiom of the disulphide
bond was found to give a precipitate rather than a gel network after
rennet action.

Calcium was shown to be important for both gel formation and
syneresis. In its absence, neither phenomena occurred in rennet-casein
systems. Despite this observed fact, evidence has been presented to
show that syneresis was not a continuation of the gelation phenomena.
Factors which greatly affected syneresis were found not to affect gel
formation. Both rennet modification of casein and the presence of
calcium was found to be necessary for syneresis to occur. In the
absence of either, no syneresis was observed even when the pH was
lowered below the isoelectric point.

The level of calcium in the '"'mi k8" was found to greatly influence
both the rate and the extent of syneresis. A sharp drop in syneresis
was observed in rennet-casein systems containing between 125 mgs and
175 mgh added calcium. It was postulated that the addition of such a
level of calcium neutralised by interactiom, the availadble negative charges
on the caseinate and that this caused the gel network to acquire a net
positive charge, thus giving rise to electrostatic forces promoting
swelling and opposing syneresis,

Pinitrophenylation studies and studies on heated "artificial atilk"®
systems containing reducing sugars showed that.P casein played a major
role in the interactions causing syneresis. Xs; and kappa casein did
not appear to play a significant role im this phenocmenocn. The studies
esphasised the important and possibly direct reole played by the free



amino groups of ﬁ.-caaoin. probably the epsilom amimo groups of

lysine, in syneresis. The attractive forces causing shrinkage of the
system after gel formation has occurred initially appear to be primarily
electrostatic in character.

It appears possible that free amino groupes are exposed by rennet
action on kappa casein and these are involved with calcium in the
gelation phenomenon.

It is postulated that both gelation and subsequently syneresis
result fros the formation of co-ordinate covaleat linkages batween
calcium and the separately involved free amino groups of the kappa casein

for gelation and/@ casein for syneresis.
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INTRODUCTION

There has been a general concentration of efforts dy milk
cherists in recent years in trying to understand the nature and
stability of the collcidal phase of milk, namely the calcium-caseinate
(0 has rightly pointed out that
the inability to “control gelation, coagulation and hydration of the

- calcium phosphate complex. Rose

colloid phase" has been the greatest impediment to the developaent of
new beverage milk products. On the other hand, destruction of the
stability of the colloidal complex is necessary in the production of

products such as acid caseir and cheese.

The literature concerned with the action of rennin on casein is
extensive - there h2s been a particular surge in research activity
on this toypic over the past decade. But, as yet, no firm conclusions
can be drawn as to the exact mode of action of rennin on the calcium
caseinate - calcium phosphate complex or as to what type of cross-links
are formed to give the gel structure. On the other hand, the literature
is sparge in dealing with the phenomena of “syneresis' or curd
contraction which is so important in the manufacture of most types
of cheese. This lack of precise informstion on two of the most
fundamental and important phenomena important to the cheese industry
is, no doubt, due to the meagre knowledge of the chemistry and
biochemistry of the calcium caseinate -~ calcium phosjphate complex.

To throw some light on the two phenomena which could be related
to each other, or be interdependent, a study was undertaken on aspects
of rennin action on casein, leadimg to a study of factors contributing
to the syneresis of rennet-casein gels. The study was initiated on
the knowledge that buffaloes' milk, used in scme countries both as a
beverage and for conversion into milk products, was mot guite as
satisfactory as cows' milk for the preparation of hard varieties of
cheese such as cheddar and Gouda. This was in the main due to the curd
losing excessive moisture during the manufacturing process.

The work was done on cow milk casein with the hope that the same
fundamentals could be applied to buffalo milk casein, perhaps with some
modifications.
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The Action of Renain on Casein.



CHAPTER 1

Review of Literature on the Action of Rennin om Casein

SECTICN A: GENERAL REVIEW

Rennin is an enzyme which occurs in the fourth stomach of calves.
As far back as 1872, Hanuarlten(a) had postulated that the actionm of
rennet on casein, with the liberation of peptide~like substances, was
through an enzyme present in the rennet extract. This enzyme was
found to be rennin(h) which was first isolated and crystallised by
Berridge(S). Its specificity was found to be similar to that of
(6)¥ £ —

(5)

pepsin, its optimum pH, however, being much hizher, about 4,0

Remnin was shown to attack other proteins, for example, haeumoglobin

(?7)

and insulin . Rennin 1is not the only enzyme to clot milk, other

(38)(12).

proteolytic enzymes havin; a similar action Mickelsen and

(37)

Ernstroas have recently reported on factors affecting the stability

of rennin. The action of rennin on the caseinate complex may be

broadly visualised as occurring in three phases, namely:

(8-10) in which one of the casein

F.CcAN
components acting as a protective colloid is attacked and

(a) primary enzymatic phase

its protective action destroyed,

(b) secondary phase in which coagulation occurs, and

(11)

(¢) tertiary phase in which casein components are slowly

4
hydrolysed under the proteolytic action of rennin. In

normal coagulation the three phases probably overlap.
(&) (12)

Despite the evidence presented o Berridge was unable to
accept the protective colloid theory, stating that it did not explain

“the time required for the clottimg phase, nor the dependence of
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the clotting on temperature”. Instead 2 denaturation hypothesis was
put forward, This was based on observations that the enzymatic stage
progressed with a temperature coefficient similar to known engymatic
reactions, and that the second stage had a high temperature coefficient
similar to that found in the heat denaturation of proteins.

The "protective colloid" theory, however, gained impetus with the
(13)

discovery of a new casein component by Waugh and von Hippel, s Wwhich

they termed kappa-casein. This component appeared to be in a complex

with the c(s-casoin (that is, o(s + kappa-casein formed the original

(13)

entity o{ -casein). .V The authors concluded from their observations

that kappa-casein was the '"most important single factor responsible for
micelle stabilisation and was the protein on which rennin acted

izmediately". Kappa-casgeln was also found to be the only protein

(1%)

altered during rennin coagulstion of casein s losing 20% of its

=

molecular weight. The para-kappa-casein (rennin altered kappa-casein)
was insoluble in the absence or presence of calcium lons. In contrast,

kappa-casein itself was remarkadly stable to high calcium ion concen-

(18)

trations of the order of 0.03 M at neutral pH.

(15)

Nitschmann and his co-workers reported that 1.5 - 2.0%

non-protein nitrogen (soluble im 12% T.C.A.) was rapidly split off by
rennin from whole casein. After coagulation occurred there was little
or no further liberation of T.C.A.-s0ludble nitrogen. This N.P.N.
proved to bde composed maiamly of a glyco-macropeptide of molecular
weight 6000-8000(15). A similar glyco-macropeptide was found to be

(16)

released from kapps-casein Since rennin was considered to bde only

slightly proteolytic and as the macropeptide was released very guickly

(9)

from casein, Nitschmanmn and Varia postulated that the nitrogencus

material liberated was not bound to the caseinate by primary valencies.
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Beeby and Nitschmann suggested that rennin opened seconiary bonds
of the kappa-casein complex, releasing the glyco-macropeptide. All

enzyses capable of clotting milk have been found to liberate the

(38) (17)

N.P.N. Analyses of the macropeptide indicated the presence

of 15.2% galactose, L.3% glucosamine and 11.4% of neuraminic acid.
(18) (16

#ake confirsed earlier observations on the release of the

glyco-macropeptide and traced its origim to kappa-casein. He was
unable to find evidence for the rupture of a peptide bond in the
release of the macropeptide.

(19)

Holter and Li working on a substituted amide of phosghoric

(235)

acid, and Dyanchenko had proposed that rennin cleaved phosphoamide

(?)

becnds in whole casein. ¥ish was not able to demonstrate phosphoamide

activity for purified rennin, although with commercial rennet, the
activity could be demonstrated. However, Aiyar and Wallace(21)
presented evidence to indicate that purified rennin had phosphoamidase
activity on whole casein, and postulated the presence in casein of
-N-P-N~- bonds with the phosphate group joimimng two arginine residues
on the protein molecule. Koning and Stadhouder‘s(gs),tork indicated
that only arginine groups increased during the first 30 minutes of
rennin action. The relationship of this observatioa with clotting
was, however, not clear,

Chuan' 22’

on the bagis of electron micrographs and amperometric
titrations for sulphydryl groups proposed that milk clotting was
similar to blood coagulation in which & sulphydryl-disulphide chain
reaction was involved. He also postulated a rapid, irreversibdle
unfolding of the caseinate particle im the first stage followed by a
slow aggregation in the second stage. A similar -SH-SS- exchange

reaction for tlottimg wes proposed dy 2030(63).

'7" C.ltECQ in RE*- ug
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An esterase activity for rennin was suggested by the work of

(25) (26) but this theory was questioned

by Cheesman, Rawitscher and Sturtevant(27) who were unable to measure

Jolles et al and Garnier et al

liberation of protons during rennin action on casein.

More recently Hill and Laing(}g)

observed that photo-oxidation

of kappa-casein prevented the liberation of non-protein nitrogen and
that photo-oxidation of rennet-treated casein interfered with the
aggregation which occurred normally in the presence of calcium ions.
They attributed both of these effects to modification of the histidine
residues. Earlier, Zittle(uO) had observed that photo-oxidised o{s -
casein was no longer sensitive to calcium ions; and that photo-oxidised

kappa—casein(u1) lost its ability to stabilise cXs -casein and did not

precipitate on treatment with rennin. Higgins and Fraser(ha), on the
basis of titration data and spectral differences between the azo-
derivatives of casein and para-casein, had suggested the participation
of histidine in the gelling of para-casein. Subsequently Hill and

Craker(hB)

observed that blocking of lysine side chains on the o{s and
/3 caseins with 1-dimethylamino-napthalene 5-sulphonyl chloride (dansyl
chloride) had no effect on their stabilisation by kappa-casein, nor on
the coagulation of rennin-treated kappa-e{;, and kappa-/% complexes.
Lysine did not appear to be important for these processes. The lysine
residues on the kappa-casein were apparently not involved in the
reaction between rennin and casein since dansylated kappa-casein
released N.P.N. on rennin action. However, dansylation of kappa-
casein did cause inhibitioa of coagulation. Hill and Crakor(kB)
interpreted this observation as being due to the participatioan in the

coagulation of rennin-treated whole casein of one or more lysine side

chains on the kappa-casein fraction.
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Rennin actiom on kappa-casein does not appear to liberate new

(18) (&)

H-terminal anino acids in the para-ikappa-casein produced

A mew N-terminal methioaine residue has, however, been observed on the

(45)

glyco-macropeptide Earlier a new C-terminal phenylalanine

(25)

residue had been identified on the para-kappa-casein o which

prompted a suggestion that rennin cleaved a phenylalanine-methionine
bond(}). Bill(h6) found that rennin was unable to hydrolyse the phe-
met. bond in the diperptide or its derivatives, but did so on the
synthetic pentapeptide containing the amino acid seguence similar to

(3)

the region in kappa-casein containing the phe-met bond This

reaction was found to be moderately rapid at pH 3.7 and 4.7 (time for
half reactiocn 4 hours) and =lower at pH 5.9 (12 hours). Hill(hG)
suggested that serine played a catalytic role in the reaction but that
the nearby hydrophobiec side chains probably acted as binding sites,
since specificity studies on rennin(7) had indicated its tendency to
hydrolyse bonds adjacent to hydrophobic side chains. The attack on
the pentapeptide was, however, slower by a factor of 2 - 3, Hill(bG)
attributed this to the absence of catalytic action of the histidine
residue, that is, the nearby serine and histidine side chains catalysed
the enzymic attack on the phe-met bond of kappa-casein. Such a
catalytic role has been postulated for the side chains in the active
centre of enzymes.

Viscometric studies of remneted casein have also given rise to

coatradictory and confusing results. stcrling(ZS)

suggested
unfolding and, therefore, an increasing asymmetry of the spherical
casein micelles during the enzymatic stage. He stated that this
unfolding could not be observed with sodium caseinates, the alkaline
caseinates bdeing already in an elongated state due to preparation

procedures. On the other hand Higgins and !nyea(zg) observed a
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decreased intrinsic viscosity following ensymatic actiom on sodium
caseinate solutions, indicating increased particle symmetry.

(30)(31) ,itributed the decrease in

Seott-Blair aad co-workers
observed viscosity to the lower molecular weight of the sodium

caseinate after rennet actien &nd to steric effects resulting from

change in shape of the coiled casein particles after the release of

the glyco-macropeptide. In a recent review, Conway and Dohry-Duclaux(sj)
have pointed out that the viscosity of solutions of polyelectrolytes
may te increased in three ways, namely:

(a) clouds of ions around individual particles would be deformed
as a result of shearing and this deformation would take up
energy,

(b) Vossible interference between the ionic atmospheres of the
different particles, and

(e¢) change in shape of the coiled-up particles when the electrical
free energy is changed by ionisation and the presence of

(30)

neutral salts. Scott-Blair and QCosthuizen on the basis

of observationa that small amounts of sodium chloride reduced
the viscosity of sodium caseinate (ruling out electroviscous
effect from 'a' above) and that Newtonian flow behaviour was
shown by casein solutions up to 9% protein (therefore ruling
out 'b'), concluded that it was the change in shape of the

coiled-up particle causing the decrease in viscosity.

(3s)

On viscosetric evidence, Sohngen and Wieringas proposed that

the first stage of rennim action involved casein dehydration.

(32)

Richardson and Palmer o however, had indicated earlier that rennina

was adble to decrease the electrokinetic charge on the casein micelles

(35)

and Smoluchowske had shown that a suspension of charged particles
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wes more viscous than ome of uncharged particles. Thus the decreaess
in viecosity could have been due to true dehydration or to decrease
ia electrokinetic charge or both factors. Hankinscomn and Pallor"G)
foumd that hydratiom and zeta potential were both partially destroyed
by rennin. At low remnia coacentrations they observed a large
decrease in relative viscosity with little change in electrokinetic
yotential. This wss interpreted as being due to true dehydrstion.
Increasing the rennia concentration decreased hoth hydrationm and
electrokinetic potential. They proposed that several partially
hydrated particles subsequently clump to form a particle bigger than
the hydrated particle. This explained the increase in viscosity just

(36)

prisr to gelling. Hankinson and Falmer concluded that rennin action

naa primarily that of dehydration and secondarily that of reducing the

{(7)

zeta potential. Fish reported on the specificity of reanin as a

proteclytic enzyme, finding that it had a strong tendemcy to hydrolyse

A7) ee

bonde in proteins adjacent to hydrophobic side chalns. Klctz
pointed out that hydrophobic regidues om proteins may be expected to
Play an important part in the maintenance of tertiary structures and
that they stabilised large regions of water around thenselves in the
form of ice~-like atructures. It follows from the above that rennin
action on any bomd adjacent to hydrophobic residues might firstly
entail the disrurtion of thes: water regioas. Lindquict(ha) has
stated that the primary aand secondary phases of reamin action on
casein could be separated by lowering the teaperature (refrigerator
y(49)(S¢)

temperatures ¢ but these phases probably overlap under normal
conditions of c¢casein coagulation, 7rlo suggested that the first stages
of the secondary phase involved rearrangement of serinme and phesphoriec

acid-bound calcium and of colloidal complexes of calcium, magnesium,
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phosphate, and citrate, which resulted in a decrease in the amount of
water of hydration kound to these complexes. New forces then aggregated

(73) (7&) (75)

+ Konow s and Cheeseman have

the caseirn micelles. Christ
also postulated that rennin action removes the hydrate water shell and
that only then dces ''real" syneresis begin, involving hydrogen bonding
between the protein units.

(51)(52)(53)

Several electron microscopic studies have been carried

out to study changes before and after coagulation. The general

(48)

conclusions were that casein micelles are joined by short, fine-
threaded formations to nodular fibrils. These form an assembly of
strings, partly adhering to each other, and, in a more advanced stage,
orientated into a three dimensional network. Using polarised light
and phase contrast microscopy, Suiatek(gb) made a fluorescence-
microscopic examination of the gel structure and showed that the
threads consisted partly of ball-shaped protein particles and partly

of hygroscopic, inorganic material concentrated im the corners and

L ]
conatrictions of the structure,
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SECTIOR B: REVIE® OF LITERATURE ON THE FACTORS AFFECTING THE

1.

2e

ACTIGR OF RENNIN CN CASEIN,

Liffect of Concentration of the Enz;!!:-

(55) showed that at rennin comcentrations

Kitechaamn and Bohren
above C.8 ug N/ml in the reactiocn umixture, the terminal point of
the primsry phase, seasured by release of XFN, was independent of
the asocunt of reanin. The rate of reaction was, however, very
strongly dependent om the concentration of the enzyme. Below
0e8 mg N/ml the terminal point of the primery phase was dependent
on the 2aount of rennin 2a the maxismum amount of glyco-macropeptide

was never obtalined. This was probadbly due to irreversible

inhibition of the rennin.

~ffect of pli:i=-

(56) (57)

Foeltman and later Mickelsen and Lrnstrom showed that

loes of reanin activity increased with pk above ;N 6.0, ani was
highly temperature dependernt. Foltaan(sé) found that at low pk
values, bclow pH 6.3, milk coagulated before the primary reaction,
that is, release of N.P.N,, was completed. At constant temperature
(25°C) a lowsring of pH from 6.7 to 6.3 shifted the coasulatioa
point towards the termimal peint of the primary phase. Ritschmann
and Bohrcl(ss) showed that at pii 5.5 the velocity of the primary
phase was three times faster than st 6.7, whereas detween pH 2.0 -
3.5 the tertiary proteolytic reaction was very fast. At ph 2,0
they were unable to detect the primary action. The pl optimum for
the primary reaction was said to be between 3.5 and 5.5. At pH

S.4 or lower, little or no e¢sleium was needed to cause precipitation
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&,

10.

(59)(17&)_

of the caseinate following reanin treatment
Presumably this was because the pH values were close to the

isoelectric point of the para-casein.

Lffect of Temperature:-
(58)

Foltman showed that at constant pK (7.0) a rise of

temperature shifted the coagulation point towards the terminal
point of the primary phase so that they coincided at 40%. The

effect was similar te dropping the pH from 6.7 to 6.3. Nitschmann

(55)

and Bohren reported that the rate of primary reaction was

eight, four, and two times faster at }00. 200, and 10%
respectively tham at 1°C.

it refrigerator temperatures, milk does not coagulate

L Q
although the primary phase may be conpleted( 9)(5 ).

(49)

Berridge found that the temperature coefficient for the

coagulation phase was 1.3 - 1.6/1°C, vhile Pyne(61)

reported a
figure of 2 per 1°C in calcium caseinate solutions. These
coefficients were analogous to those found for thermal
denaturation of proteins and led to Berridge's denaturation

hypothoscs(12). Kollcy(sa)

found that coagulation time decreased
with increasing temperature up to hO°C. above which the rate of

destruction of the enzyme exceeded its increase in activity.

Effect of Various Imorgs Compounds: -

Kost of the work on the effect of inorganic compoumds has
been done im relation to clotting rather than on the primary
phase of reaniam action. Thus, monovalent ions such es sodium,
potassium and ammonium do not precipitate para-caseia whereas
magnesium, calcium, barium, cobalt, nickel, etc. cause rapid
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6.

11.
(60)
precipitstion of para-casein at room temperatures and
neutral pH. Calcium chloride added to milk at a concentration

of 0.142% appeared to give the quickest clotting. Aibove and

below this concentration, coagulation was slower.

Effect of Varicus Orpganic Compounds:-

(63)

Hege found that addition of glycerol at levels between
0.2 - 6.0k '/v deslayed clot formation in reconstituted skim milk,
The deley was ejuivalent to about a L0k increase oa the '"control™
clotting time at 6.0% '/v of glycerol addition. This was
attributed to the poassidle solvation effect on proteins by this
polyhydroxy compouand of lewm molecular weight. tielatin on the
otner haad #as found to accelerate clotting either by serving as
a bridgze to eanhaace the association of casein micelles(63)(6h) or
by providing cations which would induce precipitation of the

micellcs(gh).

Lffect of Modifying the Casein with espect to its Irorganic

Constituents: -

Casein is = phospho-protein requiring calcium loms for

gelation. This led Mcrarlanc(GG) to suggest that the calcium
ions form intermolecular links between bound phosphate groups.

Later Hsu et al(67)

showed that while ensymatic dephosphorylation
of casein resulted in sarked increases in clotting time at 0,01 M
ca*t concentration, the same casein did eclot rapidly following
rennin treatment in the presence of a calecium ion comcentration

of 0.02 M. This suggested that in addition to the postulated

links of caleium to phosphate groups, other types of imter-molecular

bends were invelved im the elotting vesstieon'’?’. Pepper and
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and Tho:psontﬁa)

also found that enzymatically dephosphorylated
kappa-casein was still able to stabilise X5 casein in the
presence of calcium ions. The authors concluded that a(s ~kappa
coeplex formmtiom was not necessarily dependent on the presence
of phosghate-calcius interactions.

Yamauchi et 31(65)

found that dephoesphorylated whole casein
and dophoaphcrylatod,js casein bound one-third of the esalcium
norsally bound by the respective native proteins, while
dephosphorylated kappa-casein bound nearly half of the calcium pvound
to native kappr-casein. Phey observed that dephosplkorylated

o{s casein was still sble tc coagulate in the presence of calciuam
1ona(69) which sugrested tiat bimrdiny of calcium to organic
phosphate grouys was nut essential for the coagulation of (; c=sein.
4lea dephosjphorylated whole c=asein could still fora micelles in the
pr:sence of calcium lons. It apreared therefure that while
organic phosphate groups were im.ortant binding sites for calcius,
other binding sites were =180 present. Carboxyl groups have beenR

3
suggested‘?o’ as alternative binding sites, as have asino and

(?1).

imidazole groups The pH of caseinate solutions was observed

to drop on the addition of calcium 1ona(72) possibly due to
displacement of protors on the amino groups on casein by the
formatiom of coordinate covalent links between the amino N and the

caleiuat??). (69)

Yamauchi et al found that addition of 15a=M
CaCl, to a caseinate solution at pH 7.0, dropped the pH by 0.8 for
native whole casein snd by O.k for dephosphorylsted shole cssein.
The difference was prodbadly dune to proton ceatribution fros

phosphate groups.
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SECTION C: GCBJECTIVES AND BXPERIMENTAL PLAR.

The review of literature had indicated considerable confusion
and difference of opinion, particularly on the results obtained by
viscometric studies, oun the initial or primary phase of rennin action
on casein. “hether tle initial actiom is one of dehydratiomn of the
casein micelles, prior to gel formation, has been a matter of argument.
The second phase of remninm action is also largely unknown. It is
8till not clear what role, exactly, is played by calcium, and on what
sites on the casein it binds to form, if at all, the cross links to
give gel structure.

The following experimental plan was therefore devised in the hoype
of throwing some light on the initial phase of rennin action on casein.
Simple model systems using "artificial milks" were to be used in the
study to avoid the possible interference of other factors suchk as whey
proteins, and other mineral constituents. The "artificial milks” were
essentially ''calcium caseinates' or calcium phosjyhate-calcium caseinate
systenms. The advantage of using such systems was that it would give
day to day conformity in composition, allowing comparison between
experiments.

It was believed that a combination of viscometric, ultra-centrifugal
and electroa microscopic studies would help to reveal the mechanism of
the initial phase of rennim action on casein. It was also considered
that a study of the effect of added thiocl blocking and disulphide
splitting reagents, and of calcium ions, on gelation and symeresis of
renng¢t~-casein gels would give an imsight iato the sechanisms of the two
phenomena. This has been discussed in Part II of this thesis (see Ch.3

cle



CEAPTER II

Viscometric, Ultracentrifugal and ilectron Microscopiec Studies

on the Action of Rennet on Casein

SECTION a: METHODS AND MATERIALS.

1.

Freparation of iAcid Casein

The method used is that described under "Freparation of acid
casein - (a)" in the paper entitled "Sulphydryl and disulphide
groups in casein"” (attach.d)(sz)?* To keep oxidative changes on
the protein, if any, to a minimum, the skim milk used was purged
of dissolved air by bubbling nitrogen through it for 10 minutes
before acid pregipitation. This nitrogen treatment was sustained
throughout the preparation process.

Freparation of "Artificial Milks"”

The rre;aration of a stable "artificial milk"” has been
described by Aiyar(sh) (paper sttached). To ensure complete
solvation of the protein, all solutions were held in the
refrigerator at temperatures below 5°C for at least 12 hours with
constant stirring, after which they were warmed to 30°C and held
at this temperature for at least 30 minutes befere starting the
experiment. Toluene (2 drops/100 mls) was used as a preservative
in all solutions.

When orthophosphoric acid was wsed as a source of phosphate
the following was done:

Orthophosphoric acid solution containing 11 mg *P'/ml
(4.8% EBPO~) was added right at the start to the caseinm slurry
and the mixture titrated to pE 6.8 with 0.2 N NaOH. At pH 6.0

% after peqe 178




‘ARTIFICIAL MILK’ AS A BASIS FOR RESEARCH

By K. R. AIYAR

Massey University, Palmerston North, New Zealand

SUMMARY : A method for the preparation of a
stable ‘artificial milk’ is described, using acid
casein as the protein base and incorporating
calcium and phosphate in the system. The ‘milk’
was primarily designed as a research tool, but
the method could be used for the preparation
of a beverage.

Various workers (Clark, 1927; Powell and
Palmer, 1935: Grindrod, Price and Sommer,
1956) have used ‘artificial milks’ as basic mater-
ials for research on factors such as the action
of rennin and the effect of heat on calcium
caseinate-calcium phosphate sols. Use of ‘arti-
ficial milks’ simplifies experimental procedures
for the study of phenomena such as syneresis
of rennet-milk gels, of which little is known, and
in which workers in this laboratory are interested.
Whether or not ‘artificial milks’ represent con-
ditions of true milk remains to be seen, but it
is believed that much useful information can be
obtained by using model, simplified systems.

In ‘artificial milk® systems used by others
(Clark, 1927; Powell and Palmer, 1935) the acid
- casein was usually solubilized in cold calcium
hydroxide solution. Sodium and/or potassium
hydroxide solutions were also added for quicker
solubilization of the caseinate, and the pH was
adjusted later by citric and/or phosphoric acid
to 6.6-6.9.

Experience in this laboratory shows that
solubilizing casein at high pH (in excess of 9.0)

has a detrimental effect on the caseinate, even
if precautions are taken to do the mixing at
2°C. The final ‘milks’ prepared in this laboratory
by the methods used by others (Clark, 1927,
Powell and Palmer, 1935; Grindrod et al., 1956)
showed significant quantities of precipitates, after
24 h holding in the refrigerator, ranging from
300-500 mg in a 3% casein solution.

High pH, in excess of 9.0, is known to affect
the sulphur amino acids and in particular cystine.
Whole casein appears to have both cystine and
cysteine (Wallace and Aiyar, 1969) and these
amino acids seem to be present only in the
x-casein fraction of whole casein (Waugh, Lud-
wig, Gillespie, Garner, Kleiner and Noble, 1960).
x-casein is now recognized as being the stabiliz-
ing factor (Waugh and Von Hippel, 1956) for
casein micelles in milk, and it would be most
undesirable in the preparation of ‘artificial milks’
to use conditions whereby «-casein could be ir-
reversibly modified.

Use of low temperature during the preparation
of ‘artificial milks’ is also undesirable. It has
been shown (Waugh, 1958) that at low tempera-
tures (4°C) B-casein does not enter into reaction
with a-caseins or «-caseins in the formation of
stable micelles, but remains separate, and when
the temperature is raised to 18°C and above,
B-casein precipitates.

On the basis of the above information, a new
approach was taken to the formulation of ‘arti-
ficial milks’ and resulted in the development of
a product which is extremely stable.
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Experimental and Results

The composition of the ‘artificial milk’ is as
follows:

~ Quantity Percent.

(w/v)

Acid casein (hydrochloric, moisture-
free basis, preferably spray dried) 3g 3

Calcium (as calcium chloride) 125mg 0.125
Phosphate (as Na:HPO,) 75mg 0.075
Distilled water up to

100 ml

The levels of calcium and phosphate approxim-
ate the average values found in normal milk.

Hydrochloric casein, preferably spray dried,
was found to be most suitable. Spray dried
sulphuric acid casein was also satisfactory, pro-
vided it had been efticiently washed. Lactic
casein may not be suitable when lactic starters
are used, as the stability of the caseinate system
could be affected by proteinases produced by
the starter bacteria.

The ‘milk’ is prepared as follows:

Whole acid casein and a quantity of solid
calcium chloride (CaCl.,2H,O) of required equi-
valent calcium concentration, are mixed and some
distilled water (30-35 ml) at room temperature
is added to form a slurry. 0.1 N NaOH is then
added dropwise to the thoroughly agitated slurry.
When the system has reached a pH of 6.0 the
temperature is raised to 35°C-37°C, the addition
of sodium hydroxide being continued until the
pH reaches 6.7. At this point all of the casein
has dissolved. Disodium hydrogen phosphate (of
required equivalent phosphate concentration), dis-
solved in 20-30 ml of distilled water, is then
added dropwise to the system with constant
agitation. This causes an initial drop in the pH
presumably due to the reaction of free calcium
ions and the added phosphate with consequent
release of hydrogen ions (Jenness and Patton,
1959).

3Ca++ + 2HPO,— — —» Ca,;(PO,), + 2H+
Sodium hydroxide is therefore added concur-
rently with the phosphate solution to maintain
the PH above 6.4. The addition of sodium hyd-
roxide is continued until a rise in pH indicates
the completion of the above reaction. When all
the disodium hydrogen phosphate solution has
been added the final pH is adjusted, if necessary,
to 6.7-6.9 by the addition of 0.1 N NaOH.

‘Milks’ prepared in the manner described
showed no sedimentation when held in the
refrigerator for more than a month (a few drops
of toluene were used as a preservative). When
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warmed to 40°C, there was no coagulation of
the solution, contrary to the findings of Powell
and Palmer (1935), who prepared ‘artificial milks’
using calcium hydroxide for solubilizing the
casein. The same workers used only 77% of
the average calcium and phosphate levels found
in normal milk, in the preparation of their ‘arti-
ficial milks’ to avoid coagulation at 40°C. Simi-
larly, Grindrod et al. (1956) were unable to
prepare a stable solution at room temperature.
‘Milk’ prepared in the manner described in this
paper could tolerate boiling for one hour with-
out showing signs of sedimentation.

Reaction to rennet appeared normal and the
geis so formed appeared to synerise normally
when compared to skim milk gels. Such milks,
with varying calcium concentrations, have been
used in gel-syneretic studies with interesting
results.

It is possible to blend into this base ‘milk’
formulation, other materials, such as milk fat
and lactose for the preparation of a drinkable
beverage. It is well known that ‘substitute milks’
are gaining importance as beverages in the United
States. Sodium caseinate has been used as a
protein base in these ‘milks’ because of its high
nutritive value, but difficulties have been experi-
enced due mainly to off-flavours which develop
in the caseinate and which are imparted to the
‘substitute milks’. This limits the amount of
sodium caseinate which can be used in these
products (about 0.89) and consequently the
nutritive value of the beverage is low. A further
problem with the use of sodium caseinate is its
sensitivity to calcium ion concentration and that
sedimentation will occur if calcium is included
in the formulation.

Acid casein has advantages over sodium casein-
ate as a protein base. It has better keeping
qualities than neutral sodium caseinate and does
not sediment in the presence of calcium if the
‘milks’ are formulated as described.

Reconstituted ‘artificial milks’ have been pre-
pared in this laboratory as follows:

Quantity Percent.

— B D)
Acid casein (preferably

spray dried) 3g 3
Calcium (as CaCl:2H.0) 80 mg 80 mg%
Phosphate (as Na:HPO,) 75 mg 75 mg%
Lactose (or other sugars in

concentrations of equivalent

sweetness) 49¢g 4.9
Anhydrous butter fat 40¢g 4.0
Glycerylmonostearate 05¢g 0.5
Gelatine 03¢g 0.3
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The "milk> with casein, calcium chloride, and
disodium hydrogen phosphate solution is pre-
pared as before with a final pH of 6.7-6.9.
Lactose is added when the casein has gone com-
pletely into colloidal solution. The ‘milk’ is then
warmed to 120°F, and fat and glycerylmono-
stearate mixed in. Gelatine, dissolved in warm
water, is added and the mix is then homogenized.
The resulting ‘reconstituted milk’ is quite stable,
has a good body, and acceptable flavour. It
should be possible to blend other minerals and
vitamins into this system.

It will be noted that the calcium level in the
reconstituted ‘milks’ has been reduced from
125 mg 9% (in the original base formula) to
80 mg %. This was done to reduce the associated
chloride content which otherwise tended to give
the ‘milk’ a rather salty taste.
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the temperature was raised to 35°c. and kept comstant uatil the
final pH was reached. The "milks" were then treated as described
earlier.

“artificial milks" costaining only e¢aleium were prepared in
the same manner without any form of phosphate additionm. Calcium
was added in the foram of CaCl, . 28,0. For higher than 125 mg %
calcium "milks" (used in syneresis studies) the process was

slightly modified - this is described under the appropriate

section (Ch. V: D. 1.)

Preparation of Sodium Caseinate Solutions

Sodium caseinate solutions were prerared by saking a slurry
with the required quantity of acld casein in distilled water and
titrating to pH 6.2 with O.1 N NaOH, Sabsequent treatments were

similar to those rivemn to "artificial milks".

Rennet used in these studies was a commercial preparation supyplied

by the New Zealand Rennet Co., isltham, New Zealand.

All chemicals used in the study were of a.R. or L.R. grade. Glass

distilled water was used in the preparztion ¢f &ll solutions.
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SECTION B: VISCOMETRIC STUDIES ON THE ACTIUN OF RENNET ON CASEIN

1. Introduction
The dependence of viacoasity on concentration has been
thoroughly investigated for many spherocolloids. A theoretical
treatment of this subject was first given by Einstein (1906)(76)
who derived the equation:
N rer=1*259
where # represented the relative voluame concentration of spherical,
colloidal or coarser particles. According to the equation, the
viscosity of a spherocolloid should increase linearly with its

(76) (76)

concentration . This equation was modified for more

convenient use as follows:

f( . x P/c where

K

P

¢ = grams substance in 100 mls. solution.

fi

density of the dispersed phase

If the value of X equalled 0.025, thne hydration of the
colloid was considered negligible. A larger value meant that
the particles were hydrated or solvated. It i8s noteworthy that
both the equations do not take particle size into consideration,
which meant that the viscosity of spherocolloids was independent
of the particle sisze.

The modified Einstein formula was used imn this work for

calculation of the hydration comstant "K*,

2e Experimental

A Brookfield viscoaeter was used tc measure all viscosities.
2
Use was made of the special accessories provided with the

instrument for the measurement of low fluid viscosities.

% UL adapler
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Viscosity measurements on the remnet-treated casein were made

at 0°C to avoid complications from protein aggregationms. For
this purpose the special accessories of the viscometer (including
the spindle head) were equilibrated at about 0% overnight (16
hours) before viscosity measurements were undertaken.

25 ml. of the cold casein solution with an added drop of
distilled water, from a 1 ml. bulb pipette, was then taken in thre
ccld cylinder and this was quickly fitted on to the viscometer,
over the spindle head. A thermos flask of suitable internal
diameter and containing a mixture of cold distilled water and
crushed ice (prepared earlier from distilled water) at a temperature
of 0°C was then placed under the viscometer. The viscometer was
lowered into thisz flask so that the cylinder wss completely
irmzersed in tae ice cold water.

+fter allowing 5 winutes for equilibration of temperature,
readings were taken on the viscometer with tre spindle hend
rotativg either at 30 ’RP¥ or 60 RPM, Tre 2“sclute viscosity was
then calculated using appropriate factors based on the speed of
the spindle head (ar per instructions for the viscometer),

for example, at 60 RPM, 7| abs = (Reading -0.4) x 0.1

at 30 »PM, ¥ _ . = (Readimg -0.1) x 0.2.

The specific viscosity ) B was then calculated using the

following forlnla(76)x
1 . i\ eoll - n~sg; ’
- "\ sol

where 1 op is the specific viscosity wihich measures the increase
in viscosity produced by the dissolved substance.
N eedl * absolute viscosity of the colloidal solutioenm,

N\ o0l ™ viscosity of the solvent or continuous phase.
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The value °f7lap was then used to calculate the hydration
constant "K",
In the experiment one drop of rennet was added to 25 mls. of
casein solution and the viscosity was measured as detailed above
after fixed reaction time intervals. Values for the constant "K"

were calculated from this data.

Results
(a) Preliminary work on sodium caseinate solutioms

Results are given in Table I and plotted in Figures 1 and 2.

Table I. Effect of Casein Concentration on the Absolute Viscosity of

Sodium Caseinate Solutions (pH 6.8) at 0°C.

Casein conc. Viscometer Absolute Specific Abs. viscos%ty

(gms/100cc) reading viscosity viscosity of water, O C
at 30 RiM* (nabs) cie (N ep) (cps)

0.25 9.5 1.88 0.093 1.72

0.50 10.0 1.98 0.151 1.72

0.75 1C.9 2.16 0.256 1.72

1.00 1.5 2.28 0.326 1.72

2.00 14,7 2.92 0.700 1.72

* At least 3 vismcometer readinzs were taken per sample.

The straight lime relationship between protein concentration (up

to 2%) and absolute viscosity in sodium caseinate solutioms (Fig.1)
indicates that the latter behaves like a spherocelleid, probadly
becanse of the mature of protein-protein interactioms. Also it is
iateresting to note that when the straight line in Fig. 1 is

extrapolated to sero protein concentration, the value of I .
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becomes about 1.70. This value is similar to that obtained for
distilled water at 0‘0, that is, 1.72.

A linear relation was also found betweer the specific
viscoaity and casein concentration im sodium caseinate solutions,
the lime passimg through the origim (Fig. 2). It would appear
(76)

therefore, that sodius caseinate behaves like a spherocolloid

in the concentration range used im this work.

(v) W

caseinate and sodium-para-cageinate solutlons.

The change in viscosity of a rennet-treated Zik sodiua
caseinate solution (pH6.8) was detersmined at 0°C. The
detersination was done over a period of time, with the viscometer
cylinder immersed in the ice water. Crushed ice was continuously
added to the thermos flaak to maintain the temperature at 0°c.

For calculation of the constant "K', the density of the dry protein

(78)

'P' was taken as 1.37, as calculated by McMeekin et al » and

absolute viscosity of Lhe solvent as 1.72.

The results are shown in Table 11,
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Table I1. Effect of Rennet Action on the Value of the Constant "K" fer

2% Sodium Caseinate Selution at pH 6.8 and 0%.

Ei::.:“" :::g;:;‘:: U cold  Lap = Meor1™ Naol :E" Wil *
addition 30 RPM (cps) 7 s0l = gp X 0-69)
(zirates)

0 15 2.98 0.730 0.50

30 k.5 2.88 0.67 C.h6

60 13.8 2.74 0.59 0.41

120 13.3 2.64 0.53 0.37

1000 12.0 2.38 0.38 0.26

Note:

T ecoll = abs. viscosity of the caszeinate solution.

n\ sol = abs. viscosity of the continuous phase (1.72).

o]
H

density of the dry protein = 1.37.

c = concentration of the caseinate, gms/100 mls.

The results indicate that the value of the constant "K' drops

appr:=ciably for the para-caseinate solutions from the original value of

0.50 calculated for sodium caseinate.

sample resained stable for at least 24 hours.

However,

Viscosity of the non-renneted

the finel

value (0.26) after 1000 minutes of remnet action at 0°C is still much

higher than 0.025 at which point a spherocolloid is comsidered to hold

negligible water of hydration

This may be due to several factors.

(a) Rennet action may not fully dehydrate the caseinate particles, but

(v)

it gels in the presence of calcium ioms.

may cause sufficient dehydration to destabilise the system, so that

The interaction between the individual casein components to form

a complex may be such that a loose complex structure is formed.
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The complexes probably carry hydrated water mot only on the
surface, which is removed wholly or partially by rennet, bdut
also interaally, which may not be wholly removed by rennet
action.
(1i1) r‘he para-caseinate particles are still sufficiently charged

to give an electroviscous effect.

5e (c) Determination of the constant "K" for Calcium Caseinate and

Calcium Para Caseinate Solutions

The change in viscosity of a 5% calcium caseinate solution
containing 90 mg % calcium at pH 6.8 was determined at 0°C. as

before. The density of the dry caseinate complex was taken as
1.43 as calculated by Ford et al(77).

The results are showsn in Table 1II.

Table III. Effect of Rennet Action on the Value of the Constamt "K" for

a S% Calcium Caseinate Solution at pi 6.8 and 3°C.

Time after Viscometer x -1 K =7 x P/c
rennet reasding at U con1 i sp 110011 sol sp

addition 60 RPM " sol (=4, x 0.28)
(minutes)

o b9 k.86 1.80 0.50

20 bh & .k 1.55 0.hk3

4o 43 b.26 1.45 0.40

60 42 4.16 1.40 0.38

120 §0.5 be.01 1.30 0.36

1000 39.0 3.86 1.25 0.35

loto;)l eoll ™ abgsolute viscosity of calcium caseinate solutioas.
" go1 = bsolute viscosity of the continuous phase.



P = demsity of the dry calcium caseinate complex.

¢ = coancentration of the proteim, gms/100 mls.

Results from Table IIl indicate, as in the case of the sodium
caseinate solution, a significant drop ia the value of "K" from
0.50 for the unrenneted sample toc 0.35 after rennet has acted for
1000 minutes. Once agasin, this value is far above the value of
0.025 at which point the hydration of spherocolloids is considered

negligible.
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SECTION C: USE OF AN ULTRACENTRIFUGAL TECHNIQUE FOR THE

1.

MEASUREMENT OF THE RELEASE OF "IMMOBILISED" WATER FROM

CASEIN MICELLES BY RENNET ACTION.

Introduction

The techmnique developed to measure release of '"immcbilised”
water from the caseinate dy rennet action depended on the use of
a coloured compound whose concentration could be measured
spectrophotonmetrically in a caseinate system before and after
rennet action. This meant that within certain selected
coneentrations, the coloured compound would have to follow Beer's
Law with respect to the reiation between optical density and
concentration. The principle of the acthod wase based on
subjecting the rixture of casein and the coloured compound to a
high centrifugal ferce in the ultracentrifuge under conditions
whereby tha casein mlcelles would sediment but not the coloured
compound . By comparison with suitatle standard curves, it was
found pocsible to measure the dilution of the coloured compound
in the supernatant. Ctviously, no coloured compoumnd could be
used whick would react cheamically with the caseinate. Haemoglobin
was selected as the likely substance to meet the conditions
required, for the following reasonms:

(a) The meolecular weigint of haemoglobin is 68000(80). In
comparison the cesein micellar weight rums into millioas -~

80% of the micelles ramge from 10 to 625 millions and a

significant number reach 3000 million'’?’. It was hoped

that this great disparity in weight would help separate the



(v)

(e)

(d)

2e 5
(a)

2h,
two under suitable conditions in ultracentrifugation with the
caseinate comins down as a pellet.

(80)

Haeizoglobin has been reported to be resistant to trypsin
and other proteclytic enzymes. Furthermore, rennin has an
optimum activity pH of 4.0 whilst for pepsin (which may be
present in reanet extracts as an impurity) it is about 2.0(6).
Nei ther of these was therefore expected to cause significant
ciangea in haemoglobim st absout neutral pH.

The sulphydryl groups on haesoglobin are reported to be

887 1ich i1s the pH at which "artificial

unreactive at pH 6.
milks' were prepared for this study. The sulphydryl groups
of haemoglobin carnot be oxidised by ferricyanide at neutral
pH; on cysteine the sulphydryl crour is readily oxidisablo(81).
Furtrerwore, the sulphy3ryl c¢roups om casein =lao szem to be

(82)(83)

well protected from the eavironment It wae unlikely
therefore that haemoglobin would interact with the caseinate.
Being a coloured protein it would be possible to measure its
concentration by means of spectrorhotometry. Freliwinary

work indicated that it was possible to centrifuge 2 haemoglobin
solution in distilled water at 326,000 g for 35 minutes

without sedimenting the haemonglobin. A Beckman ultraceatrifuge

was used for the purpose.

er t and Results

dsvelength of msximum absorption for hoemoglebin solutions
A 0,05% (w/v) solution of haemoglobin was prepared in glass

distilled vater and in 0.005 M 63612 solution for dete
of wavelength of maximum absorption. The reason
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determining this in the presence of calcium was that later
experimants on the ultracentrifuge were to be carried out
with mixed solutions of celcium caseinate amd haemoglobin
and that the wavelength of maximum absorption might change
in the presence of calciua.

Optical density measurements were sade sequentially at
different wavelengths in a Beckman Spectrophotometer (model
D.U. 2400). The wavelemgth of maximum absorption was found
to be 4O4 mu. (Figure 3). Results also indicated that
calcium ions hsd no effect either on the wavelength of
maximum absorption, nor oa the optical density readings for
each wavelengthe.

(b) Calibration curve for haemoglobin solutions in distilled

water and in presence of calcium chloride

Solutions of haemoglobin were prepared in both distilled

water and in 0.005 m CaCl_, molution at the following

2

concentrations:

70 mgk, 140 agh, 210 mgh, 280 mgr, 350 mghb (w/v).

The solutions were held in the refrigerator before use.
0.5 ml. of each of the above solutions was then mixed with

3.0 mls. of water or 3.0 mls. of 0.005 M CaCl The final

Pr
haemoglobin concentrations ranged from 10 mgh to 60 mgk.

Each system was then centrifuged at 326,000 g for 35 minutes,

in a2 Beckman Ultracentrifuge. For each system two

temperatures were used, 1°C. and ambieat temperature (21 - 22°C).

In all the tubes some slight sediment was noticed. This

appeared to be coarse and fibrous in nature and essentially
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extraneous. In a second run, 40 mls. of each of the above
haemoglobin solutions (70 mg¥% - 350 mghk) were mixed with a
drop of commercial rennet (diluted 1:1) and incubated at
20°C for ome hour. 0.5 ml. aligquots of the solutions were
then mixed with 3 ml. of distilled water or 0,005 M CaCl2
solution as before and subjected to ultracentrifugation at
326,000 g for 35 minutes.

The optical densities of all ultracentrifuged samples were
then measured on the Beckman Spectrophotometer at 40Ok mp.
The results from these measurements were used for drawing
the calibratior curve.

resulte are given in [fatle IV.

Table IV. itelation between lHacemoglobin Concentration and Optical

Density keadings st 404 mu. (Calibration curve).

Concentration of Haemoglobin Optical Density at 4LOL mu
(mg % w/v)
(in distilled water, or 0.005 1%c 21-22°%

M CaClZ. before and after

rennet trestment)

10 0.43 0.45
20 0.80 0.80
30 1.20 1.20
ho 1.55 1.50
50 1.87 1.90
60 2.35 2.35
70 3.00 3.00

Results from Table IV (Figure &) indicate a limear relatiomship
between optical density resdings at 404 mu and haemoglobin

concentration up to a fimal concentration of 60 mg¥. Also
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there was no difference between the distilled water and calcium

chloride-containing haemoglobin solutions, nor did rennet

treatment affect the optical denrsity readings. 48 indicated in

the Table, temperature of centrifugation was also without effect.

(c)

Calibration curve for haemoglobin solution in an "artificia

milk'" system

It had been noticed in preliminary work that ultracentri-
fugation of an "artificizl milk' system at 326,000 g for 35
minutes or longer would not reduce the slij ht residual
opacity of the supernatant. To measure release of
"immobilised" water in the "artificisl milk' system, therefore,
it was necessary to draw up a calibration curve using
different concentrations of haemoglobin in an "artificial
milk"” system, subjecting the mixture to 326,000 g for 35
minutes, and measuring hzemoglobin in the supernatant at

404 mu in the Beckman Spectrophotometer. This was in order
that the effect of the residual opacity of the supernatant
from the centrifuged "artificial milk" would be allowed for
in the calibratiom curve.

To do this the fellowing method was used:

To 4O mls. “artificial ailk"” (3% calcium caseinate
containing 100 mg ¥ calcium) was added a drop of 0£3 M NeCl
(in the hydration experiments a drop of commercial rennet,
diluted 111, was added and this coatained NaCl equivalent to
about 0.03 M). This was then dispemsed into 3 ml. lots ia
polyethylene wltracentrifuge tubes, and 0.5 ml. lots of

haemoglobia solutions (70 mg %, 1530 mg %, 210 mg %, 280 mg %
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and 350 mg %) were then added to the tubes to give finmal
haemoglobin concentrations in the mixture of 10 mg %,

20 mg %, 30 mg %, 4O mg % and 50 mg % respectively. The
sixth tube was the control. These solutions were
centrifuged at 1°C. as well as 21-22°C.

It was found that at low temperatures, the supernatant soon
after centrifugation was clesr but by the time the samples
had been placed in the Beckman for optical density
measurements at &0h mu the tezperature had risen to room
temperature (21-22°C.) and they had become extremely turbid.
o optical dengity readings were possible. Also, depending
on the temperature of meassurement, the turbidity varied. It
was presumed that{@ -casein was causing the trouble since it
is soluble #nd in monomeric form at low temperatures but
forma colloidal ag regates as the temper=ture is raised.
Iolyacrylamide zel electrophoresis (described in Part II of
this thesis) confirmed this supposition. (Plate 1 a).

It was therefore decided to carry out centrifugation at room

temperature (21°C.) only.

Results are indic=ted in Table V.
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PLATE 1 A: P.A.G.E. patterns of calcium-caseinate 'artificisl milks'
after ultracentrifugation at 326000 g at 1° and 21°C for
35 minutes.

1. 3% cssein ‘milk'.
2. Supernatant after centrifugation at 21%c.
3. Supernatant after centrifugation at 1%c.

Note. Sample 3 having a much higher concentration of S-casein.
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Table V. Relation between Haemoglobin Concentration (in 3¥ Calcium

Caseinate Systems) and Optical Density Readings at L4LO4 mu.

Haemoglobin Concentration Optical Density at 404 mu after Ultra-
in 3¢ Cealcium Caseinate centrifugation
Selntisds distilled water calcium caseinate
as blank supernatant as blank

10 1.10 0.b2

20 1.45 0.80

30 1.90 1.20

50 2.65 2.00

resulte showed a linear relaticnship between haemoylobin
concentration in the supernatant and optical density (Ffigure 4)
indicating that there was no measurable interaciion between the
caseinate and the haemoglcbin. A comparisomn of the results
when the calcium caseinate solution was the blank with those
using distilled water as blank indicates that the responses to
concentration in both cuses were linear (Figure L). The two
curves were also parallel but that using the distilled water
blank was displaced by about 0.70 optical density units due to
the residual opacity im the systes. Using the calcium
caseinate as the blank, the optical density values were found to

be similar to those found for CaCl. and distilled water systems

2
containing egquivalent comcentratioms of haemoglobin. (Compare

with Table 1V).
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Caseinste by Rennet Action

A drop of 1:1 diluted commercial rennet was added to 40 mls.
“artificial milk", containing 100 mg% calcium, at pH 6.8 and

20°C. 3 mls. of this mixture was quickly dispensed into
polyethylene ultracentrifuge tubes, each containing 0.5 ml. of

210 mg# w/v haeroglobin solution in distilled water. The final
haemoglobin concentration in the mixture was 30 mgk, The control
tube contained 0.5 ml, diestilled water mixed with 3 mls. of the
rennet-treated "milk", Two of the centrifuge tubes contained

the same ''artificial milk'" treated simlilarly except that instead
of rennet a drop of 0,03 M NaCl wss added. The eontents of one
tube were mixed with 0.5 ml. 210 mgk haemoglobin solution whilst
to the other was added 0,5 ml, distilled water, The coagulation
time for rennet-treated samples, as found independently, was 20
minutes., This would have elapsed by the time the ultracentrifuge
was started. The samples were subjected to 50,000 R.FP.M.
(326,000 g) for 35 minutes.

The sujernatant at the end of the ultracentrifugation was found to
be clear = this was in contrast to surernatants froa untreated
"artificial milk" saszples described earlier. The optical density
of these su;ernatants was neasured in the Beckman Spectrophotometer

and results are given in Table VI,
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Table VI. Determination of the Release of "Immobilised” Water by

Rennet Action onm Casein Micelles

No. Treatment O0.D. of "“milk" supernatants Hb. Ralease of water
relative to appropriate content (as % of wet
blanis at 404 mu (mg % w/v) casein weight)

1. Coantrol 1.20 3G -

2. Rennetted 1.05 27 8o

sample

Note: Hb., = haemoglobin

Ragults indicated in Table VI show a significant drop in the
optical density values for n» 30 mg » haemoglobin scluticn in a
para~caselnate system when compared to the standard curve
(rigure 4). “he optical density reading of 1.05 ir equivslent
to a hacmoglobin concentration of 27 mg +, whereas it originally
contained 3C mg s, This dilution of the haemoglobin is
equivalent to a release of 0.36 mls. "immobilised" water from
0.09 g dry cssein present in the ultracentrifuge tubes; that is,
the water released was equal to 80% of the weight of the wet
casein.

%iith distilled water as blamnk the O.D. of the rennetted
sample was 0.05 O.D. units higher than when the para-caseimate
solution was used as the blamk. This does not affect the
observation that reanetting resulted in a significaat drep.
Calculations in this ecase show that "immobilised" water equal to

74% of the weight of the wet casein would have been released.



(e)

Effect of varying Casein and Haemoglobin concentrations

on the Optical Density Measurerents.

Results reported in the preceding paragraphs had indicated an
apparent release of "immobilised" water from the calcium
caseinate by rennet action, to the extent of ?74-80% of the
weight of the wet casein complex. The lowering of optical
density in the rennet-treated samples could, however, have
been due to occlusion or adsorption of haemoglobin by the
calcium-para-caseinate during gel formation and/or ultra-
centrifugation.

To study this possibility the following experiments were

carried out:

(1) To b0 xls. of "artificial milk"” at gH 6.8 containing
204 3%y 3.5¢ casein respectively and 100 mght w/v calcium
each, was added a drop of 0.03 M NaCl. 3 ml. portions
were then dispensed into polyethylene ultracentrifuge
tubes containing 0.5 mls. of 210 mg: w/v haemoglobin
solution. The mixtures contained final haemoglobin
concentrations of 30 mgh. The control had no
haemoglobin mixed with it. After ultracentrifugation
at 326,000 g for 35 minutes the optical density of the
supernatants were measured (Table VII). Here the
casein cancentration differed but haemozlobin
concentration remained comstant.

(1i) In a second experiment, the casein concentratiom in the
"milk" was kept comstant at 3% (100 mgi w/v calciua,
pH 6.8) but the haemoglobin concentration was varied

thus:
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To 40 mls. of "artificial milk" at asbient temperature
was added a drop of commercial rennet diluted 1:1.
3.0mls. of the rennetted "milk" was dispensed into
ultracentrifuge tubes containing 0.5 mls. each of 70 mgh,
210 mgh, and 350 mgi w/v haemoglobin solutions
respectively, giving final haemoglobin concentrations

in the mixture of 10 mgi, 30 mgi, and 50 mg® (w/v)
respectively. The control sample had no haemoglobin
mixed with it. After ultracentrifugation at 326,000 g
for 35 minutes, the optical density of the supernatants

was measured.

Results are given in Tabhle VIl.

Table VII. zffect of Varying Casein and Haemoglobin Concentration on

the Optical Density Measurements.

No. Supernatant Haemoglobin Optical Eb concentration “"Immobilised"
from: concentration density from standard water
in the at 4LOL mu curve released (&
"artificial of the (mg % w/v) of wet casein
milks" super- complex

(mg % w/v) natants

1 24

caseinate 30 1.15 30 -
2 %

caseinate 30 1.20 30 -
3  3.5a

caselnate 30 1.20 30 -
& 3.0% para-~

caseinate 10 0.40 9.5 6?7
S ’00% para-

caseinate 30 1.10 28.0 vd}
6 30“ para-

caseinate S0 1.85 47.0 70
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Eesults given im Table VII show that little or no adsorption or
occlusion of the haemoglobin occurred in the systems studied.

The data plotted in Figure 5 indicates a linear relationship,
maintained between the haemoglobin concentration and optical
density. This would not be expected if occlusion or adsorption
had been taking plsce. Furthermore, the para-caseinate systess
indicated that remnet action had reduced the supernatant
haeroglobin concentration from 10 to 9.5, 30 to 28, and 50 to 47
mge w/v resrectively, corresvonding to a release of "immobilised"
water equivalent to 67, 74, and 70% resrectively. 'These fizures
agree favourably with the 74s and 80% reyorted in the preceding

section.
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SECTION D. A STUDY OF THE PHYSICAL ORGANISATION OF CASEIN MICELLES

1.

AND THE PROCESS OF GBLATION BY ZLECTRON MICROSCOPY,

USING "ARTIFICIAL MILK" SYSTEMS AND SKIM MILK.

General

Llectron microscopy of the "artificial milk'" systems was undertaken
to determine the gross structure of the casein micelles in
"artificial milks" and to compare it with those in skim milk. As
far as the writer is aware, electron microscopic studies of

"artificlal milk" systems have not hitherto been published.

sxperimental

(a) Preparation of "artifical milks"

This has heen described earlier in Chapter I1I.

(b) Technigue for Zlectron Hicroscopy

(1) Ekreparation of support film for samples

A collodion support film was prepared by dipping a clean
glass slide into a 0.8» solution of collodion in amyl
acetate and allowing it to dry at room temperature. The
film was removed over a water surface. Copper grids with
minute honeycomb openings were placed on this film and
the whole lifted off the water surface with the help of
a filter paper. Drying was carried out in the oven at
100°¢. The collodion film surface (one not having the
grids) was then hoavily carbomed in a vacuum chamber to
a light grey colour compared to the filter paper. The
grids were them carefully removed from the filter paper

and placed im froat of an atoaiser. The atomiser was
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connected to a nitrogen cylinder, for the 'pplication" of the sample,

and negative stain.

(11) Fixing, application and "negative” staining of skim milk and

“artificisl =ilk" samples.

1 ml. of the "milk" sample was taken in a test tube containing
S5 mls. of 3% gluteraldehyde in 0.1 M phosphate buffer at pH
Tele The tubes were held at 40°C for 3 hours for fixation

of the micelles. Preliminary work had indicated that "fixing"
in gluteraldehyde was as good, and sometimes better, than
osmium tetroxide for the preservation of the micelle structure.
#hile this work was being completed, a parer by Carroll et
81(85) came to the author's notice, in which it was stated
that gluteraldehyde was superior in preserving casein
micelle structure. Results from the present work support
this view.

After fixation, the protein was spun down in a B.T.L. bench
centrifuge at 50C0 i.P.¥., for 3 minutes. The sediment was
resuspended in 5 mls. of distilled water. Using a syringe,
1G drops of the sample was mixed with 10 drops of neutralised
2% phosphotungstic acid, amd 1 drop of 0.5*% bovine serum
albumin in distilled water. The serum albumin contributed
towards better spreading of droplets when sprayed on to the
collodion film. Two drops of this mixture were then
applied to the atomiser for sprayimg on to the grid covered
by the collodion and carbom filus.

An alternative method was to spray 2 drops of the "fixed"
protein suspension in distilled water, on to the grid,

followed by the spraying of 2 drops of a mixture of
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neutralised phoephotungstate and bovine serum albumin.
The grids were then examined in the Electron Hicroscope.96
Thie method wase more commonly used.

(141) Fixing, application and megative staining of rennet-treated

skis milk and "artificial milk'" systems.

To 40 mls. of the sample was added 1 drop of diluted
commercial renret, diluted 1:10 for cmlcium caseinate samples
and 1:1 for calcium careeinate~calcium phosphate and skim

milk sanrles for roughly equivelent gelling times.
Differences in gelling time arpear to be primarily associated
witk the differences in the level of "available" calcium.

A prelirinary experiment had indicated the gel point for

each of the samples. 1 ml. portion of the mixture was
withdrawn at varicus intervals up to the gel point and
pipetted into test tubes containing 5 mls. of 3» gluteraldehyde
in 0.1 M phospbate buffer at pH 7.2. Tne treatment
subsequent to this was simllar tc thst rejorted in (ii) stove.
A gkim-milk snd an "artificisl silk"' sample containing 62.;2
calcium were also treated in the cold, below 5°c, with 2 "
drops of neat remnet for a long enough time to ensure that
the primary phase of remnet action would have beenm over.

This was checked by quickly warming & portion of the milk te
30'0 in a test tube to check for coagulation. It
coagulation occurred immediately it was assumed that the
primary stage of rennet action was over. 1 ml. portioans
from these samples were then fixed and stained in the

usual way for examination im the electrom microscope.

_)(. PHILLIPS EM 2.0'0, Made v» HetLLAND



3. Results

(a) Comparison of "artificial milk" systems with skim milk.
_I —

A comparison of the electron ricrographs, Plates 1 and 2,
indicates clesrly that at the 62.5 mgk calcium addition,
the "artificisl milks" show casein micelles essentially
similar in all respects to those in skim milk in their
physicsl orgarisation and appezrance. The size ranges
alsc appear tc be similsr to micelles in skim =milk, ranging
from less thaa 25 zu to over 150 mu in diameter, with nearly
half of thes in the 25 mu to 100 mu range. The average
size of casein miculles in tae "artificial amilks" appear to
be slightly larger than those in skim milk; about 120 mu as
agsainst about 100 wmu, An increase in the calcium content
of "artificial milks"™ to 125 mgr gave rise to much larger
micelles of average dlameter about 150 mu as a comparison
between Plates 3 and 3a indicates. (Note: the maxnification
. in Plate 3 is 154,000 against £5,000 for Flate 3a). A8 the
"artificial milks" were devuvid of phosphate ion, it seems
clear that iomic calcium alone is sufficient for the formation
of caselin micelles. Thia is aliso supported by the fact that
raising the calcium in the "urtificial ailks" increases the
size of the micelles. then phosphate is added to the system
either as disodium hydrogen phosphate or as orthophosphoric
acid, the micelles are greatly reduced in size, ag indicated
in Plates 3b and 3c. The vast majority of the micelles are
below 50 mu in diameter and their appearance is quite unlike
the micelles in skim silk, (Plate 1). after &ealing wilk plogphalie
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Skim milk -—-= x 47600,

*Artificial milk' (62.5 mg % ecaleium) ~---- x 57600.

S4isze distribution and physigal organisationm is
aiailar in the tve systeas.
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Llectroa Micrographs of Casein Micelles in 'artificial milk' systeus

PLATE 33 ‘Artificial milk' (62.5 mg % calecium) ---- x 154000,
FLATE 3a: ‘Artificial milk®' (125 mg % calcium) --- x 85000.

Note: Micelles much bigger at higher calcium level.
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It seems clear that the addition of phosphate causes dispersion
of the micellar components with the formatiom of units greatly
reduced in sisze. The reduction in size is presumably due to
the seguestering action of the added phosphate ions on calciusm
thus reducing the effective calcium ion concentration in the
“artificial milk" systems. This emphasises the view expressed
earlier that calcium ions play an important positive role in the
formation of the micelle. Furthermore, it would appear that
calcium phosphate has a limited cementing role to play in the
maintenance of the integrity of the micelle.

The nphysical organisation and appearance of casein micelles in
skim wilk 3nd calcium—containing "artificial milks", as shown by
rlates 1 and 2, 15 similar to the electron micrcgraphs of casein

(87)

eicelles fror skim wilk proiuced by Shimmin and Hill despite

the differert rethods used in the preparation of the sample.

Shimmin and Hi11(87)

used osmium tetroxide for fixation and

uranyl scetate for negative staining as against gluteraldehyde and
neutraslised phosrhotungatic acid used in this study. The modes
of fixation by csmium tetroxide and gluteraldehyde are vastly

difforent(gs).

The similarity is therefore significant and
reduces the possibility that artifacts have been prcduced by the
preparative methods used.

(90)

Rose ard Colvinm had postulated that the elestron-dense
particles observed in electrom micrographs were probably granules
of celloidal ecalcium phosphate and not the proteim aggregates
suggested by Shimmin and 5111(87). However, electron micrographs
of "artificial milks"™ contaimimg calcium but not phosphate, as

showa in Flates 2 and 3a, do not support this contentioan. The
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same authors in a separate publicatien'®?’ indicated that they were
unable to find a significant relatiom between ioaic calcium and
average micelle diameter in the small number of milk samples froa
individual cows that were studied. They suggested that other soluble
forass of calcium suchk as the complex ioms (Ca citrate) and (Ca2 citrate)?
as well 2s womo and dicalecic salts of phosphoric acid must de at least
a8 effective as calcium iom imn influencing micelle size. However,
these ions would be adbsent in the calcium containing "artificial milks"
used ia this study. It would thus appear that calciums ion alonre
plays a2 more important role in micelle formation thaa has been

PR AR L w amm———e

The similarity of micelles
in the "artificial milks" containing calcium and skis milk, indicated
by Flstes 1 and 2, show that results obtained using the former could

be related to norsal milks.

(b) Zlectron Microscopy of rennet-treated samples.

slectron micrographs of rennet-treated "artificial milks" coantaining
62.5 mgié calcium (Flates 4, 6, 8 and 10) and those of rennet-treated
skia milk (FPlates S, 7, 9 and 11) show the various stages in the
Frimary phase of reanet action on casoin micelles up to gel point.
The gelling process clearly appears to proceed by formation firstly
of "beaded” micellar threads zherein only the micelle surfaces
appear to de involved. The micellar straads tbhem further interact
with eackh other to fora a J-dimensiomal network, enclosing in the
process the whole velume of liquid. The process of "beaded” thread
formation is clearly demonstrated in Piates 8 and 9. Both the
"artificial milks" and the skia milk samples appear to behave 1a a
similar manner. It is also evident from the micrographs that right

through the process, up to the gel peint,



PLATE &3 ‘Artifieial wilk® (62.5 mg % calcium, 2} minmutes) —— x 47600.

PLATE 93 Skim milk ( & mimutes ) —— x 85000,



PLATE 6: ‘artifietal milkx' (62.5 mg % caleium, 5 misutes)

PLATE 7: Sxim aflk ( 8 minutes ) ---- x 85000.




E tron ra f i af rennet a n
PLATE 8: ‘Artificial milk' (62.5 mg % celeium, 7} minmutes) -—— x 47600.

PLATE 9: Skim =ilk (12 miastes) 85000.




PLATE 103 ‘aArtificial milk’ (62.5 % calcium, 10 minutes) x 35000.

PLATE 11: Skim milk (16 sinutes) —— x 85000.



b1,
the spherical casein sicelles im both systems maintain their
gross physical orgsnisation. There does not seem to be any
obvious dispersion of the imnner compoments of the ricelle,
gelation appearing to be a surface phenomenon oanly. There 1is
aleo no evidence of any great distortion of the micelles due to
extensive denaturation, The denaturing action of rennet on the
caseinate thus appears to be insignificant,
"Artificial milk" end skim =milk samples which had been treated in
the cold with rennet until the primary phase of the reaction was
over, also showed coaplete micelles as indicated in FPlates 12, 13
and 14, The size of the micelles was alzo apparently not changed,
ihis indicated that at gel point no essential change occurred
within the micelle and that ;elation was a surface rhenomenon.
It had been shown earlier that rennet action significantly reduced
viscosity of both sodium and calcium caseinate systems. The
electron micrographsa of rennet-treated samples do not show any
major change in the size of the caseiln micelles. The fall 4in
viscosity through rennet action on the caseinate aust therefore
have been largely due to release of "immobilised' water. The
viscosity of apherocolloids is comsidered to be independent of

(76). This also lends support to the above contention.

(91

rarticle size
The current ideas on the physical organisation of the micelles

-93) require that a considerable portion of kappe-caseim, if not

the whole molesule, with its reactive glycomacropeptide and

sulphur amino aeids, de on the miselle surface. 84nce, ns

indicated by the elestron micrographs, gel formation appears to

be essentially a surface phenomenon, it is peossible that para-

kappa~-casein molesules on different miee¢lles say de imvolved im



Electron micrographs of casein micelles after reamnet treatment
at 47 for 1 hour - 45 mimutes

PLATE 12: *Artificial milk’ (62.5 mg % ealeium) =e- x 35000,

PLATE 13: ‘Artificial milk' (62.5 mg % caleiwa) —— x 85000.



PLATE 14: Skim milk, after remnet treatmeat at A°C for 2 hours -
30 sinutes ---- x 85000.

PLATE 133 'Artificial ailk® (125 mg ¥ calcium) --— x 85000.



(e)

b2,
the cross bonding. Under these conditions, it appears less
likely that the inner migellar aonponentl.s’(S and /aneein. play
a part in the initial gel formation, although molecules very
near the micelle surface may interact.
Blectron Microseopy of i -treated "Artif Milk" sample
co Phosphate,
The "artificial milk" samples used in ome series conteined
125 ngh ocalcium and 55 mgi phosphorus added in the fora of
N.auroh. The size of the micelles was reduced considerabdbly as
indicated in Plate 16, presusably due to sequestering of calcium
ions by the added digodium hydrogen phosyphate.
The primary phase of rennet action im thiz system was followed
up to the gel point and is shown in Flates 17-21. The electron
micrographe clearly show the formation of tyrical "beaded”
threads conslisting of casein micelles joininy together as rennet
action proceeded. The wmicellar "threads'" then joined each other
to fore the 3~dimenaional network, (Plate 21). liere 2gain, it
i8 clear that there is no breek up of the physical organisation
of the casein micelles nor a dispersion of the inner components
of the micelle prior to goagulation. The reaction again appears
to be one between micellar surfmces.
The series of photomicrographs illustrates the effect of rennet
action even more clearly than do the series with ekim milk or
with the “"c¢caleium only stadbilised" "artificial milks", The
difference in sise of the micelles does not appeer to affect the
general pattern.
Pifferences in micelle sive does however raise the guestion as to
bow much kappa~casein is involved with the surface of these
smaller micelles.
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ilect e ‘artif o
containing both calcium and phosphate
PLATE 16: ‘'Artificial milk' (125 mg % calcium, 55 mg % °P*)eee= x 47600.
Note: HMicelle size greatly reduced due to Na HPO, addition to a
neutral calcium caseinate solution.
Compare with Flates 15 and 2.
PLATE 173 ‘Artificial milk' (125 mg % calcium, 55 mg % °'P°) after

rennet treatment (2} minutes) x 47600,
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PLATE 183 'artifisal wilx® (125 mg % *Ca’, S5 mg % 'P', 5 minutes)
-— x &7 °

PLATE *Artificial milk' (125 mg % *Ca’, 55 mg % *'P', 7} minutes)

———x § "



PLATE 20: 'uun:m =t1k’ (125 ug % *Ca’, S5 =g % 'P’, 10 minmutes)
ccse X m.

PLATE 213 ‘Artificial ailx’ (125 mg  *Ca’, 55 mg & 'P', 10 mimutes)
v X 1m.



PLATE 223

Electron micrograph of casein micelles im ‘artificial

milk' systems containing both calciuam (125 mg %) and

phosphate (55 mg ¥ added as orthophesphoric acid)
-=-— X 35000.

Migelles only slightly bigger than those in 'milks’
containing Na PO, (Plate 16), and still much smaller
than those im calcium caseinate milks and skim milk
(Plates 2 and J).
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(156) that ia normal =milk the growth of a ﬁieollt

It 18 believed
to a larger size is restricted by the accumulation of more
kappa-casein on the micelle aurface. Small micelles also
apiear te contain more kanpa-casein than large miccllea(156).
The relationship of these observations with the observed asmall
micelles in “"artificia2l =milks" containing phosphate is, however,

obscure and requires further investigation.
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SECTICN E: DISCUSSION ON THE PRIMARY PHASE OF RENNET ACTIOR

ON CASEIN,

Results from viscometric and ultracentrifugal studies suggest
that, during the primsry phase of rennet action on casein leading to
gel point, substantial "dehydration" of the casein micelles occurs.
1t is, however, difficult tc envisage the type of interaction
existing between the czseinate and the solvent (water) prior to
renret action which allows the “bound water” or "immobilised water™
to atabilise the caseinate suspension against aggregation.
(Immobilised water” is a better tera since the studies do not
indicate the nature of the "water” associated with the micelles.)

The primary factors giving stabllity to the casein micelles in
mllk are probably thelr degree of hydratioa and the net surface charge
of the particles. The fact that casein particles can be flocculated
at theilr isoelectric point indicates that charge 1s importaat for
stabilisation. However, Payonl(91) has stated that the electrical
surface potential is rather low. He stated that the zets potential
for casein particles of about 8 mv indicated a low electrical
repuleion between micelles and concluded that stabilisetion by charge
appeared not to be a dominant factor at neutral pH. Results from
viscosity studies done at low teaperatures and reported here indicate
that during the primary phase of rennet action on casein there was a
significant drop in viscosity. Simce the electrom micrographs showed
no apparent change in micelle form or sise as a result of rennet
action the change noted im viscosity as a result of this action must
be due to an increase in the available free water. The use of the
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constant "K" as indicator of the degree of hydratiom of spherocolloid
particles has already been discussed. The value of "K" does fall
rapidly froam 0.50 to about 0,30 duriag the first two hours of rennet
action (prior to onset of gelling) but never at any time appreaches
the value of 0.025 which is considered to indicate comrlete
dehydration of the colloid. The drop in the value of "K" was similar
for both sodium caseinate and calcium caseinate "artificial =ilks".
These results suggest that there was an appreciable release of
"immobilised"” water during this primary phase of rennet action but
that there is still a large amount of water associated with the
residual micelle structure.

Interpretation of viscosity data is complicated by the fact that
electroviscosity contributes to viscosity mcasureaents. It is
difficult to distinguish bstween viscosity due to electrical effects
and that due to hydration and shape of a colloid. A system
containing charged units would, due to electrostatic attractions,
behave more like a €0lid thanm an uncharged systea. Discharging the
particles by addition of electrolytes would significantly reduce the

(76).

viscosity The possible effect of such additior of electrolytes

on hydration has, however, not been investigated. Scott Blair and

00:hn1:on<3o)(31)

suggested that the release of the glycomacropeptide
from kappa-casein reduced electroviscous effeects and diminished
viscosity. A change in shape of coiled-up particles due to
“discharging” was suggested. However, electron micrographs shown
ia this study do not indicate aay extensive structural changes im the
casein micelle and do mot support thcié”%ontontioa. The physical
organisation is essentially similar ia both reanet-treated and

untreated samples at 4°C and at 30°C. Booth'?>’ on theoretieal
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considerations predicted much smaller effects on viscosity due to the
charge on a colleid, contrary to what was earlier believed. He
considered that when the thickness of the double layer was small
compared to the radius of the psarticle, the electroviscous effect was

negligible. Tanford and Buzzcll(gé)

confirmed this when they
observed that over a considerable range of pH between 4.3 and 10.5 and
ionic strength, the intrinsic viscosity (reduced viscosity at infinite
dilution) of bovine serum albumin was constant at 0.037. Only a
small increase of thie value could be observed as the molecular charge
wag strongly incressed at high or low pH values. Hankinson and

(9&)

Briggs had earlier stated that electroviscosity could account for

59% and 38% of the specific viscosity of 1% calcium caseinate and

sodium caseinate solutions respectively but later Hankinson and Falner(36)
modified this statement and suggested that at low rennin concentrations,
the enzyme action was primarily that of dehydration as little change

in the electrokinetic potential was observed on the caseinate after
rennet action.

Thus it would seem that the observed drop im viscosity during
the primary phase of remnet action on casein is largely due to loss
of "immobilised" water from the micelles, with possibly electroviscosity
playing only a minor role.

Ultracentrifuge studies on the rennet-treated "artificial milks",
using haemoglobin as an imdicator, showed that the primary phase of
rennet action on the caseinate released "immobilised™ water to the
extent of about 70% by weight of the wet caseinate complex. Oaly
part of the "immobilised"™ water is probably truly bound to the

proteims ia the caseimate complex. A large proportiom of the
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“ismobilised"” water released by rennet could be im the form of
ice-1ike regions, associated with hydrophodbic residues on the casein

components. The formation of stable ice-like regions of water around

protein hydrophobic side chains has been fully discussed by Klotz(~7).

Payens(91) has emphasised that hydrophobic interactions must play a

major role in the interactions between the caseins to form the micelle,

particularly since casein has an abnormally high content of apolar

(98). It is also well known that all types of casein

(91)

amino acids
associations are promoted by an increase in temperature

(97)

Theoretical investizations of Nemethy and Scheraga have shown that
the srontaneous formation of hydrophobic bonds in protein is an
endothermic process. It is interesting to note that rennin shows a
particular preference to hydrolyse bonds in proteins adjacent to

hydrophobic side chains(7).

To do this it must upset the stable
ice-1like regions with cornsequent release of "immobilised" water. It
is possible to argue that rennin, while releasing the "immobilised"
water from the micelle surface, might also penetrate the micelle and
in the process weaken the ice-like regions mormally stabilising the
micelle structure. Such a penetration of rennin into the micelle was

put forward as a possibility by Shiswin and 3111(87)

who, from a

study of their electron micrographs, stated that the distance between
the sub-units in the micelle was about 60;. Assuaing a diameter of
}S—#Oi for the remnim molecule froa its molecunlar weight of 31,000, they
suggested that renaln could penetrate the micelle and that sorption-
deserption processes may possibly be speeded up because of the closeness
of the substrate molecules within the micelle. Electron micrographs
in this study, however, do mot show any significant differences between

rennin-treated and untreated casein micelles.



An "immobilised™ water content of 70% in the wet caseinate
complex is by itself not excessive and impossible. Hankinson and

Briggs(gh)

calculated from viscosity studies a bournd water content

of 2.4 g water per gras casein when the latter was dispersed in
calciuz hydroxide at pH 6.6. This amounted to 70% of the weight of
the wet casein complex. Sodium caseinate was found to bind much

more water - 7.2 g/1 gm casein (E 88% by weight of the wet caseinate).
(99)

Tumersan and wWebbd considered the micelles as swollen, microscopic
polyelectrolyte gels “containing in excess of 66% water of which one
fourth is chemically bound". Thus these figures are comparable to

(100) had considered

the figure reported in this study. Xirchmeier
the water shell surrounding the caeein micslles and the micelle
aggregates to be the greatest inhibitor of syneresis (cf Hankinson and

(36) and Choesman(75)). Lindqnist(ha) suggested that the first

Palmer
stages of the secondary phase invnlved rearrangement of protein bound
calcium in a manner which led to decreased amount of water ""bound”" to

the complexes. This sup)osedly gave rise to new forces aggregating

the casein micelles. Results from this work support this view.



PART 11

A STUDY OF TH= FACTORS CCNTRIBUTING TC TEE SINERESIS

OF REXNEI-CASEIN GELS
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CHAPTER IIX

Review of literature on the Synmeresis of Gels

SECTION A: GENERAL REVIEW.

1. Definition of syneresis:-

(76)

Syneresis has been defined as the spontaneous liberation of
the liquid from a gel. It is not tn be confused with dehydration
occurring upon drying as it can occur in the presence of moist air
and of free water and at low temperatures. It may be rcgardod(?s)
28 an internal dehydration or desolvation connected with shrimniking, or
25 a reversal of swelling. Kuhn(102) depicts syneresis as a contin-
uation of the disintegration process, following setting, by structural
changes and desolvation. kach gel type behaves difforently(101);

tius rubber, silicic acid and viscouse give increasing amounts of syneresis
with increasing concentration of gel while the opposite is true for
starch, agar and cellulose acetate. Mechanical influences affect very
strongly the spontaneous exudation of liquid from gels. If a gel

stcowing no noticeable syneresis is subjected to the sli htest pressure

it loses liquid, as for example, soaps. Similarly, it has been

(101) that a 6% starch gel exuded no liquid on standing for 8

observed
days. But when a rod, held upright in ths gel was moved slightly, the
gel structure was destroyed and fluid was released immediately. The
fluid produced by such mechanical disintegration cannot be attributed

to the phenomena of syneresis, On the other hand, when a remnnet-casein
gel is carefully cut it does not collapse and the individual cubes

produced continue to show syneretic behaviour.



2e and t i £ a
hold capagity of 1s.
Syneresis of a gel may be influenced by the conditions under which

the gel was forsed. Forry(103)

deseribes a gel as conslsting mostly
of fluid, behaving as a rigid sclid snd yet retaining many properties
characteristic of the fluid component, such as, compressibility,
vapour pressure and electrical conductivity. The essential structure
in sany protein gels siuch as gelatin and fibrin, appears to be a
3-dimensional network held tozetker by primary boamds &and/or secondsary
forces locrlised at certaim points on the sclute molecule, and by non-
localised secondary attractive forces. Gelation differs from
coazulation or flocculation in that tne complete system becowmes
solidified, there is no visible separaticon of th: solid and the liguid

(10&). (103)

phase Ferry hag discussed the three nain theories of gel

structure.

Cels may kave elthaer a homeycomb structure or a brusk heap
structure of minute ultramicroecopic fibrils with the dispersion
medium bein: held by caplllary forces. ‘‘he latter structure iz the

(10L)

sost probable onme for holaing large amounts of liquid in dbound

form or by mechanicsl ismobilisationm. ihe more asymmetric the

molecules the lower the concentration needed for gel forn:tion(?s).

Gels have been classified as ;a,.(103)(105)

o described as being trans-
parent, gelatinous, very friable, very elastic and slew te synerise,
and goarse, described as belmg opague, mom friadle, plastic and easily
compacted under pressure with expulsion of solvent.

Meat and fruits contain 75-85% water, the bulk of it being "free
water” in the physico-chemical sense, that is, having the same freezing

podnt, vapour pressure and dissolving power as normal -tor(Qo‘).
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Proteins normally do not bind water much more than 20% of their dry
weight as true "hydration water". Therefore, large scale immobilisation
of water may he due to the presence of a flexible metwork of filaments
and membranes formed by rrimary cross linkages and electrostatic forces.
It may also be due to the formation of ice-like water structures

around non-polar regions of the soluto(107).

Cross linking may occur
through hydrogen donding as in thermo-reversible secondary valence
gels or by salt bridges or muwltivalent cations as in thermo-irreversible
prineipal valence 3015(106). Increasing electrostatic repulsion or
weakening of tke H-bonds gives rise to swelling and if repulsion is
sufficiently high then the gel converts to a colloidal solution. On
the othar hand, if electrostatic attraction increases or inter linking
occurs through divalent cations, them enocugn space would not be
available for the rotention of '"immobilised' water. Part of this
water then flows out in syneresis. For waximum imbibing of
"{mmobilised'" =ater, tiae cohesive forces should not be considerably
srenter thean is just necessery to maintain the network structure.
Jirgenson and Straumanis(76) regard syneresis as the ageing of unstable
gels. The movable structural elements in the fresh gel is said to
come intc contact with each other and with the rigid elements to form
new bornds. This would continue to increase the coarseness of the gel;
thus they implied that syneresis was a contimuation of the gelationm
phenomensa .,

Katonalaky' 1"

regards high polymer molecules as polyelectrolytes,
carrying repeating ionisable groups. He considers polyelectrolyte

gels as rheologically homogeneous and comprising at least two componeants,
ona of which ia a network of ionisable macromolecules. Protein gels

were classified as a polyampholyte type of pelyelectrolyte gel. If the
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protein gels or biogels were formed primarily by covalent cross-
linkages such as the stable -S-S- bomnds, the resulting network structure
was expected to be rodbust and slmost independent of the mature of the
imbibing mediur and of inper stresses. The network uwas not torn apart
by the absorbed solvent nor did the swelling of the gel lead to its
dissolution.

Electrostatic fcrces may play a predomimant part in polyelectrolyte

(111 as was chown by proteins at thelr iscelectric point. The

gels
attractive forces operate in the gel formstion in the presence of equal
numbers of positive and negatlive charges. el formation wculd occur

in rairly concentrated protein solutions when intermolecular, as against
intrazoleculsr zttracticns, would develop. The eiectrostatic forces

are able to operate in the cress-linking, despite the dissociative
action of water due to 1ts high dielectric constant. Apart from the
number aad valezcy of the charred groups, their epallal arraagerent in
the soleculur chain units and network was considered to be important(111)
for statilisation of th> network. £guality of positive aud negative
charges by itself ®wce not eufficient for effective cross~bonding(111).
In randcrly kinked gelatin which is made up of fibrillar molecules,
cverall electrostatic attraction at the isoelectric point was regligible
gompared to other forces. However, im highly organised collagen the

cleose proxiamity of the opprositely charged groups gives a 3-dimensional

netsork et the isoelectric point.

3e F. o fluenc (3 re

Hunre and M-ntoith‘1°1)

reporting on the symeresis of silica gels,
state that at pE €.5, 20°C and 8.4% silica comcentration, neutral salts

increased the rate and final volume of symeresis. FPotassium salts
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appeared to be more potent than sodium salts and sulphates appeared

to be better tham chloride. Neutral silica gels were generally

weakly syneretic while basic gels set rapidly and synerised quickly(1°22

(108)

Acid silica gels synerised more slowly than basic gels but [final

quantity was greater. Increaasing temperature increased syneresis - a

(108).

factor of 1.8 per 10° rise in temperature This increase was

attributed to increased Brownisn movement resulting ia increased iaternal

contacts between the structural elemcnta(?s).

Zlectrolytes in general
tended to increase syneresis probtaosly Ly discharging tae mcbile

structural elements since similer charyes repel and would noct allow

(76)

(109%)

formation of new bonds
#ith 2lbumin sels s gelation aad syneresis were promoted to a
greater extent by sulphate ions than Ly clldoride oi nitirate. The
opacity and ease of syneresfs of albuasn gels formed LYy the addition of
sodium chloride passed through a winimum at & corncentration of about 0.3

 wac1t 199/, (103)

Tlde wes protabkly due to & decrease in attractive forces
tc 2 mirimum with incressing salt ccercerntraziorn,
Rupid gelation and high concentrstions ol structural materials

(103)

result in the formztion cof fime gel structures which tepd to

synerise slower.

Han:(106)

states thet of tke tctsl water held by meat, oanly 4-5%
ie bound as true hydratiom mnester. This amount was hardly influenced
by the structure of, or dy charge on, the muscle proteins. However,
the "free water” immobilised within the tissue is etromgly influenced
by the spatial molecular structure of the musele tissue. A loosening
of the microstructure increases the amount of immcbilised water, as for

example when raising the protein net charge by acid or base additiom.
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Sodium chloride increases water holding capacity of meat 3-fold at
PHE 5.5, the effect probably being due to the chloride ion as sodium
acetate at a simllar ionic strength did not give the increase(106).
Chloride ions probably react with proteir positive charges, expanding
the network. Alkaline earth metals such as calcium and magnesium
decrease water holding capacity in meat by decreasing the swelling.

Ion exchange with Na* gave increased swelling. Citrates and phosphates
used in the processing of meat reduce loss of water probadbly by
sequestering calcium(106).

Studies on water binding in sausages show that addition of glycine
helps enorviously to increase the water retention during processing(175).
The suggestion was that the dielectric conetant was increased by the
added glycine. This tended to give rise to swelling of the meat through
weakening of the attractive forces in the zetwork. However, other
anino acide also give equal, if not greater, incremecnt to the die ectric
constant of a medium, depending on the number of carbon atoms separating

(110)(80)

the charged free -NH_ and -CCOH groups . Polyglycine peptides

2
produce a much greater dielectric increment in the medium than zlycine
alone and it remains to be seen whether they are sble to give more water
retention than glycine alone.

(80)

Haurowitz has pointed out tkat the solubility of proteins was
increased by addition of glycine and other dipolar molecules, probably
by raising the dielectric constant of water., The solubility was,
however, reduced by organic solvents such as ethanol which lowered the
dielectric constant of water. %hile use of these observations has been

(80). the exact role played

made in the fractionation of plasma proteins
by the additives such as glycine in the greater water retenticn of gels

such as in sausages is largely unknown.
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Reversible gels may be formed by adding an egual volume of
methanol to a 404 solution of serum albumin at pH 7.5 or by ethanol
addition to aquecus solutions of casein at pH 3-4 2nd pH 9-12 when
casein concentration required for gel formation mas reduced by two-
tiirds. This effect of organic solvents was attridbuted to an increase
in electrostatic potential and loag runge attractive furces of the

proteins through de;ressing the dielectric constant of tac medium(111).
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SECTIOR B: REVIEW OF LITERATURE ON THE SYNERESIS OF RENNET-MILK

GELS.

1. Factors influencing gel formation and structure of rennet-czsein

Zels.

This has been fully discussed under Chapter 1 of this thesis.
Electron micrographs shown in this work had indicated that, in essence,
gelation involved joining of the spherical casein micelles to forama
"beaded™ threads. These threads then linked with each other to fora
a three dimensional network, enclosing the whole liguid. Frior to,
and during the process of "beaded" thresd formation 2nd cross-linking,
"{mmobilised" water eacuivalent to about 70% of th: welght of the wet

casein micelles was ajparently released into the system.

e Mechaniams of syneresis of rennet-milk gels.

JAterature on the subject of asyneresis of rennet-milk gels has been
very scant. In particular, the knowledge on the mechanism of syneresis
of rennet-casein gels is very obsecure. Yet, this phenomenon is
fundamental and of great economic importanrce in the manufacture of all
varieties of cheese. Elucidation of the mechanism would help greatly
in the seientific control of cheesesaking cperations.

The limited work done indicates that syneresis of rennet-casein
gels proceeds stepwise, similar to the coagulation phenomena.

Hankinson and Enlnorcss) conaidered the shell of water surrcounding the
casein micelles and the micelle aggregates to be the greatest inhibitor

of syneresis and this conclusion was supported by nrch-oior(“a.

(75)

Cheeseman studied the effect of various additives on syneresis of

milk and caseinate systems and concluded that caseia dehydration,
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probably initiated by rennin action, was an important factor affecting
the subsequent rate and extent of syneresis through protein-protein

(75) a2lao noted that certain additives such as

interaction. Cheeseman
calcium, up to 50 mM, decreased clotting times but also decreased
syneresis rate and maximum syneresis. Cther additives such as urea,
up to 10%, increased clotting times but also increased the rate and
extent of syneresis. This indicated that syneresis was not a
continuation of the gelation phenomena.

After the initial dehyiratiom, syneresis was stated to proceed by

(75-75)(112)‘

formation of ionic or hydrogen bonds During the final

(73)

stages of syneresis, sulphydryl groups were also stated to be involved .

Milk treated with 3.75% N-ethyl malelmide, a resgent specific for SH-
(113)

(114)

groups, was found to give reduced syneresis. Schober et al
reported sigiler findings. Tuszynski, Burnett and Scott Blair
however, were unable tc detect any effect of N-ethyl maleimide added to
milk, at any stage during coagulation or of softening of the curd.
This ruled out involvement of -SHE groups in the normal clotting of

nilk. St011(10h) also ruled out the possibility of -SH groups taking

(73)

part in syneresis of rennet-milk gels. He commented that Christ's
obgervation of reduced syneresis in the final stagea may have been due

to bacterial growth, since the experiments were carried out at
temperaturea conducive to such growth, over a number of hours. St011(10k)
ia an extemsive study of the syneresis of remnnet-milk gels states that
syneresis is not a continuatiom of the clotting reactiom (cf Cheesonan)(752

He suggests also that osmotic forces and ionic strength have an effect
on syneresis. The interior of the curd, where acid is produced and pH

(129)

is lower thaam in the whey in the early stages of syneresis s womld

be the site of greatest osmotic activity im a curd-whey system. The
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curd, therefore, would be expected to swell. Salts added to whey
should incre=se syneresis. The force within the curd, however, which

causes syneresis, may be strong enough to produce a phenomenon. gipilar

(115), & phenomenon which, in fact, has Leen used

(116)

to "reverse oszosis"
for the concentration of whey Heverse osmosis 1s produced by
applying preesure in excess of the osmotic pressure, so that the

(116)

direction of the normal osmotic flow can be reversed In rennet-

milk gels, two conflictiang forces may operate. Gne aay cause the curd

(10%) considers

to sbrink and the other cause the curd to swell. Stoll
the latter to be the weaker force ani the balance detween the forces
determines the rate and extent of syneresasis. Structural hindrance to
the shrinsage of the gel was also considered as a factor. The view
that syneresis of rennet-milk gels is caoused by coniraction of 2 gel

(10L) , )
observation that treataents which

structure 1s supported by Stoll's
cause dispersion of the curd resulted in decreased syneresis. Stoll
re.orting on the effect of pH om ayneresis indicated that decrease inm
charve was important as also was the removal of cslciwm from the

structure. These effects allowed structural elements tc draw closer

together.

3. Fagtors fluencin neresis of rennet-milk gels.
(a) Effeect of vious treatment of

Cheeseman and Mabbit' 117)(115)

showed that pre-concentration
of the ailk to ome-third the origimal volume, at around 34°C for
about 2C minutes im a laboratory climbing film evaporator, and
redilution to original volume gave, after remnet treat=ment, a curd
which had high fat retention properties. This was attriduted to

a reaction between casein micelles and the fat globule membrane.




This reaction was promoted if the milk had beem cooled amd
stirred before processing. They found no effect on the fat
retention property when milk was preheated before concentration
for 10 minutes in the temperature range hSOC - 80°c. Beyond
this, denaturation of the whey proteins was presumed to give poor
curds(118). Concentration at a temperature of 5&°C instead of
39°C also produced mo change in the fat retention properties of

the curd. Work with pure protcins(118)

showed that both /3

- casein and kappa-casein were ejually effective in fat retention.
The concentrated-rediluted milks also gave a lower rate and
extent of syneresis at pH 6.0 when examined by the method of

(75)

Cheeseman At pH 5.5 and below there appeared to be no
siznificant difference in whey retention when compared to controls.
The high whey retenticn property was attributed to casein micelle -
fat globule interaction. The presence of a greater nunber of
micelle-;:l1obule complexes possibly interfered with casein-casein
interaction in syneresis.

(104) found that pasteurisation to 1“5°F for 20 minutes

Stoll
did not affect syneresis of curd in Cheddar cheese manufacture
but heating to 165°P/}O minutes cave a slower rate and extent of
syneresis at all pE levels up to 6.0. He attributed the lower
syneresis at 165°F to serum protein denaturatiom and not due to
decrease in soluble calcium phosphate in milk.

Generally, pre-heat treatment of ailk, im particular high
pasteurisation teaperatures, has been found to reduce syneresis

(119)(120)

of the resulting curd » falling sharply beyond 85°C.

The reason for the reduced symeresis has not been made clear in

the litersture. Heating to high temperatures gives a slower

rate of rennet oou;ulltion(‘o) but the additiom of CaCl

2



(v)

partially restores the rato(’21)

(122).

o probadbly by increasing the
soludble calcium

Effect of pE _or acidity on syneresis
(123)

#hitehead and Harkress felt that the most potent factor in
moisture expulsion from reanet curd was the gradual development
of lactic acid by the starter. Cheesonan(75) adjusted the milk
PH using, separately, hydrochloric acid, lactic acid and a
starter. He observed the rate and extent of syneresiz to be
sizilar in all cases. This indicated that the nature of the
acid was of no importance. Between pl 6.0 and 5.54, the rate and
extent of syneresis was greater with the lower pH values.
However, betseen pH 5.3 and 4.9, the rennet-curd appeared to
retain more moisture at the end of 15 minutes at 5000. The
increase in the rate of syneresis from pi 6.0 through to pH 5.3

(75)

was ascribed by Cheeseman as being due to a reduction in the

capacity to maintain the hydration lattice and/or to incressing
lonisation of groups which take part in protein-protein inter-

(104)

actions. Stoll also observed that lower pH values of skim

milk encouraged syneresis of the curd. L.ower pH values also
overcame the depressing effects of heat treatment on syneresis at
pE 6.7. lowever, in those skim milks heated to 165°F for 30
ainutes, the hysteresis effect was only partially overcome.

(104)

Stoll also observed that less calciua was bound by the curd

at each successively lower piH, yet magnesium binding was constant.
The curd at pH 5.5 did not appear to have sufficienmt rigidity to
sustain its shape, indicating that calcium may have a stabilising

(104)

effect on curd structure, Stoll was also able to get am

increase in syneresis by addiang 10% lactiec acid to skis milk gels




(e)

61.
after cuttimg. This addition reduced the pH of the whey to
6.0. Acid addition increased calcium in the whey only slizhtly.

Bffect of cooking temyerature on synereeis
(123)

%hitehead and Harkness found that variations in cooking
temperature of 0.5 F and 1°F between 96°F to 100°F gave uo
significant change in the rate of syneresis bul that a variatioa

of more than 2°F was required. They also pointed out that
temperatures above 100°F would hamper growth of &starter bactoria
and thereby acid production. This would tend tc couamtsrtalance
any increase in syneresis hy raising of teaperature. Laurenca(12h)
found a 6% increase in syneresis for each SOF rise in teaperature
between 91°F - 112°F, the rate of shrinkage belng 50+ faster at
98°F and 100% faster at 105°F than at 91°F, Between 91°F and
112°r. the extent of syneresis at tne euna of 3 hours was greater

4L
as the temperature was raiced. dtoll(10‘)

fouad that the ability
of curd to synerese at an increased rate when placed at h5°C was
not lost, although setting times were increased. This indicated
that syneresis was not a continuation of the clotting phenomenon.
Syneresis appeared to be a linear function of temperature between
21°%¢ - 45°%. stoll(1oh) states that observed effects of physical
and chemical variables were more proaounced at 32°C, although

syneresis was more rapid at 40°C. Sasmis et a1(126)

found that
high acidities and high tesperatares csused rapid syneresis
immediately after cutting. Syneresis of curds set at 36, 92, 98
and 104°F and heated to 104°F, was more rapid at first in the curds
set at the higher temperature. After 1 hour the rate had decreased
80 that all curds had the same mcisture contents. Rate of heat

application during cocking was also important - too rapid a
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heating probatly causing a skin to form on the curd surface

whick hindered the flow of whey from the curd(121).

bffect of cutting time snd ren:iet concentration

Skim milk set at 32°C snd cut 15, 30, LS ard (O minutes after
rennet addition showed very little difference in extent of
synaresis at the end of 120 minutes, being sligh%ly less for

}
the longer setting tines(1o‘).

The rate of syneresis was

slower for the shorter setting times a8 against the longer
sztting times. This again indic=ted that syneresls was nct a
continuation of the clotting phenomena.

Incresse of rennet concentration ¢-fold gave very little
difference, 120 minutes after cutting, in the extert of syreresis

at }2°C. nor was there 3 difference at hOOC(1Oh)

. There appeared
to be A maryinally greater rate of synoresis with the greater
concentration of rennet at 520. Stirring overcame the small

effects due to variation in cutting time and rennet concentration.

LEffect of size of cubes and curd blocks, stirring and volume of

whey on syneresis

¥hitehead and Harknesa(12})

using .", 8" and 3" spaced knives
found significantly lower water-in-the-non-fat-substance values
for curd cut into smaller cubes. Acid development was similar

(123)

in all cases. The same authors found that the speed of

rotation of the agitator used for atirrimg the curd during cooking,

(125) ¢ound that

was of no significance in syneresis. Lawmrence
the rate and extent of symeresis was considerably inmcreased bty
stirring of the curd in the whey and that stirring mipimised the
differences in symeresis due to the use of different cooking
temperatures. Stirring of the curd ocutside the whey, that is

dry stirring, also significantly increased syneresis against no
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(123)(125). (125)

stirring Lawrence also found that the greater the
volume of whey surrounding the curd particles, the slower the
rate of syneresis. Results obtained with water were similar.

Whitehead and Harkness(123)

showed that curd blocks of normal
size, that is 2 ft 3 in x 6 in x 6 in, gave significantly lower
W.N.F.S. values in cheeses than those from larger blocks, for

example 2 ft 3 in x 12 in x 12 in.

Effect of total solids and composition of milk on syneresis

Comparison of syneresis between 8-14% total solids in reconstituted
(104,

skim milk s, showed that while the initial rate of syneresis,
within 30 minutes, was higher with the high solias, the extent of
syneresis was lower in terms of total whey exuded. However, in
terms of grams solids in the original skim milk expressed per
millilitre of whey exuded, there was no difference in syneresis.
The grams solids/ml. whey was directly proportional to per cent

(10h)

solids. Stoll infers that the main effect of solids-not-fat

levels is to start the curd synerising at a different point on the
syneresis curve, lie stated that curd with higher solids does
not have to lose as much whey as curd with lower solids to have

the same moisture content. In this connection it is interesting

(127)

to note that Freters prepared cheese from 62% solids concentrated

milk in which no syneresis was involved.

(120)

Dimov and Minerva found that curd from sheep's milk synerised

to a greater extent than that of cows or buffaloes' milk.
(119)(120)

(128)

syneresis. Beeby reported a greater rate and extent of

Several reports indicate that a high fat content impairs

syneresis with skim milk gels than with corresponding whole milk

gels. Homogenisation of milk causes the cheese made from it to
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(60)

contain relatively more moisture - the effect of

homogenising cream separately and then adding to skim milk

=N
minimised tne effects. Cheesenan(7"

found that additions of
1%, 2¢5% and 5% milk powder to raw skim milk at pH 5.7 gave a
decrease in both rate and extent of syneresis while increasing

the clotting tise.

Effect of the concentration of various ionic species on syneresis

(1) Cations

Lffect of calcium, magnesium, aluminium and sodium

Calcium
Calcium in the form of calcium chloride has often been added
tec milh for cheesemaking as an aid to curd formation,
(121) (735)

rarticularly to neat treated xilk . Cheeseman

showed that hetxcen 10 aM and SC mM CaCl. addition , clotting

2
tine was decrezsed with unheated milks but so was syneresis.
At 100 mM CaCl2 allition, syneresis was markedly reduced and
at pH 5.3 there was no syneresis olserved under his
experimental conditions. Clotting time was, on the other
hand, increased at this level of CaCl2 addition. In general,
increase in ionic comncentration of salts tended to restrict
drainage and at high levels to affect gel formation(75).
Contrary to results obtmined by Choclonnn(?S), St011(10h)
foumnd that between 0.02% and 0.10% added CaCl, (lower
concentrations than used by Chcc-onan‘?s)) both rate and
extent of syneresis was incressed at 32°C and at 40°C, as

(?5)

measured by Cheesesman's technique. However, prolonged
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incubation gave equivalent syneresis indicating that milks

contalmiag added caCIZ reached equilibdrium quicker.

Eagmesium
Addition of KgClI was found to give siailar results to
CaCIZ = both calcium and magnesius ions were equally

&
effective in promoting synoronis<1° ).

Alusinium

sto11t10%)

found tkat additien of 0.15 to 0.30% AlCl3

retarded symereais nlthough the pH of the skim milks was
decressed by the addition. “hen added after cutting, however,
both rate and extent of syneresis waz increased. Aluminium
ion nppeared to give greater atability to the para-caseinate

gel.

Ckeeaseran

(75)

showed thnt sodium chloride at a concentratioa

of 17 m¥ reduced the rete of syneresis considerably but at pH
levels of 5.7 and 5.3 gave & greater extent of syneresis. These
milks did mot gel at rcoa temperature dut did so at 50°C. At

85.5 uM and beyond, clotting did not occur. St011(10h)

found
an increase in rate and extent of symeresis at 32° and 40%C

up to 1% addition of NaCl. Y%hen added after cuttiag the
curd, there was no effect on the exteamt of symeresis, until
the concentration of sedium chloride mdded was raised to 2%.

A ki addition depressed the extent of syneresis. Calcium
and magnesium appeared to be displaced from the curd into the

whey by sodium.
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(11) Anions

Effect of lactates, citrates and phosphates

Lactates
The cnly study on the: effect of added anions hes heen carried

{104L)

out hy Stell vho used the scdiur salts. Using 1.3 and

(75)

2.€x godivr lectate, he found, ucing Cheeseman's tube
sethod, that =at }EOC the lower corcentration of sodium lactate
effected 2 greater rate and extent of syneresis at 120 minutes.
However, at 45°C and 2.6% scdium lsctate concentration, the
reverse was true. curds were increasirgly fragile with
increassing arounts of sodium lactate amd this ¢~rrelated
with increased cslcium levals in the whey. This indicsated
the displaceuwent of calciur fror the curd structure,
¥a.nesium levels were relatively constant ia the whey, From
tuis 5toll(1}h) deduced tnat there must te an optimum content
of cnlcium necessary in the curd for optimur syneresis. Too
mueh disrlacement inhidbited syneresis. Tre curd structure
grycared to be the limiting factor in extest of syneresis.

Citrates
Skiz wilks to which over 0.25% sodium citrate kad been added(10h),

did not clot at 32°C. At 40°C a weak clot foramed only inm

the 0.25% added sample. aAdditiom of C.02 - 0.0b% sodium

cltrate reduced rate ard extent of syneresis at 32° and ho“c

as examined by Chctaonnn'-(75) tube method. The wheys

contained more calcium indicating displacement of calcium from

the curd.
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Phosphates
Skim milks to which 1% disodium hydrogen phosphate had
bsen addcd(10h) gave curds which synorised =t a slower rate,

but the extent of syneresis was the same as for 0.2%5% and
0.5% additions. Generally clotting and syneresis was slowed
by the salt but use of higher temperatures overcame some of

(75)

the effects on syneresis. Cheesenan using raw skim
eilk at ph 5.7 fourd that addition of 10 mi dipotassium
hydrogen orthophosphate increased the extent of ayneresis

while deacreasing the clotting time. Greater additions gave

no difference in syneresis hbut increansed clotting time.

(441) Zffect of chelating agent

$t°11(1ah;

sdded 2.5, 5.0 and 7.5 mls. of 0.56 N EL.C.T.a.
(100 g EDTA, & g NaGUE, made to 1 litre) per 50C mls. skim
milk. This wzs eguivalent to 3.958, 7.38 and 11.82¢ of the
calcium in skim milk. At 32°C and hOOC, only the 7.5 =l.

aiditlon gave rise tc lower rate and extent of syneresis.

(iv) Effect of sulph blo azent on synere

christ'73) and sehober ot 81'1">) reported that n-ethylmaleimide
inhibited syneresis. This, however, was not substantiated by

Tussynski ot .1(11h). (104)

Stell also was unable to detect
any difference iam syneresis either at 32°C or 40°C because of
the addition of n-ethylmaleimide. He concluded that
sulphydryl groups were not involved in syneresis, at least

in its early stages.
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(v) Effect of the additiom of organic compounds and surface active

reagents on syneresis

(75)

Cheeseman found that at 2.5% - 104 addition of urea, both the

rate and extent of syneresis was increased, but clotting times were

(104) found

also greatly increased at pH 6.0, 5.7 and 5.3. Stoll
that addition of greater than 12% urea affected clot formation and
curd syneresed at a slower rate. Adding 24% urea (E 4 molal)

caused considerable displacement of calcium from the curd, as well

(139)

as protein. Hipp et al had fractionated A , p and y caseins

on the basis of solubility in urea and it was possible that (3 and
L
¥y caseins were affected at the 24% urea level. Stoll(10 )

hypothesised that/B casein could constitute a structural part of

the clot which gave the system ita rigidity.

Dicxane
Cheese-an(?s) found that addition of dioxane between 10 to 30% to
raw skim milk at pH 5.7 reduced the rate of syneresis but the
extent of symeresis was not much affected. Clottiag time was

increased somewhat.

Sodiua dodecyl sulphate

Similar effects to dioxane were found for this wetting agent by
(75)

Cheesenaa between concentrations of 0.01 - 0.05%. Clotting
time waas, however, greatly increased and at a level of 0.4 no

clot formation occurred.
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(vi) Effect of added carbohydrate on symeresis

(vii)

(75)

Cheeseman found that at 2.5% - 5.0% lactose addition,

both rate and extent of syneresis was greater, pzrticularly

at pH values of S.7 and 5.3. Clotting time was little affected.
At the 10% level, clotting time was reduced while the rate and
extent of syneresis was higher than controls. He attributed
this inerease in syneresis to the affinity of lactose for

water possibly causing disruption of the hydration lattice,

an effect opposite to that caused by addition of salts.
Stoll(10b). however, found no measurable effect on syneresis

from lactose addition up to 2i.

Summary of factors influencing syneresis of rennet-milk gels

In summary, it would appear that the mechanism of syneresis

is still far from being clear. It is believed by sonc<36)

(75)(112) to start with casein dehydration, probably
initiated by reannin action. There is a conflict of opinion
on the role played by sulphydryl groups in syneresie. The
“reverse osmosis" theory(10h) appears interesting but the
nature of the cross bonding in the gel which gives rise to
forces greater than the osmotic pressure of curd-whey systems
has not been elucidated. High pre-heat treatments of milks
generally lead to decreased syneresis. The reason for this
has not been made clear in the literature. Lowering the pH,
raising the cooking temperature and cutting of the gel imto
smaller cubes seemed to give increased syneresis, as did
stirring of the cut curd. In general, added salts im low
concentrations, tended to increase symeresis but at higher

levels tended to restrict drainage and sometises affected clot



70.

foraation itself. Calcium appears to play a definite rocle
in syneresis 28 indicated by the effect of added anions and
B.0.T.4, It appeara that an optimum level of calcium is
needed in the curd for optimum syneresis. Urea 2tove 12%
and organic wetting agents belows 305 reduced the rate of
syneresis. The evidsnce indicated that syneresis is not a
continuation of the gelation phenomena. However, it may be

dependent on the type of gel structure formed.

Methods of wmeasurement of syneresis

Different methods have heen used by different authors for

the measuresent of syreresis and these hsve been reviewed by

Stoll(10h). ¥hitehend and ﬁarkneas(12}) used 80 gallon vats

K
srd determined tie .7F.F.5. in the finsl cheeses to note the

(12k;(128)

difference, if any. Lawrence used 400 ml. lots inm

alusiniue trays ani! seasured the whey after tipping the curd into
a sieve and draining for a standard time. Only one observation

per sample was ;0ssidble by this method, and tipping mizht have

(73)

affected the gel itself through disruption. Christ seasured

the terminal volume of curd by toluene displacement after

(108)

syneresis for 12 hours at 37°C. Stall has stated that

bacterial changes would moast certainly have occurred affecting

(73)

the symeresis measurements made dy Christ Thome and

(131)

Lilegren measured the change in weight of 2 eylinder of curd,

cut with a cork borer and held im a beaker of whey. At various

intervals the curd e¢yliander was resoved from the whey and weighed.

(119)

Schuls and Kley estimated moisture content ef the shruaken

(126)

curd after 24 hours at 37‘6. while Sasmis ot al weighed the

_.)( wabev 1w ke -fn&- free substance
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curd particles at intervals during cheesemaking. Removal of
free surface whey froam the curd particles wculd in this case be
difficult. Booby(128) developed a tracer technique to measure
syneresis - he reacted skim milk with formaldehyde and used the
dilution of this tracer by curd whey to calculate the whey
expelled. The tracer was measured spectrophotormetrically.

(75)

Cheeseaan used a diff{erent technique for quicker assessment
of the syneretic propertiea of the curd - he set 5 mls. of milk
at 22-30°C and then placed the tubes immediately in a bath at
50-60°C for a given time, assumring that raising the temperature
affected, in the main, only the rate of syneresis. Stoll(10h)
used three methods in his studles, involving amount of whey
expelled from 500-1000 ml. curd volumes, change in specific

(75) tube

gravity of the curd during symeresis and Cheeseman's
method, used at 5208 and 40°C respectively. The increase in
specific gravity w#as measured in mixtures of monochlorobenzene

and kerosine forming a spacific gravity gradient.
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SECTION C: OBJECTIVES AND EXFERIMENTAL PLAN

The review of literature given in the preceding section brought
out a number of salient points which needed clarification. In
particular, it was poticeable that the most fundamental point in the
mechanism of eymeresis, that is, the nature of the crosslimnks is still
abscure. It is also not clear as o wnich of the proteins in whole
casgein 2re involved in the syneresis or at least play a major role in
it.

The following experimental plan was devised:

The effect of various sulphydryl b%locking and disulphide
splitting reangents on syuneresis was examined in somewhat more detail
than those reprorted in the literature. Because of the confusion
prevalling as to whether whole caseiln contained unly sulphydryl or
disulphide groups, this aspect was given attention. In an attempt
to get some insight into the role played by calcium in gelation and
syneresis, isoelectric casein zels, isoelectric rzra-casein gels and
neutral -para-caseinate systems were studied in the presence of and
absence of calciua. The effect of various levels of calcium on
gelation and symeresis was also studied.

The effect of addition of some amino acids on zelation and
syneresis was studied to find out whether modification of the
dielectric constant of the medium affected the extent of symeresis of
the gel. VWork on other proteims by other workers inmdicated the
possibility of amino groups bdeing iavolved im a co-ordisated liamk
with ealcium. It was, therefore, thought that a line of research
invelving modification ef amino greups on the caselinate through
reaction with 1-fluore-2:4 diaitrobenzene could be fruitful ia giving
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some insight into the crosslinking important im syneresis. It was
further planned to heat casein systems in the presence of reducing
sugars to determine the effect on syneresis.

In all cases "artificial milks" were used. These were
essentially calcium caseinate solutions, though calcium caseinate-
calcium phosphate solutions were 21s0 used ir a limited number of
cases. It mas hoped tc get a cleezrer picture by the use of model
systems whereby other factors such as whey proteins, variability of
composition, mineral salts, etc. would not interfere with results and
2 day to day similsrity irn the cocpcsition of the "artificial milks"

could bz maintained.
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CHAPTER IV

A Study of the Effect of Disulphide Splitting and Sulphydryl

Blocking igents on Gelation 2nd Symeresis of Calcium - Caseinate

= Calcium - Fhosphate Systems

SECTICN Az METHODS AND MATERIALS

1. Preparation of acid casein
»
This has heen fully described in Section B in the attachled
publication entitled “35ul.bhydryl and Disulphide Groups in Cesein"

under "Preparation of ecid casein - (a)".

2. Preparation of "aArtificial Milks"

The preraration of a stable "artificial =ilk" has been described
earlier in Uhapter II1:A:2.
A1l "»ilks" were 2quilibrated at the temperature of the test for

at least 30 ainutes, before rennet was added.

3. Measurement of syneresis

Hethods of measurement of syneresis employed by other invemtigators
was reviewed in Chapter IJI:i:k, The method used in this study
was the simplest and the most direct - that of measuring the
voluse of whey expelled from a certaim volume of the curd under
various treatment conditions. The method was as follows:

4o -1;. “artificial milk™ was set in well-cleaned 100 mi.
beakers at 30°C or 383°C by the addition of one drop of meat

commercisl remmet (in the case of "milks" containing both calcium

> peqe 18



5.

75«

and phosphate) or one drop of 1:10 or 1:1 diluted commercial renmnet.
Usually the cslcium "milks" required about 1/10 the rennet
concertration neede¢d for the calcium-phosphate "milks" for an
equivrlent coagulstion time. At regular time intervals after
the aidition of rennet, the whey was removed from the top by means
of a ruhher suction device or pipette filler, fixed to a 10 ml. or
20 =wl. plrette. Th2 whaey was drained into a SU al. measuring
cylinder. By thie means, damage to, or movement of, the gel was
kept to = minimum,. cmaller sized pipettes were also used whenever
nacessary.

The commercial rennet employed was the same as used ia .lew
Zealand cheess factories, with an activity of 62 rennin units/ml.
28 easured by the meti:d of Ernstrom(135), (N.H, Clark(13h) -
personnal communication). lhe commercial reannet prena-at oas
contained no detec.able pepsia a5 a contaminant(15hv. Use of a
purified rennin powder suprlied by tlhe N.2. Rennet Co., Eltham,
New Zealand, iandicated no differences in the syneretic behaviour
of "eilk" pels when compared #ith the commercial rennet

prepa~2tions and when used at eguivalent strenzths. The ayneresis

ayneriments were therefore carried out using the commercial rennet.

Polyacrylamide CGel Blectrophoresis
The method followed was essentially that of Davis

(132)

with some
aimor moditications. The stock solutions were prepared as

deserided by Davis' 32,

The fixsative stain solution was prepared
aa a 0.2% solution in 7% agcetic acid. The electrode compartmenta

contained Tris-borate buffer at pH 8.7, prepared by dissolving 2g

!ri:k%n distilled water, adjusting to pi 8.7 with saturated borie

* Z2-amwvo- 2- (ﬁydwxyf—ﬂ@[bf()_/"wfane - 1:3 deof
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acid solutien, the volume being made to 1 1litre. To the buffer in
the cathode compartment was added 1 drop of the marker dye sclutioa
of bros phenol blue (0.001%).

The apparatus used is shown im Flate 23. The electrode
compartments were made from polyethyleme boxes cut to the following
dimensions: dlameter 100 mwm, helght 80 am, capacity approximately
SO0 sle. 54x holes of 10 mm diameter sere carefully bdbored, ejui-
distant from the centre and from each other, into one of the boxes.
This was eventuslly to be uzed as the cathode comrpartaent. The holes
were made se 25 to fit electrical grommets of outside diameter 12.5 mm
end havinz an ornening of S mm dlzmeter. Kubber corks nf suitsble
dimensionsg and mith holes bored in them were glued on te the centre of
the twxo electrode compartments. These carried graphite electrodes
removed from torch battery cells. Small copper ringe cut from copper
tubing of suitnable diameter wera fixed to the top of the electrodes.
Cathode and anode leads were s0ldered on to these rinzs. The
graphite electrodes were changed after every 3 - 4 electrophoretic
runs.

The electrophoresia tubes used for settimg the small pore
and large pore gels were made from ordinary glase tubims of outside
diameter 7.5 mm and internal dismeter 5 mm. The tubes were cut
120 mm long. The small pore gel solution was poured to a height
of 95 mm and the large pore solutiom, after the small pore gel
solution had set, to a height of 105 ma., Electroplkoresis of the
"artificial milke" or treated sasples was normally carried out
after diluting them 1:6 by adding 2 millilitres tris-borate buffer
at pH 8.7 and 3 millilitres 9M urea or by diluting 1:12 and applying
0.05 ml. or 0.10 ml. to the large pore gel surface.



FLATE 23: Equipment used in Polyaerylamide Gel Llectrophoresis

A.
B.
c.
D.
E.
r.
G.

Cathode compartment contaimimg Tris-borate buffer, pH 8.7
inode compartment comtaiming Tris-borate buffer, pH 8.7
Ammeter (milliasps)

Tise cloek _

Glass tubes for setting gel solutions

D.C. power stabiliser

Voltage contrel (vamnc)



7.

For an initial pericd of 20 minutes, a current of 2 ma/tube
was applied (total 12 ma) after which it was increased to 3 ma/tube
(total 18 ma) for the rest of the electrophoresis periocd, lasting
usually about 2 hours or urtil the brom phenol Llue front had
moved a distance of 80 mm from the szall pore gel surface. The
gels were removed and stained for about 45 minutes after which
destaining was carried out by several changes of 7% acetic acid
solution using a gently oscillating washing tank. At the end of
the washing period of about 43 hours, the gels were transferred
to test tubes containing 3% acetic acid. Under these conditions

they can be stored for months without change.
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SECTION B: DETERMINATION OF TH: SULPHYDRYL AND DISULPHIDE GROUPS

IN CASEIN.

Sxperimental, results and discussion.

This has been fully de2lt with in the attached publication. Because
of the controversy surrounding the nature of the sulphur containing
amino acids cystine and cysteine, it was thought advieable to
investisate the matter prior to investigating the effects of disulphide
splitting and sulphydryl blocking agents on syneresis. Ags indicated
in the publication, acid precipitated whole casein was found to contain
both cysteine (1.36 moles/100,000 g) and cystine (0.71 moles/100,000g).
On the assumption that these amino acids were concentrated in the
kappa-casein fraction, it would appear that 1 mole kappa-casein
(molecular weight 20,000) would contain 2 moles of cysteine and 1 mole
of cystine. The evidence available suggests that the sulphydryl residues
of the cysteine moiety are burj:d within the molecule and that they are
not readily available for reaction. Cn the other hand, the cystine
appears to be on or near the surface and is readily available for

exchange reactiones.
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Sulphydryl and disulphide groups in casein
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(Received 30 August 1968)

SumMARY. The method of Gaitonde (1967) was adapted for the measurement of
cysteine and cystine in acid hydrolysates. Analysis of 3 different casein preparations
indicated the presence of both cysteine and cystine in whole casein in the proportions
of 1:1 by weight and in the molecular ratio of 2:1. If all the cysteine and cystine is
associated with «-casein then it appears that one mole of the latter contains 2 moles
of cysteine and 1 mole of cystine. The sulphydryl group in whole casein appears not
to be highly labile.

The question of whether cysteine or cystine, or both occur in casein has been a
subject of investigation for many years and is still a subject of controversy (McKenzie,
1967). Early work suggested the presence of cystine only, e.g. Kassel & Brand (1938);
Gordon, Semelt, Cable & Morris (1949); Zweig & Block (1953); Hipp, Basch & Gordon
(1961); Yoshino, Wilson & Herreid (1962); Waugh (1961). Christ (1956) was unable
to detect any sulphydryls in casein but postulated that ~SH groups wereinvolved in
the syneresis of rennet-casein gels. However, Beeby (1964) showed the presence of
sulphydryl groups in freshly prepared «-casein, the estimation being done at a high
pH value(9-0) in strongly disaggregating conditions and in the absence of calcium
ions. It appeared from his work that calcium and/or hydrophobic bonding masked the
sulphydryl groups from —SH reagents. Hill (1964), working on whole casein and using
more drastic methods for its disaggregation (e.g. proteolysis with Pronase), observed
the presence of cysteine only. Subsequently, MacKinlay & Wake (1964) submitted
evidence that contradicted the findings of Beeby (1964) and Hill (1964) and, later,
Nakai, Wilson & Herreid, (1965) were also unable to substantiate the findings. The
present paper describes a study of the cysteine/cystine balance in whole, acid preci-
pitated casein. The work was undertaken as part of an investigation into the factors
contributing to the syneresis of rennet-milk gels.

EXPERIMENTAL
All chemicals used were of A.R. grade and only glass-distilled water was used.

Preparation of acid casein

Three different casein preparations were made: (a), from freshly collected raw
milk; (b) from industrially separated skim-milk; (c) from industrial acid casein. The
methods of preparation were as follows:

8-2
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uiull L pulyeuliyloue vunvainers. ‘1'he skim-milk was bulked in a polyethylene bucket,
the temperature having risen to 14 °C. Acid precipitation of the casein at pH 4-5
was carried out with a Radiometer Automatic Titration apparatus using N-HCI, care
being taken to ensure adequate mixing. The fine precipitate obtained on centrifuging
the slurry was washed twice with distilled water, using centrifugation to recover the
precipitate. The washed precipitate was then dissolved in distilled water by addition of
N-NaOH to pH 8-0 and reprecipitated by addition of N-HCl to pH 4-6. The Automatic
Titrator was used for all pH adjustments. After thorough washing with distilled
water, the final slurry was frozen at — 15 °C and freeze-dried in an accelerated freeze-
drying apparatus. The freeze-dried casein was stored at — 15 °C. During the additions
of acid and alkali the skim-milk was agitated by means of an electrically driven
stirrer and to avoid aeration and minimize possible oxidation of sulphydryl groups in
the casein, oxygen-free nitrogen was passed through 2 diffuser heads placed in the
bottom of the bucket. The rate of nitrogen diffusion was adjusted to give a gentle
bubbling over the entire liquid surface.

(b) Skim-milk was obtained from the Palmerston North Milk Treatment Station.
The milk had been heated to about 48-50 °C for the separation in a conventional
separator. Casein precipitation was done at 25 °C using the Automatic Titrator,
following the same procedure as for casein (a) except that nitrogen was not bubbled
through during the precipitation and solubilization processes. There was, therefore,
ample opportunity for oxidation of the sulphydryls to occur, both at the Milk
Treatment Station and during the isolation of the casein in the laboratory. This
casein (casein (b)) was freeze-dried and stored at room temperature.

(c) Wet lactic casein was obtained from a commercial casein factory. Although
the detailed history of its preparation is not known a standard commercial process
was followed. The pressed curd was freeze-dried and stored at room temperature.

The 3 casein preparations (a), (b), (c) had, therefore, widely differing pretreatments,
the most drastic treatment being suffered by casein (c).

Hydrolysis of casein and estimation of sulphydryls and disulphides in the hydrolysate

Hydrolysis. 2-5 g casein was hydrolysed under reflux with a 1:1 (v/v) mixture of 989,
formic acid and concentrated HCl for 7 h at 105 °C. During the digestion oxygen-free
nitrogen was bubbled through the digest. The mixture was approximately 6 ¥ in HCI.
It is important to have this high concentration of HCI in the mixture to reduce the
hydrolysis time. Other investigators (e.g. Block & Bolling, 1940) have recommended
a 1:1 (v/v) mixture of 6 N-HCl and 90 9, formic acid giving a final HC] normality of
3 N in the mixture. However, the digestion time has to be prolonged (16 h) and some
destruction of cystine and cysteine takes place. Thus, when the mixture was 3 N
in HCI acid, total SH + SS content was between 260 and 300 mg/100 g casein whereas
with 6 N-HCI the digestion time was reduced to 7 h and total SH +SS content was
significantly higher (see Results). A preliminary experiment using 6 N-HCl in the
HCOOH-HCI mixture showed (Fig. 1) that about 80 9, of each of these amino acids
was liberated in 2 h. (cf. Leach, 1966).
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Sulphydryl and disulphide groups in casein

By G. M. WALLACE a~xp K. R. AIYAR
Food Technology Department, Massey University, Palmerston North, New Zealand

(Received 30 August 1968)

SumMARY. The method of Gaitonde (1967) was adapted for the measurement of
cysteine and cystine in acid hydrolysates. Analysis of 3 different casein preparations
indicated the presence of both cysteine and cystine in whole casein in the proportions
of 1:1 by weight and in the molecular ratio of 2: 1. If all the cysteine and cystine is
associated with k-casein then it appears that one mole of the latter contains 2 moles
of cysteine and 1 mole of cystine. The sulphydryl group in whole casein appears not
to be highly labile.

The question of whether cysteine or cystine, or both occur in casein has been a
subject of investigation for many years and is still a subject of controversy (McKenzie,
1967). Early work suggested the presence of cystine only, e.g. Kassel & Brand (1938);
Gordon, Semelt, Cable & Morris (1949); Zweig & Block (1953); Hipp, Basch & Gordon
(1961); Yoshino, Wilson & Herreid (1962); Waugh (1961). Christ (1956) was unable
to detect any sulphydryls in casein but postulated that —SH groups were involved in
the syneresis of rennet—casein gels. However, Beeby (1964) showed the presence of
sulphydryl groups in freshly prepared x-casein, the estimation being done at a high
pH value(9-0) in strongly disaggregating conditions and in the absence of calcium
ions. It appeared from his work that calcium and/or hydrophobic bonding masked the
sulphydryl groups from —SH reagents. Hill (1964), working on whole casein and using
more drastic methods for its disaggregation (e.g. proteolysis with Pronase), observed
the presence of cysteine only. Subsequently, MacKinlay & Wake (1964) submitted
evidence that contradicted the findings of Beeby (1964) and Hill (1964) and, later,
Nakai, Wilson & Herreid, (1965) were also unable to substantiate the findings. The
present paper describes a study of the cysteine/cystine balance in whole, acid preci-
pitated casein. The work was undertaken as part of an investigation into the factors
contributing to the syneresis of rennet—milk gels.

EXPERIMENTAL
All chemicals used were of A.R. grade and only glass-distilled water was used.

Preparation of acid casein

Three different casein preparations were made: (a), from freshly collected raw
milk; (b) from industrially separated skim-milk; (c¢) from industrial acid casein. The
methods of preparation were as follows:

8-2
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(@) Bulk raw milk of good bacteriological quality was obtained from the Massey
University dairy herd. It was cooled to 10 °C and the fat was removed by centrifuga-
tion in polyethylene containers. The skim-milk was bulked in a polyethylene bucket,
the temperature having risen to 14 °C. Acid precipitation of the casein at pH 4-5
was carried out with a Radiometer Automatic Titration apparatus using N-HC], care
being taken to ensure adequate mixing. The fine precipitate obtained on centrifuging
the slurry was washed twice with distilled water, using centrifugation to recover the
precipitate. The washed precipitate was then dissolved in distilled water by addition of
N-NaOH to pH 8-0 and reprecipitated by addition of N-HCl to pH 4-6. The Automatic
Titrator was used for all pH adjustments. After thorough washing with distilled
water, the final slurry was frozen at — 15 °C and freeze-dried in an accelerated freeze-
drying apparatus. The freeze-dried casein was stored at — 15 °C. During the additions
of acid and alkali the skim-milk was agitated by means of an electrically driven
stirrer and to avoid aeration and minimize possible oxidation of sulphydryl groups in
the casein, oxygen-free nitrogen was passed through 2 diffuser heads placed in the
bottom of the bucket. The rate of nitrogen diffusion was adjusted to give a gentle
bubbling over the entire liquid surface.

(b) Skim-milk was obtained from the Palmerston North Milk Treatment Station.
The milk had been heated to about 48-50 °C for the separation in a conventional
separator. Casein precipitation was done at 25 °C using the Automatic Titrator,
following the same procedure as for casein (a) except that nitrogen was not bubbled
through during the precipitation and solubilization processes. There was, therefore,
ample opportunity for oxidation of the sulphydryls to occur, both at the Milk
Treatment Station and during the isolation of the casein in the laboratory. This
casein (casein (b)) was freeze-dried and stored at room temperature.

(c) Wet lactic casein was obtained from a commercial casein factory. Although
the detailed history of its preparation is not known a standard commercial process
was followed. The pressed curd was freeze-dried and stored at room temperature.

The 3 casein preparations (a), (b), (c) had, therefore, widely differing pretreatments,
the most drastic treatment being suffered by casein (c).

Hydrolysis of casein and estimation of sulphydryls and disulphides in the hydrolysate

Hydrolysis. 2-5 g casein was hydrolysed under reflux with a 1:1 (v/v) mixture of 989,
formic acid and concentrated HCI for 7 h at 105 °C. During the digestion oxygen-free
nitrogen was bubbled through the digest. The mixture was approximately 6 x in HCI.
It is important to have this high concentration of HCl in the mixture to reduce the
hydrolysis time. Other investigators (e.g. Block & Bolling, 1940) have recommended
a 1:1 (v/v) mixture of 6 N-HCI and 90 %, formic acid giving a final HCI normality of
3 N in the mixture. However, the digestion time has to be prolonged (16 h) and some
destruction of cystine and cysteine takes place. Thus, when the mixture was 3 N
in HCI acid, total SH +SS content was between 260 and 300 mg/100 g casein whereas
with 6 N-HCI the digestion time was reduced to 7 h and total SH + SS content was
significantly higher (see Results). A preliminary experiment using 6 N-HCI in the
HCOOH-HCI mixture showed (Fig. 1) that about 809, of each of these amino acids
was liberated in 2 h. (cf. Leach, 1966).
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Before heating, oxygen-free nitrogen was passed through the digestion mixture
for 10 min for deaeration. The hydrolysate was transferred to a 200-ml volumetric
flask and cooled immediately with running water. Twenty ml of 5 N-NaOH was then
added, drop by drop, to the flask which was swirled in a bath containing water at
room temperature. This procedure was essential for the removal of heat generated by
the addition of the alkali and to avoid local concentrations of the alkali, which other-
wise tended to destroy the sulphur amino acids. The mixture was then made up to
200 ml. The addition of the alkali raised the pH to 3-7-4-0, which allowed the precipi-
tation of humin material and its removal by filtration using Whatman no. 540 filter
paper. The clear filtrate was used for measuring cysteine and cystine levels.
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Fig. 1. Rate of release of cystine and cysteine during acid hydrolysis of whole casein,
O—O0, cystine; @—@, cysteine; A—/A, cystine + cysteine.

Determination of cysteine. The spectrotophometric method of Gaitonde (1967), with
some minor modifications, was used to determine the cysteine quantitatively. To 1 ml
of the digest filtrate in a test tube were added in turn 1 ml glacial acetic acid and
1 ml ninhydrin reagent (250 mg ninhydrin dissolved in 6 ml glacial acetic acid and
4 ml concentrated HCl). The mixture was heated for 8 min in a boiling water bath
and cooled immediately and 10 mlethanol was added. The pink colour was measured
at 575 nm, the absorption maximum, in a Beckman DU Spectrophotometer using as
a blank a similarly treated sample to which no ninhydrin had been added.
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Determination of cystine. To 20 ml of the digest filtrate were added, drop by
drop, 5 N-NaOH (4-6 ml) to adjust the pH value to 5-0. During the addition the
mixture was agitated and cooled in a water bath to avoid local concentration of the
alkali and to dissipate the heat quickly. Excess sodium sulphite (about 500 mg) was
added as a solid and the mixture made to 40 ml with distilled water. The final pH
value of the solution lay between 6-5 and 7-0.

The mixture was left at room temperature until reduction was complete (1 h) and
then 1 ml was measured as described above for cysteine.

Calibration curve

To 39-4 mg chromatographically pure cysteine hydrochloride (B.D.H. Ltd) were
added 50 ml of a 1:1 (v/v) mixture of 989, formic acid and 6 N-HCl. The resulting
solution was diluted to 250 ml in a volumetric flask. The cysteine content of this
solution was taken as 1 gmole/ml. Further dilutions of this cysteine solution were made
using 1:5 dilution of the 1:1 HCl: HCOOH as diluent. Solutions prepared in this
way contained: 1-0, 0-75, 0-5, 0-25 and 0-125 gmole/ml of cysteine. The plot of optical
density against concentration was linear and passed through the origin.

Because of the protective effect of formic acid against metal catalysed oxidative
destruction of cysteine (Haurowitz, 1963), the solutions of pure cysteine used for
calibration, were made up in HCl-formic acid mixtures. These solutions were stable
for at least 48 h.

Table 1. Cysteine and cystine content of 3 different casein preparations

(All values in mg/100 g dry protein.)

Cysteine Cystine

after by

Sample Cysteine reduction difference
Casein (a) 1l 165 338 173
2 165 335 170
3 155 328 173
4 165 338 173
Mean 163 335 172
Casein (b) 1 165 347 182
2 174 337 163
3 165 328 163
4 165 335 170
Mean 167 337 170
Casein (c) 1 165 338 173
2 165 328 163
Mean 165 333 168

RESULTS
Cysteine and cystine contents of 3 different casein preparations
The cysteine and cystine content of the 3 casein preparations described earlier are

given in Table 1.
Table 1 demonstrates remarkably similar cysteine values obtained both before and
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after reduction for the 3 casein preparations, despite the different methods of prepara-
tion. Accepting the claim of Gaitonde (1967) that the method in the form used is
specific for cysteine, then the increased value after the reduction process could
presumably only arise as a result of the reduction of cystine to cysteine. It is thus
possible, indirectly, to measure the cystine content of the system.

Effects of variables on the recovery and estimation of cysteine and cystine

A check was made to see whether the pure amino acid cystine was being converted
to cysteine under the conditions of hydrolysis used for casein.

About 25 mg cystine (chromatographically homogeneous, B.D.H. Ltd) was dis-
solved in a 1:1 mixture of 989, formic acid and concentrated HCl; the volume was
made to 25 ml in a volumetric flask. Ten ml of this solution, containing about 10 mg
cystine, was digested with 25 ml of the 1:1 (v/v) HCOOH:Conc. HC] mixture and
refluxed for 7h at 105 °C under a stream of oxygen-free nitrogen, as for casein.
Cysteine, and cysteine-after-reduction, were then determined as described above,
the digest having been diluted to 100 ml with distilled water. A second portion of
10 ml of the cystine solution was mixed with 25 ml of the 1:1 acid mixture and
diluted to 100 ml with distilled water. It was tested immediately for cysteine and
cysteine-after-reduction, omitting the heating at 105 °C. Results are given in Table 2.
The results show that the conditions of hydrolysis did not convert cystine to cysteine.
The approximately 99, cysteine equivalent was probably cysteine contamination
present in the original sample as digestion for 7 h with HCOOH : HCl acid mixture at
105 °C caused no further conversion of cystine to cysteine.

Table 2. Recovery and estimation of cystine

(All values in mg/10 ml of original solution.)

Cysteine Cysteine
after in sample, Cystine,
Treatment Cysteine reduction % oA
Unheated 0-99 9-60 9-3 90-7
Heated 0-97 9-84 9-0 91-0

A further check was made to establish whether cystine was reduced to cysteine in
the presence of casein under the hydrolysis conditions employed and in the presence
of humins. To 1-5 g casein were added 25 gmoles of cystine, and the mixture was
hydrolysed under the standard conditions. The values for cysteine and cysteine-after-
reduction were determined on the hydrolysate as described above. The results are
shown in Table 3. These results indicate that there was (100+)9%, recovery of the
added cystine. An increase of 4 #moles of cysteine probablyrepresents the cysteine im-
purity in the cystine mentioned earlier (Table 2), the level being of the same order.

The reduction of cystine to cysteine under the conditions used, therefore, does not
appear to be a significant source of error. It is apparent also that oxidation of
cysteine to cystine did not occur during the digestion as the level of cysteine contami-
nation was similar in both heated and unheated cystine solutions (Tables 2 and 3).

To establish whether the cysteine and cystine levels found in the caseins were in-
variant and hence possibly the consequence of some equilibrium state, casein was
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digested in the presence of thioglycollicacid. To2-5 g of casein (@) were added 100 gmoles
thioglycollic acid and the mixture was hydrolysed under the standard conditions.
The values for cysteine and cysteine-after-reduction were determined on the hydroly-
sate as before and are given in Table 4. In the presence of 100 xmoles thioglycollic acid
the mean value for cysteine-after-reduction was the same as that reported in Table 1,
but the value for cysteine at 204 mg/100 g dry protein showed a 259, increase. The
thioglycollic acid thus appears to have caused some reduction of the cystine during
the digestion.

Table 3. Recovery of added cystine after digestion in the presence of casein

(All values in x#M/1-5 g casein.)

Cysteine Cysteine
after in
No. Sample Cysteine reduction cystine, %,
1-5 g casein after digestion 20 40 ——
2 1-5 g. casein plus 25 yM cystine
Before digestion 4 40 10
3 After digestion 24 92 —
Difference (3 —1) representing 4 52 7
the recovery of 25 pM added
cystine

Table 4. Casein hydrolysis in presence of 100 uMm thioglycollic acid
(All values in mgf100g dry protein.)

Cysteine
after Cystine by
Sample Cysteine reduction difference
Casein (a) 1 204 329 125
2 204 329 125
3 204 348 144
Mean 204 335 131

It has beenreported (Benesch & Benesch, 1958) that disulphide exchange can take
place in strong HCI (7 n—12 ~) through an electrophilic attack of a sulphenium cation
(RS*) on the disulphide bond, the sulphenium ion being produced by the acid acting
on the disulphide, thus:

R—S—S—R +HCl = RSCI+RSH, (1)

RS® CI® +R'—S—S—R' = R—S—S—R’+R'SCL (2)

Thus, there seemed a possibility that cystine values could have been reduced by the

hydrolysis system used. This acid catalysed exchange reaction should be inhibited

by the addition of mercaptans as reaction (1) is reversed and the concentration of

sulphenyl chloride reduced. Theoretically, therefore, if the hydrolyses were to be

carried out in the presence of thioglycollic acid or any other mercaptan, the con-

centration of cystine should either remain the same or increase if in fact cystine was
being converted to its sulphenium chloride in previous experiments.

The (100 +)9, recovery of added cystine recorded in Table 2 and the drop in
cystine due to the reducing action of the added thioglycollic acid reported in Table 4,
clearly eliminate any possible interference by the sulphenium chloride reaction in the
cysteine—cystine balance in casein during digestion.
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From all the foregoing it is reasonable to infer that during casein hydrolysis no
artifact or equilibrium shift of significance was produced from the cysteine or cystine
or through cysteine—cystine interconversion.

DISCUSSION

Acid hydrolysis of proteins is generally believed to cause a certain amount of
destruction of the sulphur amino acids cysteine and cystine (Haurowitz, 1963). The
destruction is particularly severe in the digestion of glycoproteins, and is apparently
caused by the carbohydrate breakdown products (Block & Bolling, 1945). The
destruction can be reduced by the use of formic acid and by exclusion of oxygen
during the digestion (Haurowitz, 1963). Furthermore, acid conditions below pH 2-0
inhibit air oxidation of cysteine as well as cystine reduction through the presence of
thiols or mercaptans. (Leach, 1966).

Asindicated on p. 120, the conditions used in the present study did not appear to
affect the total recovery of added cysteine and cystine or the balance of the two.

In this study, cystine was determined as cysteine-after-reduction in solution or in
the hydrolysate with sodium sulphite. One mole cystine was found to be equivalent
to 2 moles cysteine when measured by the method used. It would appear that the
colour reaction with ninhydrin below pH 1-0 does not involve the sulphydryl group,
because other sulphydryl-containing compounds do not respond similarly, e.g. thio-
glycollic acid. Gaitonde (1967) tested a whole range of compounds, including —SH
compounds and amino acids, and showed that the colour reaction was specific for
cysteine under the conditions of the test and that the presence or absence of other
amino acids had no effect on the specificity of the test. The increase in cysteine found
after the reduction with sodium sulphite in near neutral solution could thus only have
arisen through reduction of cystine.

The cysteine plus cystine content of 335 mg/100 g protein found for the 3 caseins
is of the same order as figures reported for either cysteine alone (300 + mg, Hill, 1964)
or cystine alone (340 mg, Gordon & Whittier, 1965). Our results indicate the presence
of both cysteine and cystine in a 1:1ratio by weight and so differ from results reported
by Nakai et al. (1965), Beeby (1964), and Hill (1964).

Hill (1964) used Pronase to open up the structure of whole casein but he gave
no indication whether Pronase affected the disulphide bond in any way at all.
However, Davidson & Hird (1967) report the possibility of SH-SS exchange reactions
during limited proteolysis. Hill found that when the casein was digested with Pronase
alone he obtained a much lower sulphydryl content than when the Pronase digest had
been reduced with sulphite or NaBH, or treated with cadmium hydroxide. He as-
cribed this to the sulphydryl being so strongly protected that even Pronase digestion
does not fully expose the sulphydryls. However, study of table 2 of Hill (1964) shows
the following : ‘ The average of the moles cysteine/100000 g protein figures in column 2
(Pronase digest, pH 8:0) works out to 1-27. The average of the values in columns 3,
4 and 5 (sulphite, NaBH, and Cd(OH), treatment) works out to 2-51 moles cysteine/
100000 g. We would argue that this difference (2-51 —1-27 = 1-24 moles) is due to
conversion of the disulphide to the sulphydryl as a consequence of the reductive
treatments given and not due to simple disaggregation and exposure of more —SH
groups.’
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We have shown that sulphite reduces disulphide quantitatively to ~SH. This dif-
ference of 1:24 mole of cysteine could thus be equivalent to 0-62 mole of cystine
giving 1-27 moles cysteine and 0-62 mole of cystine/100000 g casein. From the figures
reported in this investigation (165 mg cysteine and 170 mg cystine/100 g casein)
the moles/100000 g casein work out to 1-36 moles cysteine and 0-71 mole cystine,
respectively.

This re-calculation of Hill’s data provides valuable confirmation of our findings.

If it is assumed that the cysteine and cystine are mostly, if not all, in the «-casein
fraction of whole casein (Waugh et al. 1960; Hill,1964) then 0-71 mole cystine/100 000 g
whole casein may be written as 0-71 mole/15000 g k-casein, assuming that «-casein
comprises 159, of whole casein (Waugh & von Hippel, 1956). Thisisroughly equivalent
to 1 mole cystine/21000 g «-casein. Swaisgood, Brunner & Lillevik (1964) report the
presence of 1-11 mole of cystine/28000 g x-casein and Nakai et al. (1965) report
1 mole of cystine/20000 g «x-casein, which is in reasonable agreement with cystine
figures reported in this work. Neither reported the presence of cysteine in casein.
From a similar calculation,it appears that the concentration of cysteine is equivalent
to 2 moles/22000 g k-casein. As the molecular weight of «x-casein is about 20000 (see
Jolles, 1966) it appears that one mole of k-casein contains 2 moles of cysteine and
1 mole of cystine. Hill (1964) was not able to detect sulphydryls of whole casein, even
under strongly dissociative conditions and did so only after partially digesting with
Pronase. Thus, it appears that the sulphydryl groups are well protected in whole
casein. Evidence for the structural protection of sulphydryls in other proteins is
also available (Cecil, 1963). Several sulphydryl dependent aggregations, as distinct
from SH- SS- interchange reactions, have been reported in the literature (Hughes,
1947; Madsen & Cori, 1956; Deutsch & Morton, 1958; Jensen, 1959) and a similar
type of sulphydryl dependent aggregation in whole casein cannot be ruled out.

The fact that 3 different casein preparations used in this study gave similar results
indicates that ordinary processing does not affect the sulphydryl-disulphide balance
of whole casein. The sulphydryl group may not be as labile as is commonly believed.
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SECTION €3 A STUDY OF THE EFFECT OF SODIUM THIOCGLYCCLLATE ON
GELATIOR ARD SYRERESIS OF CALCIUM CASEINATE - CALCIUM

+HOSPHATE SYSTENMS.

1. Effect of addimg Sodiuam Thioglycollate, after Rennet Action
on Casein at 5°C, om Gelatiom and Synoresis st pH 6.8 and 38°C.

(a) Experimemtal
"Artificial »ilk" containing 100 mg¥% calcium and S5 agh
‘P as EBPOh was prepared as described under Chapter II:A:2.
The “@milk" was prepared in bulk and dispensed into beakers
in 40 ml. quantities. The "milk" samples were chilled to L°C
and then reacted with 2 drops of neat commercial rennet for
60 =inutes. The samples, except for the control, were then
reacted with 10 ag, 30 amg, and 10C mg of sodium thioglycellate
at k°C for 30 minutes after which the beakers wera transferred
to a water bath maintained at 38°C. The whey expelled at
various time intervals was collected and its volume
neasured.

(v) Results
Results are givea im Table IX.
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Table IX. Effect of Adding Sodium Thioglycollate, after Rennet
Action at hOC, on Gelation and Syneresis of Calcium

Caseinate - Calcium Phosphate Systems at pH 6.8 and 38°C.

Samples A B c D

Sodium thioglycollate added (mg) Control 10 30 100
PE of the "milk" system 6.8 6.8 6.8 6.8
Gelation time (minutes) at 38°C <5 <5 <5 <S5

Syneresis, mls. whey/40 mls. curd

after: 60 minutes 3 6 b 2
80 minutes 4 9 6 4
100 minutes 5 12 8 7
120 minutes 7 14 11 9
17 hours 26 29 28 28
20 hours 30 32 31 31
Turbidity of whey clear £ + ++

Results from Table IX indicate that the presence of sodium
thioglycollate does not inhibit gelation of the "artificial milks".
The extent of syneresis, after 20 hours, is about the same for all
samples but the initial rate of syneresis appeared to be faster for
samples 'B' and 'C' containing 10 and 30 mg of sodium thioglycollate
respectively, compared to the control and to sample D' containing
100 mg soddum thioglycollate. Because of the high levels of sodium
thioglycollate used a sulphydryl-disulphide interchange reaction does
not agpear to be involved in gelling or syreresis in this system. It
has been found to be important in the gelling of egg albumin and serum

albumi (166).
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The wheys froam samples B, C and D were noticeably more
opaque than the whey from the control and the opacity increased
with increasing levels of added sodium thioglycollate. This
observation suggested that the wheys from samples to which
sodium thioglycollate had been added contained increasing levels
of protein which had not been bound by the curd. Thie was
confirmed by the precipitation of protein from these wheys when

the pH was adjusted to 4.6 with dilute acetic acid.

Effect of adding Sodium Thioglycollate on Gelatiom and Syneresis

of Calcium Caseinate -~ Calcium rhosphate Systems under conditioms

of Gradual iteduction of pH and Increase im Temperature.

(a) Experimental

In this ex;yeriment an attempt was made to simulate
conditions occurring during the cheesemaking process in
regard to pH and teaperature change.

“Milks" containing 3g casein, 100 mgh% calcium and 55 mgh

phosphorus as H,P0O, were prepared in bulk at pH 6.8 and

3
dispensed in 40 ml. quantities as before. Sodium
thioglycollate was added in somewhat greater quantities than
those in experiment 1, (200, 300 and 400 mg). The addition
was done at room teaperature and prior to adding rennet.

To one sample was added 200 mg NaCl for comparison. After
a reaction time of 30 minutes, 160 mg glucono-acid-lactone
was added to all samples, followed by 2 drops of nest
commerciel rennet at )O'C. %hen the "milks" had gelled

the temperature was gradually raised from 30°C to 38°C ia

about 35 minutes. Whey expulsion was then measured.



Table X. Effeet of Sodium Thioglycollate on Gelation and Syneresis of Calecium
Caseinate - Calcium Phosphate Systems under conditions of Gradual

Reduetion in pH and Increase in Temperature.

T8

Samples A B c D E r
Sodium thioglysollate added (mg) Contrel 200 300 400 300 -
(pH centrol)
Glucono-acid-lactone (mg) 160 160 160 160 160 160
Sedium ehleride (mg) - - - - - 200
Initial pH of "milks" 6.8 6.8 6.8 6.8 6.8 6.8
Gelation time (mimutes) <5 - - - (no rennet) -

Samples B, C, D and ¥ did

Symneresis, als whey/kO mls curd not form a gel.

after: 35 ainutes 15 B, C and D gave PH 5.9
precipitates in
55 sinutes 28 decreasing quantities PE 3.7
65 minutes 33 after one hour. Super- pPH 5.5
100 minutes 36 natants were very pE S.b
=1lky. (no ppt.)

Turbidity of whey clear + + ++ - +
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A control sample containimg 160 mg glucono-acid-lactone and
300 mg sodium thioglycollate and treated similarly to others
showed that the pl dropped gradually from 6.8 to S.k at the end

of 100 minutes.

(v) Results

Results are given in Table X. ( Page 82)

Results given in Tatle X indicate that sodium thiozlycollate in
the high cencentrations used (2.4, 6.6 and 8.8 -H;edid not allow
a gel structure to form and instead precipitates in decreasing
quantities were formed after 1 hour at pH 5.4 with increasing
levels of sodium thiocglycollate. Correspondingly the turbidity
of the su;ernatants increased. Sodium chloride at an equivalent
concentration to the sodium thioglycollate level used in Sample D
produced a similar, although slightly smaller, quantity of
preciritate (F in Table X). The precipitates in all cases
became noticeable after the pH had dropped to about 5.4. In
Sample E, which contained no remanet but had both sodium
thioglycollate and glucono-acid-lactone, there was no formation
of a precipitate at pH S5.h. In a separate experiment samples
were first reacted with remnet at 4°C for ome hour and then

400 mg sodium thioglyccllate per 40 mls. (8.8 -H;‘:;- added.

To one sample was added glucono-acid-lactone while the other was
examined for syneresis at pii 6.8 and 30°C. Results showed that
st pi 6.8 and 30°C no coagulation occurred in the absence of
glucono-acid-lactone and after 60 hours only slight destabilisation

of the caseinate appeared to have taken place. The pH of the

¥ Read ot 4y L6 and ¥8 mM
** Rl oa 88 M.
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sample containing glucono-acid-lactome had dropped to 5.5

within 60 minutes and this sample had them formed an appreciable
precipitate. This suggests that the formation of the
precipitate was the consequence of a pH effect. The isoelectrie
point of para-casein (rennet treated casein) is around pHE 5.2
and may exrlain this observation. In another experiment 40 mls.
commercial rennet was treated with 40O mg sodium thioglycollate
for 1 hour at 3o°c and then 2 drops were added to a "milk"
sample. The "milk" clotted in normal time indicating that

sodium thioglycollate had no effect or the rennet itself.

3. The Effect of Sodium Thioglyccllate on the Gelatiom and Syneresis
of Skim Milk at pH 6.7 and 38%,

(a) Experimental
Skin milk was obtained from the local =ilk treatment station

and dispensed into 100 ml. beakers in 40 ml. quantities. The
samples were reacted with the required quantity of sodium
thioglycollate for 30 minutes at 38°C and then 1 drop of
comzpercial rennet was added. Two hours later the amount of

whey expelled was measured,

(b) Results

Results are indicated im Table XI.
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Table XI. The Lffect of Sodium Thioglycollate on the Gelation and

Syneresis of Ski= Gels at pH 6.8 and 38°C.

Samples A B c D
Sodium thioglycollate added (mg) Control 200 300 400
pﬂ of 'ki. lllkl 6.7 6.7 6.7 6.?
Gelation time (minmutes) <10 <15 <15 <15

Syneresis, mls.whey/40 mls. curd
after 12C minutes 23 21 21 22

Turbidity of whey clear + + ++

Results ziven in Table XI indicate that addition of sodium
thioglycollate (4.5, 6.6 and 8.8 nxiﬁgad little effect on the extent
of syneresis at 38°C though the rate appeared to be a little slower.
The gels appeared to be weaker with increasing concentration of sodium
thioglycollate. Interestingly, at the 400 mg addition, sample D had
gelled though admittedly appearing weaker than the rest. At this
coneentration of sodium thiogliycollate "artificial milks" had not
gelled at 3o°c. This say be a temperature effect similar to

(75) observations wherein it was indicated that at an

Cheeseman's
addition 17.1 mM of sodium chloride the system did not gel at room

temperature but did so at 50°C.

¥ Read as 4y, 46, 58 mM
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SECTICH D: EFFECT OF SULPHYDRYL BLOCKINKG AND DISULPHIDE SPLITTING

1.

2e

AGENRTS ON GELATION AND SYNERESIS OF “"ARTIFICIAL MIIX™

SYSTEMS AT pH 6.0 AND 38°C.

Experimental

"Artificiel milk'" at pH 7.0, containing 100 mgsi calcium but no
phosphate and 3% casein, was prepared in bulk without finally
adjusting to volure. It was divided into equal portions and
each portion was treated separately withj;thyl ualeimide,

methyl nmaleimide (sulphydryl blocking agents) and dithiothreitol
(disulphide splitting agont)(136) for 30 minutes at room temperature.
Later, the pH of all samples was adjusted to 6.0 by the addition
of 0,1 N HC1. The volumes were then adjusted so that the '"milks"
contained 3% casein and 100 mgk caleiunm.

40 ml. lots of variously treated samples were then examined for
gelation and syneresis as before, usiag 1 drop of 1:3 diluted
comnercial rennet for setting the “milks". None of the "milks"®

showed signs of destabilisation after reaction with the reagents.

Results
Results are given in Tadble XII.



Table XII. Effeet of Sulphydryl Blocking and Disulphide Splitting Agents on Gelation
and Syneresis of Calcium Caseinate Systems at pH 6.0 and 38“0.

Samples A B o D E
Initial pH 7.0 7.0 7.0 7.0 7.0
Dithiothreitol added (mg) Control 20 Nil Nl N1l
Ethyl maleimide added (mg) Nil Nl 20 ko Nl
Methyl maleimide added (mg) N1 N1 N1 M1 20
Reaction time at room tesperature
(minutes) 30 30 30 30 30
Final adjusted pk 6.0 6.0 6.0 6.0 6.0
Gelatiea time (mimutes) < 3 <3 <3 <3 <3
Gel type fira precipitate fira fira firm
Syneresis, mls whey/40 mls curd,
afters 15 minutes 10 ailky 9 S 2
25 minutes 29 supernstant 28 29 26
35 minutes 33 32 33 32
90 minutes 36 36 36 36
120 ainutes 36 37 36 36 36
Turbidity of whey elear silky elear clear ¢lear

(++4)

LS
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FIG.6: SYNERESIS OF RENNET-CASEIN GELS IN THE PRESENCE OF -SH
BLOCKING AND DISULPHIDE SPUTTING AGENTS, pH 6-c;/38’c



Results given in Table XII and plotted in Figure 6 show that
addition of sulphydryl blockiang and disulphide splitting agents does
not inhibit coagulation, that is, the prisary phase of reznet action
on casein micelles. They also do not appear to affect the overall
rate and extent of synereeis of the calcium caseinate gels to any
great extent. Semples containing the additives appear to start
syneresing at a slightly slower rate but this rate increases so that
at the end of thirty five minutes the extent of syneresis was the same
for sll sasples. Under the conditions of the experiment, the
possibility of sulphydryl-disulphide interchange reactions cccurring

during gelation, as postulated by 3039(63)

s Oor during syneresis appears
to be ruled out. There iz no inhibitory action om clotting by the
additives, in particular, by ethyl maleimide and methyl maleimide.

It also appesrs that a sulphydryl group is not involved in the active
centre of the enzynme.

It is significant to note that dithiothreitol did not destabilise
the cassin micelles in the “artificial milks™, However, the rennetted
sarples were unable to form a gel, that is, it interfered in the
formation of a gel structure while allowimg a precipitate to fora
alsost immediately on remnetting. The supernatant whey was very silky.
This observation wss similar to that observed with sodium trioglycollate
(experiment 2), except that dithiothreitol appears to be much more

effective than scdium thioglyeollatc at equivalent concentrationms in

the prevention of gel formation.
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SECTION Ei DISCUSSION ON THE EFFECT OF TEIOL BLCCKING AND DISULPHIDE
SPLITTING AGENTS ON THE GELATION AND SYNERESSIS OF RENNET-

CASEIR GELS.

Hesulta from the preceding two sections do not bear out the

(22) (63)

postulates by Chuan and Rege that a1lk clotting szs siailar to

blood clotting ir which a sulphydryl-disulphide chaia reaction is

involved. Thke sulphur anino acids, cystine and cysteine, are

(137)

concentrated in kappa-casein which is primarily asaociated with

the surface of the micelle. It was shown earlier ia this work
(Electron microscopy - Plates 4 - 11) that gelation was essentislly a
surface phenomena of the casein micelles, tut it 1s difficult to see
sulpbydryl-disulphide interchenge reaction occurring in the presence
of sulphydryl tloeking agents such as N-ethylmaleimide or methyl

maleimide. Also, the sulphydryl grour is well protected in whole
(82)(83)

casein and becomes available enly under the most draastic

(83) (83)

disaggregating conditions On the other hand, Hill's work

suggests that the disulphide groups on whole casein are more readily
available for reaction with external agents. It is unlikely, hcwever,
that a disulphide exchange reaction, as distinct from sulvhydryl-
disulphide exchange reacticn, would take place at atout neutral pH or

at pE 6.0, a5 this normally cccurs only under stromngly acid

(82).

conditions For similar reasons, it is unlikely that sulphydryl-

disulphide or disulphide exchange reactioams play any significant role

in the symeresis of rennet-casein gels as proposed by Christ(73) and

Schober et 11(113).
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The present work indicated that the cleotting activity of rennet
was not inhibited in the presence of sulphydryl blecking or disulphide
splitting agents. This suggests that the sulphydryl group in rennia
was unreactive and/or not irvolved in the sctive centre of the enzyme.

(138)

Cheeseman has recently come to a similar conclusion.

At low concentrations (10 - 3C mg), sodium thioglyccllate
appeared to increase the rate of symeresis at pH 6.8 and 38°C, but
higher concentrations {excess of 100 sg) proved imnhibitory and at a
sufficiently high concentration (excess of 200 mg) gelation was imhibited.
This may be attributed to the dispersive actiom of the scdius ions from
sodium thioglycollate similar to that found for sodium chloride by

Choosonan(75) and 8t011(10h).

Thie poassibly oceurs by the displaceseat
of calcium from the curd by the sodium ioms through competition for
binding sites. This dispersive action would also account faor the
turbid wheys obtained from sodium thioglycollate treated samples.

A8 noted in Section D, dithiothreitol was much more effective than
sodium thioglycollate in low concentrations im preventing a gel from
developing. Instead, rennet action gave a quickly settling
precipitate and a milky supernatant withir minutes after its addition.
Dithiothreitol is an effective disulphide bond splitting agent(136) and
would be more effective than sodium thioglycollate particularly since
it poesesses two -SH groups. The glycomacropeptide and the sulphur
amino acid cystine appear to be located at distant portions of the

kappa-casein -oloculc(B)(91).

If sodium thioglycollate or dithio-
threitol split the disulphide bond prieor to remnet actioa, this would
not necessarily lead to micelle destabilisation. Destabilisation was
not, in fact, observed in this work, the "milks” being quite stable

hours after the additiom of the reagents. The highly hydrophiliec
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moiety of the kappa-casein could still be attached to the micelle,
confering stability to the system despite the disulphide bond
scission.

On the other hand, with para-kappa-casein, scissiom of the
disulphide bond may lead to the release of a fraction of the para-
kappa-casein into solution or it may lead to its modification. in
either case, the casein micellar gystem loses its ability to form a
gel. This might suggest that the para-kappa-caselin on the micelle
gurfsce taltes part in the formation of a gel astructure.

In suamary, disulphide splitting agents (1) do not destabilise
unrenaetted "ailus', 12) inkisit gel forzation in rennetted "milks"
but allow the foraation of precipitates uwith arpresciable relieass of
acid precipitable protein ianto solution, (3) at lower levals (below
100 mg sodium thioglycollate) have ho effect on the ultimate extent
of sjneresis ahen gels can be formed. They do modify the initial
rateg of gsyneresis.

They, therefore, appear to be witaout observed effect prior to
rennet action. They also appear to modify the ability of the micelle
surfezce to form the open network structure neceasary for el forsmatione.
Sulphydryl and disulphide groups on the caseinate do not appear to be

directly iavoived in syneresis.
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CHAPTER V

A Study of the Effect of Calcium on the Gelation and Syneresis

of Caseinate Systems

SECTIOR aA: THE EFFRCT GF CALCIUM CN 1Hx GELATICON AND SYRERESIS
OF CASEIN SYSTEM8 IN THE rRESENCE CF DEVELOPING
ACIDITY BUT IN THE LBSENCE OF RENKET ACTICN ON

CASEIN.

Experimental

vArtifieial milk” at pR 6.8 containing 3¢ casein, 100 mgh calcium
and 55 mgh 'P' as "3P°h was prepared as described warlier. a
sodiusw caseinate solution at pH 6.8 was prepared in a similar
manner. To 40 wls. of each at 30°C was added 400 mg giucono-
acid-lactone &nd the kydrolysie of the lactone was allowed to
proceed under quieacent coanditions. Temperature was aaintained
at 3o°c by means of a water bath.

Two extra samples for each solution were also incudated, one for
deteraining the rate of pi change with time and the other for
determining the gel point. The gel point was found by carefully
picking up a small quantity of the ligquid &t the edge by means of
a spatula and letting it rum dowa the sides of the deaker. The
gel point was taken as the time of first appearance of specks of
curd and the pR of the control sample was immediately checked.

gglaltl
Results are indicated in Table XIII,.



Table XIII.

The Effect of Calcium on the Gelation and Syneresis of Casein Syastems in

the Presence of Developing Acidity and in the Absence of Rennet Action.

Sample

Time (minutes)
(0] 10 25 30 50 70 75 105 120 330

Change of pH with time

Syneresis mls. whey/
40 mls. curd, after

48 hours at 30°C and
pH 4.0

"Artificial milk"
(Ca + P)
+ LOOmg G.A.L.

Sodium caseinate
+ LOOmg G.A.L.

6.8 6.0 5.6 5.4 5.3 5.2 5.1 4.9* 4.8 4.0

6.8 6.2 5.7 5.5 5.3 5.1 4.9** 4.6 4.4 4,0

N1l

Nil

Note: Figures underlined indicate gel point.

* weak gel. ¢¢ firm gel.

€6
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Results given in Table XIII show that, under the conditions of
the experiment, there is no syneresis of iscelectric casein gels,
irrespective of the presecnce or absence of calciusm. Even after
48 hours at 30°C there was mo signe of exudatiom of whey. A
separate experiment in which “artificial =ilks™ containing only
calcium (100 mg#%) and no phosphate were used gave similar results.

The sodium caseirate solution which was greyish-opaque to start with
gradually attained a "milky" appearance as the acidity developed in the
systes until below pE 5.0 when, visually, it matched the whiteness of

the “artificial =1l1k". This indicated the development of fime particles
throughout the body of the systea, which induced greater light
scattering, (Plate 2k, No.1 and 2). Both tae "artificial milk" and

the sodium caseinate system gelled at the =ame pH (4.9) but the sodium
caseinate system reached this point much earlier at 75 minutes as

against 105 minutes. This was probably due to the greater buffering
ability of the "artificial milk" containing both calcium and phosphate.
The fimal pH of 4.0 was, however, similar in both casss. It vas
noticeable that at the gel point of pH 4.9, the sodium caseinate system
appeared to have a firmer gel tham the "artificial milk™ system, although
at the lower plH's the difference was not so obvious. Both gels could

be easily disaggregated after which they collapsed. This could be
induced either by shaking the beaker or by dipping a spatula or glass
rod imto it.

The results indicate that it is not mecessary for calcium to be
present for the formation of an iscelectric casein gel, that is, a
5-dimensional network can fora in the absence of calcium. Also,
acidity by itself or in the presence of celcium and/or phosphate does

not cause syneresis of casein gels even at low piH..
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1.

2.

3.
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Note:

idit
he gel o nd i

Ef £ gale and net- f i a

f ea
Isoelectric casein gel ('Ca' + 'P') after 72 hours, at 30°G,
final pB h,0

Iscelectric gel (sodium caseinate) after 72 hours at 30%,
final pH 4.0

Para-caseinate gel ('Ca’ + 'F') after 2 hours at 30°C.

Acid para-caseinate gel (sodium para-saseisate) after 48 hours
at 30 C, final pH 4.1

Neutral para-caseinate gel ('Ca' + 'P') after 20 hours at 3o°c.
final pH 6.8

Neutral pnra-cssoinnto solution (sodiua para-caseinate) after
20 hours at 30 C, final pH 6.8 ( mo gelation )

‘Ca' + 'P' indicatea 'milkg!

cont
5% mg % phodphorus. ntaining 125 mg % calcium and
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The forces of attraction between the proteim particles tkus
appear to be only just sufficieatly stroang to "immobilise" the liquid
phase within the 3-dimensional network but are not strong enough to

shrink the gel and expel the whey.



SECTION B: THE EFFECT OF CALCIUM OR THE GELATION AND SYNERESIS

1.

2.

OF RENNET-TREATED CASEIN SYSTEMS IN THE PRESENCE OF

DEVELOPINKG ACIDITY.

Experimsental
"srtificial ailks” at pH 6.8, containing 3g casein, 100 mg¥% 'Ca’,

55 mgt 'P', and sodium caseinate solution (pH 6.8) was prepared
as before. 4O ml. portions were takeam in 100 ml. beakers and
placed im water bath at 30°C. 400 =g gluceono-acid-lactone
followed by 1 drop of 1:1 diluted commercial rennet was then
added to the samples, which were examined for gel formatiom and
syneresis. As before, duplicate controls were set up for each
saxple, one for measuring pH at various time intervals and the

other for determining the gel point.

Results

Results are indicated in Table X1V,



Table XIV. The Effeet of Calcium on the Gelation and Syneresis of Remnet-treated Casein

Systenms in the presence of Developing Acidity.

TIME (minutes)
(6] 3 8 25 60 80 105 180

Sample Change of pH with time

Syneresis mls. whey/40 mls.
curd at 30°C and pH 4,0

2 hours 48 hours

Hartificial milk"
(Ca + P)
+ kOO ag GeA.L,

+ rennet/30% 6.8 firm 6.0 5,6 5.0 4,7 U4.,5°* 4,0

gel

Sodium caseinate
+ bOO mg G.ALL.
rennet/30°C 6.8 - 6.1 5.7 8.2 4.8 4.6 K.

36 -

nil nil

Note: Figures underlined indicate gel point.

* ayneresis well under way.

*® syneresis virtually completed.

"Artificial ailks" containing only calcium behaved similarly although they syneresed at a

faster rate than when phosphate was also present.

Lb
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Results given in Table XIV show that rennet conversion of casein
to para-casein alone is not sufficient to give syneresis even if the
PH is lowered well below the isoelectric point. Both rennet action
and the presence of calcium appear to be necessary for syneresis,
(Plate 24, No. 3 and 4)®. ©Proteins are regarded as having a minimum
water holding capacity at their isoelectric points, However, the
absence of syneresis in the geles, observed in the previous sectioa
(Table XIIT) nand in the rencel-treaved sodium cascinate system observed
here, indicates that the type of gel formed and the forces involved in
the gel structure zre more important in syneresis than the adjustment
to the isnelectric point by the development of acidity. The fact that
rennetted "artificial milks" containing calcium as distinct from the
sodium caseinate solutions clot at near neutrality indicates that the
divalent calcium 1s invelved in thz cress links. Rennet-treated
sodium caseinata, os the other hand, oaly geiled at a pA of 5.2 which
i8 near tha isoelactris point of para-cassein indicating that weak van
der Waal's or electrostatic forces of attraction are in overaticn giving
a flexible 3-dimensional nstuork, ms zppears to be the case also with
isnelectric non-renraet-trested ccsoln gels.

Resultc ~hew tlet in rennet-treated caseinate systems calcium is
rot necescary tc give a pgel structure at low ph values, but that calcium
is necesszry for syneresis tc ccecur and that pi is not a significant
factor in the absence of caleium in syneresis. It 4= also significant
to note that even in tka presence of calcium there is no syneresis
except after remnet action (Plate 24, No.1 and 3). Thue both cszlcium

and reanet modification of casein are sssentiel for syneresis to occur.

* after page 94.



SECTION C: THE EFFECT OF CALCIUM OF THE GELATION AND SYINERESIS

OF RENNET-TREATED CASEIN SYSTEMS AT NEUTRAL pH.

1.  Experimental
"Artificial milk" at pB 6.8 and containing 100 mg# ‘'Ca’ and

55 mg% ‘P’ as 3390“ and sodium caseimate solutioa at pH 6.8
was prepared and dispensed in the usual way. A drop of 131
dilunted commercial rennet was added to the samples which were

ther examined for gel formatiom and syneresis.

2 Results

Results are indicated in Table XV.

Table XV, The Effect of Calcium on the Gelation and Syneresis of

Rennet-treated casein systems at neutral pH,

TIME (minutes)

0 3 100 180 1200
Sample Syneresis, mls. whey/40 mls. curd, with time
“Artificial =ilk"™
(Ca + P) pl°6.8 gol
+ reannet/30 C - poiat 2 5 35 (completed)
Sodium caseinate
,' 6.8
. roanot/30°c no gel formatiom

LIBRARY
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>
Results given im Table XV (Flate 24, Wo.5 and 6) show that in

the absence of calciux, rennet-treated sodium caseinate does not
gel at near reutral pH. In the absence of acidity the scdium
caseinate system remains in suspecsion for leng periods. The only
change is the development of slight opacity after remnet has reacted
with sodium caseinate, indicating that rennet action has not been
inhibited by the lack of calcium. Addition of calcium ions to such
a systeam, causes it to gel.
The "artificial milk"” on the other hand gave a firm gel withia
3 minutes of rennet addition. As compared to rennet-treated "milks"®
in presence of developing acidity (Table XIV) syneresis of the neutral
“311k" gel is very much slower but it does occur and becomes complete
in 20 hours as against less than 2 hours. Syneresis is thus
essentially associated with the presence of calcium and the
modification of casein by rennet action. This confirms the results
of the previous section.
The results from these studies indicate that:
1. Gels will form but will not synereszse when
(a) pH reaches isoelectric point for both non rennet-treated
casein and rennet-treated casein in the absence of calciua,
(b) when pH reaches iscelectric point for non rennet-treated
casein even in the presence of calcium.
2. Gels will not form
(a) at meutral pH with non rennet-treated casein in the presence
or absence of calcium,
(b) at neutral pH with rennet-treated casein in the absence of
calcium.
3« Gels will form and show syneretic behaviour
(a) at neutral or acid pH for rennet treated casein im the
presence of calcium.
>~ afler page ay
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Therefore for gels to form and show syneretic behaviowur the
casein must have undergcne a change inrduced by remnet enzymes, and
calecium sust be preseant. Acidity hastens the synsretic process as
does temperature. Syneresis appears to be an inherent property of
a gel formed under certain cornditions. GCel formatioan in itself

does not sutomatically imfer that syneresis iz to follow.
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SECTION D: THE BFFECT OF VARIOUS LEVELS OF CALCIUM ON THE GELATIONR

AND SYNERESIS OF RENNET-CASEIN GELS AT pd 6.8 anD 30°C.

1. er ntal

(a) Preparstion of calcium caseinate "artificial milke"

containing 60 - 200 mg¥ (w/v) calcium.

“Artificial ailks" containing up to 125 mg¥ (=/v) calcium
were prepared dirsctly as described earliar at a pH of 6.3.
For additions of calcium bayond the level of 125 mgh (w/v)
the followinz procedure wvas evolved:

“irtificial a1lk™ containing an equivalent of 125 mgX¥ calcium
was first prepared, without makimg to final volume. After
conplete solubilisation of the caseinate the "“nilk"™ was held
below 5° for at least 12 hours.

The "ailk" was then warmed to 30°C and a calcium chloride
sclution containing 5 ng/ml calcium was added very slowly
until the desired calcium level was reached. Concurrently,
C.2i NaOH was added to maintain the pH at 6.8. The "milk"
was then made up to volume to contain 3% (w/v) casein, and
the required percentage of calcium. After making to voluame
the "artificial sflk™ was allowed to eguilibrate for at
least an hour before symeretic studies were carried out.

The additiomn of extra caleium, particularly in excess of

150 =g had to be very carefully carried out to avoid
destabilisation of th: caseinate. In many instances, such
precipitaticn could bave been avoided by simply building up
the viscosity of the system to that of ordinary milk by the

addition of gelatin or sodium alginate. However, these



(v)

(e)
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substances might have affected gel characteristic and syaeresis and

were, therefore, not added.

Adjustment o’ the electrical resistance (conmductance) of the
"artificial =ilks"®.

Since different levels of calcium were being used im the various "milks"
differences in the ionic strengths might have affected the results.

The ionic strength of the "artificial wilks" was difficult to calculate
since the amount of calclium bound to the caseinate could not be
precisely evaluated. The electrical resistance of the systems was
therefcre measured using a Phillips conductivity meter. The values
for the higher resistance "milks" were adjusted by the addition of
small juantities of sodium chloride so that all the "artificial ailks"™
were comyarable with respect to their electrical conductivity. Thus
to a 60 mgs (w/v) calcium "milk", 65 mg NaCl had to be added per 100
mls "2ilk"™ to adjust the electrical resistance to a value near that of

a 150 mgt (w/v) calcium "milk"™.

Measurement of symsresis.

The method followed was simllar to that givem under Chapter IViA:3,
The "milks” were lacudated at 3o°c. and one drop of a 1:10 diluted
commercial reunet was added at staggered intervals. Duplicates

were set up for each sanmple for measuremeat of the gel poiat.

Results
Results are indicated in Table XVI for two different experiments.



Table XVI.

Effeet of Various Levels of Calcium on Gelation and Syneresis of "Artificial Milks",

Sample Caleium Gelling time Gel Extent of Syneresis Turbidity of
No. agé (w/v) (minutes) type mls. whey/LkO mls. curd at 30°C. whey
nut 180 _minutes
(a) (v) (av)
1 60 ho fragile 18 18 30 ++
2 75 30 fragile 13 15 33 *
3 100 21 firmer
than 1 and 2 11 13 33 +
L 12% 18 firm 19 20 35 clear
150 26 firm 10 9 33 elear
6 175 26 less firm
than 4 and 5 8 6 32 clear
7 200 28 fragile W% 13 35 clear

hol
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Results given in Tadble IVI and plotted im Figure 7 show that the
asount of calcium in an "artificial milk"™ system affects the whey
expulsion from the curd. At 90 minutes and 30°c. increasing the
calcium from 60 mgZi to 100 mgh% reduces extent of syneresis by about
33% (average of a and b) taking the 60 mgk whey expulsion value of
18 mls. as equal to 100. Raising the calcium te 125 mgk (No.k)
raises the extent of syneresis by 8% while a further increase in the
amount of calcium to 175 mg% causes a sharp drop in the extent of
symeresis by about 61%. Beyond 175 mgk calcium, the drop ia the
extent of syneresis is not as great deing only about 22%.

After 180 minutes at 30°C the differences in effects due to
calcium are very much reduced (Figure ?7) but the general trend beyond
the 100 mg¥é calcium level appears to be the same as when examined at
90 minutes. Both the 75 mgk and the 100 mgh calcium “milks", however,
have synertsed to a greater extent at 180 minutes than the 60 mgh
calcium "ai{lk" thus reversing the earlier trend.

The time to reach gel poiat drops by more than half when calcium
is raised from 60 mg#é to 125 mgh, thereafter increasing calciusm
raises the time to gel peint. Minimum time to gel point occurs at

(60)

125 agi calcium. Ernstroa has reported that the minimum time to

gel point with skim milk occurred at 142 mg¥ added calcium chloride.
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SECTION E: DISCUSSION ON THE EFFECT OF CALCIUM ON THE GELATION

AND SYNERESIS OF CASEINATE SYSTEMS.

From the foregoing sections, it would appear that certain
essentials are necessary in the casein gel for it to have syneretic
properties. Thus, development of acidity to, and below, the
isoelectric point to give a clot or 3-dimemsional network under
quiescent conditions was not sufficient in itself to give the curd
syneretic prcperties. Such an acid develeped gel, whether from
mormal or rennet-treated casein, was able to held its structure for
a long time im the absence of calcium unless deliberately broken.
Even when brcoken, the curd had little tendemncy to mat. Such acid-
developed gels showed little syneretic tendency ever at higher
temperatures such as 38°C.

Acid developed casein gels in the presence of calcium also showed
little syneretic tendency unless the casein was first reacted with
rennet. Rennet modified "artificial milks" containing calcium were
able to synergse, although at a slower rate, at near neutral pH.

This indicated that rennet modification of the caseinate and the
presance of calcium were both necessary for syneresis to occur, but
the role of ascidity appears, ia the main, to be omne of hastening up
the process of syneresis.

The forces imvolved in the cross linke to give the 3-dimensional
retwork ia the two systems, that is rennet-calcius-gels and the
isoelectric gels, must obviously be differeant.

Ia isoelectric gels, the developed acidity would reduce the
negative character of the caseinate until at the gel point the system
is electrically neutral. It does not necessarily follow that all the
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proteins in the casein complex each have an egqual number of positive
and negative charges. Some may still be negative in character, and
some possibly positive in character, depending on individual isoelectric
points. The gel point simply signifies that overall balance has been
achieved between the poaitive and negative charges, and gelation say

occur at this point. As Katchalsky(111)

has pointed out, the
spatial arrangement of these charges on the molecules is important to
give a 3-dimenszional network, otherwise a precipitate rather than a
gel would result. Little or no calciua is bound to casein below pH
5.0(60)(69), therefore both the “artificial milks" containing calcium
and the sodium caseinate systems would be expected to give similar types
of gels at the isoelectric point. The caseins in the "artificial
milks" at the isoelectric point would not be expected to be in their
normal calcive stabilised micellar form. They would be in a
dissociated state to a large extent. It would be reasonable to expect
the presence, under low pH conditions, of large numbers of either
monomers or small aggregates, which , when the system has become
electrically neutral, would interasct by weak var der Vaals or
electrostatic attractive forcez to form a gel structure and therebdy
immobilise the whole liquid. Because of the very nature of these

van der Waal's forces, the gel network would acquire a certain amount

of flexibility. There would be little tendensy to shrimk with
consequent whey expulsion. Such isocelectric gels would be termed

(103)(105)

Zine under Ferry and Morrison's Slassification, with the

cohesive forces not much greater than is just necessary to maintain

the network structure. 8t011(10h)

found that rennet-gels ia the
presence of calcium at and below pH S.4 tended to be very weak, which

is to be expected on the above hypothesis. ¢hoos¢-nn'-(75) results
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indicate that rennet milk gels set below pE 5.3 retained more moisture
than gels set at higher pH. This would be expected as below pH 5.3
little calcium would be bcund to the network, the gel would resesble
an isoelectric gel having little syneretic tendencies.

Cn the other band, coagulation of the reannet-trested "artificial
milks" at pH 6.8 appear to involve calcium in the crose links which give
the 3-dimensional network, since rennet-treated scdiusm caseinate
solutions do not gel at meutral pE. At near neutral pH, gelation would
essentially occur by cross-linking between micelles, as was shown earlier
in the Electron Kicrographa (Plates 4 - 11). It is prodbadble that, at
the gel poiamt, not all migelles or micellar strands are involved im the

(176) in a theoretical treataent

network, some would still bde free. Flory
of gelation proposes that there is minimal linking at the gel point but
the extent of limking increases therzafter with time. It is possible
that this increased linking brings about the syneretic behaviour at
neutral pH of rennet-casein gels in the presence of calcium.

Development of acidity evidently acts as an aid in enhancing or
speeding up the process possibly in such a way that the modile
structural elesents of the gel are able to react with each other and
with the rigid elements more profusely and quickly and in th» process
give rise to faster shrimkage. 1f acidity or low pH was absolutely
ezsential for syneresis, then little or no whey expulsion should have
occurred at the near neutral pH. In a rennst-casein system where acid
is continually being formed, the micellar structure is probadbly gradually
broken down and, as well, some of the calcium links iavolved im the
original J-dimensional network would disappear if they are domic in
character. The breakdowa of the micellar nature of the system to smaller
aggregates would lead to greater protein sub-unit concentration per umit
volume and to creation
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within the network of new attractive forces, both electrostatic, as
repulsion would be reduced at the lower pﬁ,and perhaps hydrogen and
hydrophobic bonding. In such a case the gel system would be
subjected to a very strong internal attractive force. This might
explain the greatly increased rate of syneresis in the presence of
developing acidity as against syneresis at pH 6.8; where syneretic
forces are not as well developed. Increased temperature increases
syneresis probably by increasing the rate of contacts of the mobile
elements with each other and with the structural elements of the gel;
and from possibly increased hydrophobic interactions within the gel
network.

The results obtained on the effect of the various levels of
calcium on the syneresis of rennet-casein gels at near neutral pH and
30°C is rather more difficult to interpret. It might be explained
on the basis of modification of the charge on the caseinate through
interaction of the protein with the calcium ions.

At low levels of calcium (62.5 mg¥%) the gels were noted to be
fragile and collapsed at an early stage giving a false indication of
greater syneresis. In such a system, a3 large prcportion of the added
calcium would be taken up in the formaticn of the micelles. Less,
therefore, would be available for interaction between the rennet-
treated micelles for gel formation. This might explain the observed
fragility of the low calcium gels. The wheys obtained from such gels
were opaque indicating that large amounts of protein were not enveloped
within the network. When the cslcium level was raised progressively
to 125 mg%, the rigidity of the gels also increased noticeably and the
clarity of the whey was considerably improved.

Raising the level of calcium in the "milks" up to the 125 mgh level

maximises the rate of syneresis probably by allowing for greater
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interaction between the elements of the gel structure. This may
ogccur through the calcium acting as counter icm to the repulsive
negative charges on the protein, reducing net charge to a minimum at
near neutral pH.

Further increase im calcium up to the 175 mg* level was observed
to give rise to a sharp decrease in syneresis. The gels were also
noted to become increasingly fragile, although the wheys obtained
remained clear. In this case it is possible that most, if ret all,
of the available negative charges on the caseinate complex have been
neutralised by the added excess of calcium ioms. The calcium ions
themselves, however, would not be fully neutralised and would still
bear a positive charge. If this assumption is valid, then the gel
network would ténd to acquire a net positive charge. This would
induce swelling of the gel as opposed to the forces giviag rise to
shrinking. Syneresis, therefore, would be reduced. Ratchalsky(111)
in discussing the mechano-chemistry of myosin has stated that in the
presence of polyvalent ions, especially calcium and magnesium, the
cataphoretic picture of this protein is transformed. The melecular
potential becomes positive at all pH values up to 9.0.

A concentration as low as 0.03 M of the divalent ions was stated
to be sufficient to change the sign of the mobility at alkaline pH
from negative to positive. The combination with divalent cations was

(111) to take place as follows:

proposed
R CO0~ + Ca** —> R co0 Ca’
_
Such a reaction may play a role ia the caseinate systems above the
125 mgkh level of added calcium in regulating the bonding possibilities
by deteramining its molecular potential. A concentration of 0.03 M is
equivalent to 120 mg% calcium. As noted earlier, syneresis was

drastically reduced between the 125 mg¥ and 175 mg¥ added calcium levels.
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A possible alternative explanation for the observed reduction in
syneresis may be that it is due to osmotic pressure difference between

loms within the gel ané thoss outside. Katehalsky' '')?

has pointed
out that in a non-iscelectric metwork the surplus of charges of one
sign requires in the imbibed solvent an equivalent number of small
free ions of the opposite sign to maintain electro-neutrality. The
large number of amall ions within the gel may give rise to a higher
osmotic pressure relative to the gel environment. 1If this were the
case, there would be a tendency for the gel to swell and thereby
oppose syneretic forces. The rate of syneresis would themn tend to
be lower.

The fact that syneresis does occur ian all remnet-casein systems
containing various levels of calcium indicatesz that symeretic forces
are stronger than forces resisting syneresis. Beyond the 175 mgh
addition of calcium the gels were observed to be fragile anmnd
collapsed readily. Excess of added calcium probadbly caused a general
destabilisation of the system and reduced water holding capacity of
the gels.

Results obtained with disulphide splitting agents, reported
earlier, had indicated that para-kappa-cssein on the micelle surface
say be involved in the developament of a 3-dimensional network. This
probabdly involves alse calcium since it has been shown in this study
that gel formatiom does not occur in the absence of calcium. R411

and Crak.r‘&s)

had shown that modification of the epsilom amino group
of lysine on rennin-altered kappa-casein prevented aggregatiomn of the
caseinate. Thus it seems possible that the epsilon amino group on
para-kappa~casein on the micelle surface may be involved in the

interactions with calcium to give rise to a gel structure. The
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interaction with cslcium may de similer to that postulated for

(71) which

e-amino groups or for imino groups by Baker and Saroff
involved the formation of ¢o-ordinated covalent linke.
The specific part that rennin pleys in the syneretiec process can
only be conjectured at this point, but in view of the dehydrating
effect of rennet cemonstrated esrlier, one possidle explanation is
that rennet agtion has disturbed sufficient of the stabilising
"{amobilizsed" water envelore around the casein micelles to permit the
micellar strands te approash close enough to one another for some form
of crosslinking %hrough the calciur lons to be established,
At gel point, depending on conditions of gelation, it i3
possible th:t greater or leasser numbers of casein micelles remein
which have yet to resct with rennin. It is also possible that
partially coagulated micelles 4n the form of "beaded" atrands form
the mobile strustural elements within the gel at the gel point.
Electron micrographs shown in Plates 4 - 11 and 17 - 21 provide some
evidence th=%t this is »robadle. The unsatisfied bonding potential
of the motile olements within ths gel network mizht be expected to
influence the rates and extent af ayneresie, The grester the
unsatisfied bonding potential the greater would be the tendency for

the gel elenants to increase their arosslinking and in dodng so to

contrast or synerese givenm the right conditions.
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CHAPTER VI

A Study of the Effect on the Gelation and S r s of C ium-

Caseinate "Milks" of the Addition of Different Aaimo Acids, of
1-fluoro- 234 b. e (F.D.N.B.), and of Heating in the

Presence of Redue Sugars.

SECTION A: THE EFFECT OF TEE ADDITION OF DIFFERENT AMIRO ACIDS
ON THE GELATION AND SYNERESIS OF CALCIUM CASEINATE

“MILKS"™,

1. Introduction
The offect of the additiom of some amino acids on gelation and

syneresis of rennet-casein systems was studied to find out whether
modification of the dielectric constant of the medium affected
these phencnzicna. Studies on water binding in sausages show that
addition of glycime helps enormously to increase the water
retention during processing, possidly through the increase im the
dielectric constant of the medium by the added glycino(175).

It was of interest, therefore, to study the effect of such
additions of amino acids on the water retention property of remnet-
casein gels. The quantities chosen for the addition were based
upon doubliang the content normally present in kappa~casein of the
selected amino acid. It was assumed that the kappa-casein
content was 15% of the weight of whole casoin(1’). The amino
aeid composition used was that given by Jolles et a1(-).
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Experimental
“"Artificial milk™ at pH 6.8 containing an equivalent of 3% casein
and 100 mgk w/v calcium was prepared in bulk as before, but
without adjustment to volume. The "milk" was dispensed into
beakers in equal quantities. Une of the following additives was
then added to each of the samples: L-=1ysine hydrochloride 13 mg
(E 10.4 mg lysine), e-(2:k-dinitrophenyl) ~L-lysine hydrochloride
26 mg (= 10.4 mg lysine), L-glutamic acid 33 =g, F.D.N.gfl- 30 mg.
The pH of all the "milks" was adjusted to 6.8. All samples were
then adjusted to volume (40 mls.).
To 40 mls. "milk" at 3o°c one drop of 1:10 diluted rennet was added

and gel poimt and syneresis measured as before.

Results

Results are indicated in Table XVII.

Table XVII. Effect of Added Amine Acids oa the Gelation and

Syneresis of Calcium-caseinate "uilks".

No. Treatment Final Gel Point Extent of Syneresis.
H (min.) als. xhoy/ho mls.curd
P at 30 ¢/90 mins.
1  "artificial ailk™ (CONTROL) 6.8 <5 25
2 "Artificial milk"
+ 13 mg lys.HC1 6.8 < 9 22
3 Artificial milk®
k& "Artificial milk"
¢+ 33 mg glutamic acid 6.8 S 25

K F.dw~B 2 1= flueve 204 dml‘w‘w}&ne ,
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Results given im Table XVII indicate that, in general, addition
of szall quantities of the amino acids used do not significantly
affect the water retention property of the curd, except perhaps for
lyaine-HCl which appears to have given a somewhat lower extent of
syneresis. The addition of e-D.N.P. lysine has, however, had no

inhibitory effect on syneresis. Haclnnos(110)

has pointed out that
addition of most mnon-amphoteric compounds to a zedium decreases the
dielectric constant. However, the addition of amphoterics such as
the amino acids which have a large dipole moment increases the
dielectric constant of the medium. Even amongst the amphoterics,

the increase in the dielectric constant produced by one mole of the
solute, that is the dielectric increment, increases linearly with the
number of carbon atoms separating the arino and carboxylate groups.
Thus lysine would have a much higher dielectric increment tham glycine,
or glutamic acid and so on. e-D.N.P. lysine, on the other hand, has
its opailon—NHz group blocked and would be expected to give lower
dielectric increments than lysine itself. Increase in the dielectric
constant would probably tend to keep a gel in a “swollea" state, as
forces of attraction would be weakened. Thus, there is a possibility
that changes have occurred in the dielectric constant of the water as
a result of these small additions of amino acids and this explains the
difference in extent of symeresis (15 - 20%) in the presence of added

lysine HCl. Presumsbly the increment from the addition of the

glutamic acid was too small tc be signifiecant.



116,

SECTIOR B: THE EFFECT OF DINITROPHENYLATION ON THE GELATION AKD

1.

2.

SYNEZRESIS GF CALCIUN-CASEINATE SYSTEMB: THE RATE
OF REACTION OF 1-FLUORO-2:4 DINITROBEXZENE (F.D.N.B.)
®ITH CASEIN MICELLES IN CALCIUM-CASEINATE “MILKS™ AT
30°%.

Introduction

It has been r.portod(~3)

that modification of the lysime side
chain on kappa-casein inhibits coagulation of casein after
reaction with rennet. It was, therefore, of interest to
establish the effects of 1limited dimitrophenylation of the free
amino groups on the gelling characteristics and syneresis of
calcium-caseinate systems. The dinitrophenylation was carried
out under conditioass whereby the camsein components were not expected
to exist as separate entities but in the form of calcium induced
sicelles. The aim of wsing oaly small gquantities of F.D.N.B.
for the dinitrephenylation reaction was to limit the reaction
specifically to the free amino groups of the caseinate complex.
Preliminary experiments indicated that limited dinitrophenylationm
of the "milks" gave an unexpectedly low extent of syneresis when
compared with controls. This was evident even at pH values
below 6.0. Dinitrophemylation also appeared to be without

observed effect on the rigidity of the rennet-casein gels.

Experimental
“Artifieial milks"™ containing an equivalent of 3% casein and

100 mg# (w/v) calcium were prepared as before at pH 6.8.
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After holding for 12 hours at 4°C, the "milks® were warmed to and
held at 3o°c for 30 minutes. The pH was then gradually taken to
8.4 and volumes adjusted. 24 mg F.D.N.B. per 100 mls. "milk" were
then mixed in. The solution was kept stirred at a temperature of
30°G and pH lcasuroleﬁtl made at regular intervals. In a separate
experiment "artificial milks" were treated with different levels of

F.D.N.B. and the pH measured at the end of 1 hour.

Results

Resulte are indicated im Table XVIII,

Table XVIII. Rate of Reaction of F.D.N.B. with Calcium Caseinate

in "Artificial Milks" at 30°C.

Time (mins.) after Observed Obeerved pH after 1 hour, using
F.D.N.B. addition pH different levels of F.D.N.B.
(24 mg/100 mls. milk) (mg/100 mls. "=ilk")
(0] 8 16 24 32 64(mg)
0 8.40
10 8.20
20 7.95
30 7.7
ho 7.55
50 7.45
60 7.%0 840 7.7  7.45 73 7.05 6.5
70 7.40
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Results from Table XVIII, plotted in Figure 8 show that there is
a linear relation in the reaction between the calcium-caseinate and
F.D.N.B. up to 40 mizutes after F.D.N.B. addition. The rate then
rapidly falls off. After abomt an hour, there is no further drop ia
pE imdicating the termimation of the reaction. There thus appears
to be a very fast initial reaction between F.D.N.B. and the caseinate.

The relation between quantity of F.D.N.B. and the final pH
after 1 hour reaction is shown in Figure 9. Up to 32 mg addition
of F.D.N.B. there appears to be linear relation, possibly indicating
a specific reaction between the F.D.H.B. and amino groups on one of
the casein components. Beyond 32 mg addition the straight line
curves away indicating a slower and perhaps a more mon-specific or
general reaction with amino groups. It seems unlikely that the
slowing up of the reaction is due to unfavourable pH conditiomns for,
in the presence of higher concentratiors of F.D.N.B., the pH reached
consideratly lower levels. Freliminary work had shown that the
reaction with F.D.XN.B. was possible to a pH of 5.8.

The initial fast reactioa of F.D.N.B. with the caseinate
(Figure &) and the linear relationship between F.D.N.B. concentration
and pH up to 32 mg F.D.N.B. addition (Figure 9) are probably due, in

the main, to its reactiom with e-NH_ groups of lysine (discussed later).

2
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SECTION C: EFFECT OF DIFFERENT LEVELS OF ADDED F.D.N.B. ON THE

1.

2.

GELATION AND SYNERESIS OF CALCIUM-CASEIRATE SYSTEMS

AT pH 6.8 axD 30°C.

Experimentsal
“"Artificial milk" at pR 6.8 and containing 100 mg® (w/v) calcium

was prepared and treated as before. The pH was gradually taken
to 8.20. The "milk" was then divided into equal portions and
treated with 0, 8 mg, 16 mg, 24 mg, 32 mg, and 64 mg F.D.N.B. for
1 hour at 30°C. At the end of the hour, the pH was adjusted to
6.8 with 0.1N HC1l. After adjustment of volume, gel point, using
1:1 diluted rennet, and extent eof syneresis on 4O ml., aliquots
was determined as before. Electron micrographs were taken of the
24 mg F.D.N.B. treated sample to observe the effect on the casein
micelles. Polyacrylamide gel electrcphoresis was carried out om
the "milks"” treated with F.D.N.B. to see which protein component

was affected most.

Results

Results are given in Table XIX.
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Table XIX. Effect of Different Levels of F,D.N.B, on the Gelation and Syneresis
of Calcium-Caseinate Systems at pH 6.8 and 70°.
Sample F.D.N.B. Final Gel Gel type Extent of Syneresis
No. (mg/100 mls. "milke'") adjusted point mls. whsy/ko mls. curd,
pl (mins.) 30°¢/90 mins.
1 Nil 6.8 <5 Firm 24
2 8 6.3 < 5 firm 12
3 16 6.8 < 5 Firm )
b 2k 6.8 < 5 Firm 3
9 32 €.8 <10 Firm 0
6 64 6.8 <15 Firm 2
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AND EXTENT OF SYNERESIS OF CALCIUM-
CASEINATE GELS.
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Results froa Tabdle XIX show that while gel point was little
affected at the lower F.D.li.B. levels (Smg - 2hmg), it was delayed
at the higher levels. The extent of syneresis was drastically
reduced as the F.D.lN.B. concentration im "nilk" was increased.
Beyond 24 mg /'.L.N.B. addition, little or no syneresis was evident.
A plot of the reciprocal of F.D.N.B. concentration (x 100) against
the quantity of whey expelled im 90 minutes at 3000 showed a linear
relationship (Figure 10), thus indicating a definite relationship
between the blocking of amimo groups and the reduction in the
syneretic properties of the gel. Extrapolatiom of the line in
Figure 10 gives a reciprocal value of 1.5. This is equivalent to
a concentration of 67 mg F.D.N.B, ziving zero syneresis. Thie
concentration of F.D.N.B. 43 approximately cquivalent to the amount of

lysine residues present 1n/3 cascin(122)
(135(1b)

s assuming the latter to

couprise 30% of whole casein in the "milks". Calculations

show that 0.9 3(8 casein in the "milks" would comtaim about 60 mg

lysine. For complete saturatica of these lysine residues 76 ng

F.D.N.B. would be required. This suggested that ﬂ casein may be

involved in syneresis with all its amino groups participating.
Folyscrylanide gel electrophoresis of the treated "artificial

milks® (Plate 25) clearly showed that the reaction with F.D.NK.B.,

particularly up to the 24 mg F.D.N.B. addition, was primarily with the

(3 casein. ’ Plate 25 shows p casein to be gradually spreading om its

front towards the X caseir with increasing levels of F.D.N.B. treatment.

At the 64 mg level, the gap between o, nnd@Z has almost disappeared.

The minor components and kappa-casein seem to be little affected by the

F.D.N.B, treatment. Thus a decreasing extent of syneresis of the remnet-

casein gels seems to be associated with an increasing medification of
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the ﬁ casein component of the casein micelles. (3 casein seems to
be more affected by reaction with F.D.N.B. when compared with the
othar micellar components under the conditions of the experiment.

The electron micrograph (Plate 26) of am "artificial milk"
sample treated at the 24 mg level of F.D.N.B. shows hazy spherical
micelles. The micelles themselves do not appear to be affected as
far as their physical organisation 18 concerned. They are still able
to maintain their spherical form although their outline is less
distinct. It 1s possible that the organisation of the micelle is such
that only the amino groups of /3 casein are able to react with the
F.D.N.B. It would thus appear thath casein plays an important role
in syneresis, possibly through its free amino group providing sites
for further cross-linking after gel formation has occurred. The
action of F.D.N.B. im inhibiting syneresis may be due to:

(a) tue provision of steric hindrence to the shrimking of the

gel network,

(b) through blocking of the -NHE_ groups and thus increasing

2
the negative charaeter of the gel, 2and

(c) by possibly preventing the pozitively charged —NHa groups
from taking a direct part in the cross-linking within the

3~dimensional network.



FLATE 26:

Electron micrograpk of casein micelles ia an
‘artificial milk’ system (100 mg % 'Ca’) after
reaction with F.D.N.B. (24 mg) for 1 hour at
30°%

x 35000.
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SECTION D3 EFFECT OF DINITROPHENYLATION ON THE RATE AND EXTENT OF

SYNERESIS OF CALCIUM=CASEIRATE SYSTEMS AT pH 5.4 AND 3o°c.

Results reported im Section C had showm that dinitrephenylation
had caused a drastic reduction in syneresis of the rennet-casein gels
at pd 6.8 and 30°C. It was of imterest to examine whether such aa
extent of imhibitiomn of syneresis was possible at lower pH values.

A pH value of S.4 was selected as this was close to the value normally
found in cheesemaking practice, by which time most of the whey
expulsion from the curd has already taken place. it was also the
lowest value at which a stable suspension of casein could be maintained

in the "artificial milks".

1. Experimental

"Artificiasl milk" st pH 6.8 and eontaining 100 eg¥ (w/v) calcium
was prepared and treated as described earlier. prior to reaction
with 24 mg F.D.N.B./100 mls. for ome hour at pd 8.2. The control
was treated similarly but without addition of #F.D.N.B, The
quantity of 24 wg F.D.K.B. was chosen as this had almost

completely inhibited symeresis at pE 6.8 (Table AIX) and
electrophoretic patterns (Plate 25) had shown that at this level
of treatment ﬁ casein was the main protein affected. A 24 mg
treatment represented adbout 30% conversiom of the lysime residues
ia ﬁ casein in 100 mls, of "artificial milk" comtaining 3 g casein,
assuming complete and specific reaction.

At the end of 1 hour the pH for both control and treated sample
was adjusted to 5.4 and the rate and extent of syneresis determined

on 40 ml. aligquots at 30% using 133 diluted remnet.
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Regults are given im Table XX.

Table XX. Effect of Dinmitrophenylation om the Rate and Extent of

Syneresis of Calcium-Caseinate Systems at pH 5.4 and 30°.

Sample CONTROL F.D.N.B, Treated
Gel poimt (mimutes) <3 <3
Gel type Firs Fira

Time after rennet
addition (minutes)

10
15
20
25
30
35
ko
a5
60
75
90
120

Turbidity of whey

Syneresis, mls. whey/ %0 mls. curd, at 30°¢.

3 -
10 -
18 -
26 z
30 7
32 10
33 14

- 16

- 22

- 27
36 29
36 30

clear clear (alightly yellow)
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Results from fablc XX, plotted in Figure 11, show that F.D.N.B.
treataent has greatly reduced both the rate and extemt of symeresis
conpared to the control under the conditions of the experisent.

At the end of 120 minutes the amount of whey given by the
treated sample was 30 mls. whick the control had expelled withim 30
minutes. The 24 mag F.D.N.B. treatment has not, however, cosmpletely
inhibited syneresis at pH 5.4 as it nearly did at pE 6.8 (Table XIX).
This indicated that part of the effect at least of F.D.N.B. treataent
was probadbly due to increasing the electro-negative character of the
gel through blocking of the positive amino groups. In this study
this has been counterbalanced to some extent by lowering the pH.
Increase in electro-negativity would give rise to increased repulsion
between the mobile structural elements and the rigid structural
elezents of the gel network and would allow the network to remain in
a partially swollen condition. Dinitrophenylation may also imhibit
syneresis by preventing van der Waals or electrostatic forces of
attraction, in which -Kﬂa groups may be involved, to operate.
Structural hindrance provided by the F.D.N.B. may play a very limited
part, if at all, since if it was important the difference in the
extent of syneresis at pH 6.8 and at pE 5.4 would not be expected to
be so high.

It alse appears from the lack of imhibition of gelatioa by
F.D.N.B., that the syneretic phenomena may not be a coatinuation of
the gelation phenomena although the symeretic properties may be
dependent on the nature of the gel formed imitially and imdirectly,
on the conditioas which affect the nature of the gel.
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SECTICN E: EFFECT OF DINITROPHENYLATION ON TRE EXTENT OF SYNERESIS

OF CALCIUM-~CASEINATE SYSTEMS AT DIFFERANT pH LEVELS AND

30%¢C.

1o Experimental
To exaszine more closely the part played by F.D.N.B. in the

inhibition of syneresis of rennet-casein gels, the effect of
F.D.N.B. treatment was examined at four different pH levels.
"Artificial milk" at pH 6.3 and containing 100 mgi (w/v) calcium
was prepared im bulk and treated as before with 24 mg F.D.R.B./
10C mls. at pH 8.2 for one hour. The treated samples were
adjusted to the following pH values: 6.8, 6.0, 5.8 and 5.h.
Appropriate controls were set up for each pH value. After

ad justment of volume, 40 ml. aliquot of the samples were
examined for syneresis as before, using 1:1 diluted rennet for
pl 6.8 samples, 1:3 for pH 6.0 and 5.8 samples, and 1:4 for the

pH S.4 sample, to give roughly equivalent coagulation times.

2e Results

Results are given im Tadle XXI.
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Zable XXI. Effeet of Dinitrophenylation on the Sxtent of Syneresis of Caloius

Caseinate Gels at pH 6.8, 6.0, 5.8 and S.k, and 30°C.

Sample Control Treated Control Treated Control Treated Control Treated

Gel point (minutes) <5 <9 <9 <5 <3 <9 <5 <S5
Gel type Fira Fira Fira Fira Fira Firm Fira Tira
Syneresis,

mls.whey/40 mls. curd,

at 30°C/90 ainutes 2k 3 3% ? 36 8 36 25

Turbidity of whey - all clear, F.D.N.B. treated samples slightly yellow.
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Results shown in Table XXI indicate that F.D.N.B. treatmeat
greatly reduces the extent of syneresis at all observed pH valmes,
when compared to control samples at similar pE values. However, a
reduction in pH of the system, in other words, a reduction in the
electro~-negativity of the gel system, gives rise to an increase in the
syneresis, this increase being particularly evident below pH 5.8.

A plot of the reciprocal of the quantity of whey expelled and the pH
of the gel system as shown in Figure 12 gives a strai;ht line showing
the proportiomality of the whey expelled to the pH of the systesm.

This suggested that the inhibitory effect of F.D.N.B. treatment on
syneresis was due either purely to increaaing the electro-negative
character of the gel elements by blocking of the positive -NBZ groups,
thereby creating more repulsive forces, and/or possibly reducing the
nuaber of amino groups ( e-XH, ) which take part directly in the
cross-linking to give syneresis. Extending the incubatior beyond

120 minutes at pB 5.4 did not greatly increase syneresis.

There is a straight line relationship indiceted im Figure 12
for the reciprocal of guantity of whey exzpelled and the pH. From
this it would appear that F.D.N.B. in itself provides little, if any,
steric or structural hindrance within the gel network to "inhibit"
syneresis. The effect appears to be largely due to modificeation of

the amino groups of ﬁcasoin, possibly only the Q-NHZ groups.
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SECTION F: EFFECT OF DINITROPHERYLATION ON THE RATE AND EXTENT
OF SYRERESIS OF CALCIUM-CASEINATE SYSTEMS AT pH 6.0

anp 38%.

It had been shown earlier that treatment with 24 mg F.D.N.B.
virtually halted syneresis at pH 6.8 and 3o°c. It also significantly
reduced syneresis at low pH values. In general cheesemakamg practice,
most of the whey expulsioa occurs by the time the pE has dropped to
6.0 and at a tesmperature of about 38 - 40°C. The symeretic study
after dimitrophenylation was therefore carried out at a pH of 6.0

and at 33°%.

1. Ex nta
“"Artificial milk" at pH 6.8 and containing an equivalent of
100 mg% (w/v) calcium was prepared and treated in bulk, as
described earlier, and reacted with 24 ag F.D.K.B. per 100 mls.
at pi 8.2 for one hour. At the end of the reaction the pH was
adjusted to 6.0 with 0.1 N HC1l and the systes made to volume to
contain 3% casein and 100 mg% w/v of calciunm.
b0 ml. aliquots of the samples were then examined for syneresis

at 38°C using a 1:3 diluted commercial remnet.

2. Results
Results are given in Table XXII.



Table XAII. Effeet of Dinitrephenylation on the Rate and Extent of Syneresis of

Calcium-Caseinate Gels at pH 6.0 and 38°,

Syneresis at 38°C

Gel Gel Appearance
point type mls. wvhey/40 mls. curd, of
Sample (mins.) after remnet addition whey
15 20 30 40 45 S50 60 75 90 120(mime)
CONTROL ' ] firs 10 17 32 - 34 - 35 - 33 36 ¢clear
Treated
(2& ng !'.D.l.l./ < ’ fira - - 8 12 - 18 - 30 }1 ’2 clear

100 .1.0/1 hour)

(elightly yellow)

ocl
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Results from Table XXII, plotted in Figure 13, show the marked
inhiditory effect of F.D.N.B. treatment on the syneretic properties
of a calcium-caseinate gel, even at a relatively high temperature of
38°C. The general pattern shown in Figure 13 resembles closely the
one shown in Figure 11. This shows that at the higher pH of 6.0
the bhigher temperature of 38°C compensates for the effect of a
lower pH (5.4) used at a lower temperature (30°C).

The control sample had almost fully syneriseé by 30 minutes at
which point only 25% syneresis, relative to the control, was chown
by the treated sample. Thus, F.D.N.B. has an inhibitory effect under
all observed conditions of gel formatlon and syneresis, the effect
being lessened by use of lower pH values and by use of higher

tenmperatures during syneresis.
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SECTION G: EFYECT OF DINITROPHNEYLATIOR ON TH: RATE AND EXTENT OF

1.

2.

SYKERESIS OF CALCIUM-CASEINATE SYISTEMS UNDER CONDITIONS

OF CHANGING pF AND TEMPERATURE.

E ental

The effect of dinitrophenylation on syneresis was studied after
adding glucomo-ncid-lactone tc the sanples, setting the "milks"
at 30°C and raising the terperature gradually to 38°%.
sArtificisl milk" at pk 6.8 and containing 100 mgi (w/v) calcium
was prepared and treated as before and reacted with 24 mg
¥.D.N.B./100 mls./1 hour.

The pH was adjusted to 7.2 with 0.1 N HC1l and the "milk"™ then
made up to volume.

To 40 m1. aliguots of the "ailxs" at 30°C, pi 7.2, was added

300 mg glucono-acid-lactone with stirring. This immediately
brought the pH down to 6.7 - 6.8. A 1:1 dilution of commercial
rennet was then added and after setting (5 minutes) the
temperature of the water bath was raised graduzlly by 1% every
4 minutes to reach a fimal temperature of 38°C in 30 rinutes.
This rate of increase in temperature is about the same as used
in commercial cheesemaking practice. Syneresis was measured at

various time intervals as bdefore.

Results
Results are shown ia Table XIIII,



Table XXIII. Effect of Dinitrophenylation on the Rate and Extent of Syneresis of

Calcium-Caseinate Gels under cnnditions of Changing pH and Temperature.

TIME Rate of pH drop Gelation time(minutes) Syneresis, mls.whey/40 mls.curd
(minutes after
rennet addition)

Control Treated Control Treated Control Treated
) 6.5 6.5 <5 <5 - -
10 6.0 6.0 - -
20 5.5 5.4 18 -
25 - - 32 12
30 5.2 5.2 3k 18
35 = E - 2k
ko L.8 4.8 36 30
90 L.0 L,0 - 52

120 L.o Lk,o 37 33

gel
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Results from Table XX1II, pleotted in Figure 14, show that even
under conditioas of developing acidity within the curd and a rise ina
temperature fros BOOC to 38c in 30 minutes after setting, F.D.N.B,
has retarded the rate and extent of syneresis of rennet-casein gels.
It will be noticed from columms 2 and 3 that the rate of pHi drop was
faster than was intended. Also the final pH values of U4.0 obtained
in the gels was very much lower tham usually encountered in practice
(about 5.0 in "green" cheeses). Nevertheless, despite this higher
acidity, the F.D.N.B. treated gel has not released all the whey even

after 120 minutes at a final temperature of 33°C.
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SECTIOR H: EFFECT OF POTASSIUM CYANATE (CARBAMYLATION) ON THE
SYRERESIS OF CALCIUM-—CASEINATE SYSTEMS AT pH 6.8

AND 30°C.

Since dinitrophenylation was shown to inhibit both rate and
extent of syneresis, it was of interest to determine whether
modification of the amine groups by other means, would also modify
the syneretic properties of the calcius-caseinate gel. For this
purpose potassium cyanate was used to modify the amimo groups by

(150 - 142)

the carbamylatiom reaction » the reaction with czsein

being attenpted when the latter was in micellar fora.

1. Experimental
“Artificial =ilk"” containing 100 mg# calcium was prepared in

bulk at pH 6.8 as before. After holding for 12 hours at 4°C,
the temperature was raised to 3o°c and the pH to 7.5. The
samples were treated with various levels of KCNO (0-24 mg/100
mls. "milk") for 3 hours at 30°C. At the end of the period,
the pH was brought down to 6.8 using 0.1 N HC1l and extent of
syneresis measured as before at 3o°c. using 1:1 dilution of

conmercial rennet for setting.

2. Results
Results are indicated in Table XXIV.
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Table XXIV. Effect of Carhamylation on the Syneresis of Calcium-

Cageinate gels at pH 6.8 and 30°C.

Treataent Extent of syneresis, lHature of whey
with KCKO mlse. ghey/ho zls. curd,
(mg/100 mls Gel Gel at 30°C/90 minutes (turbidity)
No. "eilk") point type
1 Control ¢ 5 fira 2h clear
2 L) <9 firm 18 clear
3 8 <5 fira 16 clear
b 12 <7 less firm 14 +
S 16 <10 less fira 12 +*+
6 24 <20 less fira ? ++e

Results from Table XXIV shocw that potassium cyanate also retards
the extent of syneresie of the gels at 30°C and pE 6.8, The inhibitory
effect, however, sppears tc be scmewhat less than that produced by
F.D.R.B. treatement at equivalent concentrations. About 12 mg KCNO amd
2k mg F.D.X.B. would modify similar numsbers of free amino groups om the
/3 caseln, assusming this was the only reaction tsking place. Addition
of potassivm cyanate is, however, couplicated by the possible
displacement of caleium by the potassium from the curd, theredby
affecting gel formation and strueture. This is indlicated by the fact
that at the higher levels of cyanate addition, gel point is increased
considerably. Furthermore, at the higher concentrations of KCNO, the
turbidity of the whey 1ls greatly increased indicating displacement of
casein from the curd network. Beyond 24 mg KCHO addition (32 and 64
ug) the system did not gel withim 90 minutes. Howevar, the lower
levels of added KCNO appear to definitely inhibit symeresis and confirm
results obtained from F.D.N.B. treatmeats.
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SECTION I: EFFECT OF GUANIDIRATION OF CASEIN IN CALCIUM-CASEINATE
SYSTEMS WITH O-METHYL-ISO UREA ON THE SYNERESIS OF

CALCIUM~CASKINATE SYSTEMS AT pH 6.8 AND 5o°c.

1. Introduction

1-fluoro, 2:4 dinitrobenzene and potassium cyanate were both
shown to retard syneresis of rennet-caseinate gels. Although 1t
was likely that at the smell concentrations used the reaction
between the F.D.N.B. and KCNO was mainly with the lysine side
chain, it was felt that more definite information might be
obtained by the use of a reagent specific for the .-uxz group of
lysine. A search of the 11tcraturo<1h3)(1h#) indicated that the
compound o-methyl-iso urea was essentially specific for the

Q-an group of lysine, converting this to a guanidino group
(homoarginine). The advantage of such a conversion was that
there would be no radical change in the nature of the chemical
group resulting in loss of a charged or ionised group. The

conversion of the lysine -NE_ to a guanidimo group would not

2
produce a drastic change in the charge pattern, as a basic amino
group would be replaced by a somewhat more basic guanidino group.
Furthermore, the introduction of a guanidino group im a protein
does not imvolve introductiom of a chemical group foreign to

biological ayatous(1h3).

2. Experimental
(a) arat of calib rve for the determination of
guanidino groups.

The technique followed for the preparation of the standard
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curve for arginine in the presence of protein was similar
to that described by Aiyar and Wallaco(21) (publicaztion
attachod)*:ith some modifications based on the method
described by Rosenberg et al(1~5).

To a series of test tubes were added in turn,

(1) 0.3 mls. "artificial milk" (3% casein, 100 mgk (w/v)
calcium, pH 6.8)

(11) 0.1 ml. to 0.5 mls. of arginine hydrochloride sclution
in distilled water (containing 1 um/ml. arginine)

(141) 1 ml. 3-N NaOH

(iv) 2 mls. development solution (prepared from 20 mls. of
25% w/v o -naphthol im n-propasol + 2.5 mls. 1% diacetyl
in water, made to 100 mls. with propanol)

(v) Distilled water to a final volume of 10 mls.

The control "milk" sample wes treated similarly, except that

the addition of the arginine solution was omitted.

The red colour was developed for 30 minutes at rooa temperature.

Optical density measurements were made imn a Hitachi spectro-

phetometer at 470 mu, being the wavelength of maximum

absorption under the conditions of the experiment.

The plot of optical density versus arginine concentration was

linear and passed through the origin (Figure 15).

Guani tib f e i c ate stems and determinat
of the newly formed guanidine groups.

"Artificial aflks" at pE 6.8 and contaiming an equivalent of
100 mgh% (w/v) calcium was prepared and treated as before without
making to final volume. The pH was gradually raised to 10.3

with 0.2 K NaOH. The temperature was maintained at 4°C.

%@ See appvulu;
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To the "milk" wae added 35 mg methyl-iso urea (CR}OCNB.NBZ)

and the mixture held with stirring for 24 hours at 4°C, at
the end of which the guanidination reaction was assumed to
be completed. The pH was then lowered to 6.8 using cold
0.2 N HC1. The teaperature of the "artificial =ilk" was
allowed to come up to ambient temperature and the pH
readjusted to 6.8, The volume was then adjueted to give
a "milk" containing 3 g caseln and 100 mgi calcius. Hughes
et al"bﬁ) have pointed out that the chemical maedification of
a protein can be carried ocut safely at low temperatures
because of the much larger temperature coefficient of
denaturetion when compared to that of chemical reactionms.

A control sample was treated similarly except that the
addition of methyl-iso urea was omitted. A second control
was uslso prepared to wnich methyl-iso urea had been added at pi
6.8. Ihis sample was examined soon after the addition of
methyl-iso urea, for guanidimo groups and for syneresis.
Results showed that the addition of o-methyl-iso urea in
itself was not causing any changes in either optical density
readings or in syneresis.

The deteraination of the newly formed guaridino groups was
carried out on the unhydrolysed protein itself. Alyar and

(21)

BYA
Wallace had indicated that guanidino groups could de

estimated directly on the unhydrolysed protein and more
recently, Luigd’'™®), uatug a medified Sakagueni method, has
also been able to estimate arginine directly on the
unhydrolysed protein. The technigue followed was similar
to that used for deteramination of the calibratiom curve for
arginine.

¥ See “fpewili
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To 0.3 mls. of the o-mcthyl-iso urea treated Yartificial milks" were
added, in turn, the following solutions:

(1) 1 ml. 3 N KaOH

(11) 2 mls. development solution (Section I32:a)

(141) distilled water to a final volume of 10 mls.
The control in this case was either an untreated "milk" gample as used
for the calibration curve, or a sample treated with o-methyl-iso urea
at pH 6.8 and used immediately. Similar results were obtained with
both controls.

Results of the guanidination process are given in Table XiV.

Table XXV. The Extent of Guanidination in Calcium-Caseinate Solution

after Methyl-iso Urea Treatment.

Cptical Density Arginine equivalent Extent of guanidination

at 470 mu from standard curve (% lysine converted in
Sample (um) ,8 casein)
Control Blank -
Treated
sample 0.16 0.23 19

Table XXV shows that under the conditions of the experiment, abeut
19% of the lysine residues in /?casein may have had their Q-Nﬂa groups
converted to guamnidimo groups, assuming that only [?casoin was affected

by o-methyl-iso urea.*

*Hote: The amino acid compositiom of /5 ceseim taken for the
calculation was that given by Jeness and Pattou(122).
A 0.3 ml. sample of "artificial milk"™ was calculated to

contain 1.235 um lysine assuming [?calcin to be
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(1h)

30% of whole casein A productior of 0.25 um homoarginine from

lysine therefore represents about 19% conversion.

(e) Measarement of syneresis

Extent of syneresis was measured as before, using a 1:1
diluted rennet for setting at 5o°c. the whey being measured

after 120 minutes imcubation.

(d) Polyserylamide gal electrophoresis

The method descrided under Chapter IV:A:4 was followed.

B Results

Results are indicated in Table AXVI.

Table XXVI. Effect of Guznidination on the Symereasis of Hernnet-

Casein Gels at pH 6.8 and 30°C.

Final Gel point Extent of syneresis,
No. Treatment pE (minutes) =mls. 3hey/h0 mls. curd,
at 30 C/120 minutes

A B

1 Control (no methyl-iso urea) 6.8 10 34 33
2 Control + 35 mg methyl-iso

urea added at pH 6.8 6.8 10 29 27

3 Guanidinated “milk" 6.8 10 2h 22
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Results given in Table XXVI indicate that guanidination of the
caseinate with o-methyl-isc nrea greatly retarded the extent of
syneresis at 30°C and 120 minutes. However, when compared to
F.D.N.B. treatment at an eguivalent level (Figure 10) this retardation
of syneresis is much lower. This lesser inhibition of symeresis =ay,
in part, be due to the hizgh pH conditions used in the conversion of
e—HHZ groups of lysine to guanidino groups, whieh might have modified
the protein. It will be noted that even tha control sample (¥o.1)
has given greater syneresis tham noreal (usually 25 - 30 amls.)
whereas control No.2 whose pH never exceeded neutrality has behavod
in the usual manner. It i3 also possidble that a pH of 10,3 used for
guanidination would have had dissociative effect= on the casein micelles
allowing for more genersl guaridination rather than being specific for
/3 casein. A more likely explanation, however, for the lesser
inhibition of esyneresis ic that the guanidinasticn reaction hes merely
substituted 3 basic guanidino grour for the basic e¢psilon amino group.
The charge pattern on the preteir 45 tharcfore little changed. Thus
1f electrostatic forcee are important in syneresis, the nez guanidinmo
grocup woculd still be able to take vart ir symeresis, altlough perhaps
less effectively for ateric reasons,

Polyacrylamide gel electrophoresis (Plats 27) showed no difference
in the relative mobilities of the different caseins whea cospared to the
control. This indicated that methyl-iso urea treatment had not
greatly modified the caseins and that guanidinatiom of lysine on B casein
to the extent of about 19% did not affect its mobdility to sny noticeadle
extent. The overall charge pattern tius appears similar to the contral
sauple which gave a similar electrophoretic pattern. This suggests
again that the lysine e-le groups on /3 casein probably take a diresct

part in syneresis and that slectrostatic forces may be important.
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SECTION J: EFFECT OF HEATING IN THE PRESENCE OF ALDOPENTOSES AND
ALDCHEXCSES ON THE RATE AND EXTENT OF SYNERESIS OF
CALCIUM-CASEINATE SYSTEMS : EFFECT OF HEATING TO 86°C
FOR 4O MINUTES IN THE PRESENCE OF XYLOSE OX THE RATE

AND EXTENT OF SYNERESIS AT 38°C AND pE 6.8.

1. Introduction
The idea of studying the effect of heating in the presence of

aldosugars on syneresis of rennet-caseir gels arose from earlier
observations that F.D.N.B. treatment of "milks"™ inhibited the
syneresis of rennet-casein gels. This was believed to be due to
a reaction with the .—NHZ groups of lysine inIB casein. The
browning reaction between proteins and reducing sugars is

(122)(158)

generally believed to be between the e-NH_ group of

2
lysine and the reducing sugar. It was of interest, therefore,
to study the extent syneresis would de inhibited by the browning

reaction.

2. Experimental
(a) ZTreatmemt of "artificial milks"

"Artificial ailk" at pH 7.20 and containing an equivalent of
3% caseim and 100 mg¥ w/v calcium was prepared and treated
as before. The "milk" was divided inte 50 ml. aliguots.

Two samples served as unheated controls, with and without the
addition of 4% xylose, and one as a heated control without
added sugar. Two other samples contained 10 mg (0.02%) and

2 g (4%) xylose respectively and these along with one control
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without added sugar were heated to 86°C for 40 minutes.
At the end of the period, the pH of all samples was adjusted
to 6.8 with 0.1 N HCl. The samples were then made up to

volume.

Measuresent of browning reactiom and calgulation of % loss

of reflectance values

After adjustment of pH and volume, light reflectance values
were determined for all samples in a UNIGALVO TIFE 20
Reflectance Spectrophotometer using magnesium carbonate as
standard (= 100% reflectance) and No. 609 filter.

In certain experiments, the samples were heated for different
time intervals at 86°C and reflectance values measured.

There was no direct linear relationship between Reflectance
values and the tine of heating at 86°c. However, it was
found that a linear relationship held, under the coniitions
of the exieriment, between % loss of reflactance and the

time of heating. Specimen calculations are shown below:

Sample Reflectance value
1. cho3 100

2. Heated control (86°/25 mins)
without sugar 75

3. Heated sample (36°/25 mims)
+ k% xylose 62

Difference in reflectance
values (2 - 3) 13

Therefore ¥ loss of reflectance

relative to hsated contrel =
b
75

Thus, this sample would have a % loss of reflectance value

x 100 = 173

of 17.3% relative to the control.
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(¢) Measurement of symere
The msasurement was carried out as detailed under Chapter 1V:
A:3, using a 1:1 diluted commercial rennet at pE 6.8 and 1:3

diluted rennet at pH 6.0.

(d) Pelyacrylamide Gel Electrophoresis

Electrophoresis was carried out under coanditisens detailed in

Chapter IV:A:b,

3. Results

Results are given im Tahle XXVII.

Results given in Table XXVII and plotted in Figure 16 show that
there is a marked decrease in doth rate and extent of symeresis of
samples containing 4% xylose and heated to 36°C for 40 minutes.
Heating alone has caused a reduction in the extent of syreresis at
pH 6.8 and 30°C although its initial rate sppeared to be higher thenm
that for the untreated control. This observation is similar to that

(157)

of Grigorov s+ who, bowever, worked with yoghurt made from ccws'
milk. He reported that heating to 85°C for 20 to 30 minutes prevented
a rapid and abundant separation of milk serum during storage. Dimov

and Hinorva(120)

have reported on a similar reduction in syneresis of
rennet-milk gels due to heating of the milks. The presence of a small
amount of xylose (0.02%) during heating has had only slightly more
inhibitory effect than heating alone. The presence of &% xylose in
the unheated control gives initially a much slower rate of syneresis.
This increases with time and the final extent of syneresis is about the
same as for the unheated sugar~free control. This effect may partly

be due to increased viscosity of the system through the added xylose
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Table XXVII. Effect of Heating to 86°C for 4O minutes in the Presence of Xylose, on the
Rate and Extent of Syneresis of Calcium-Caseinate Gels at 38°C and pH 6.8.
Sample pH Reflectance Gel Syneresis, mls. whey/40 mls. curd,
No. Treatument value point after rennet addition
Initial After Final
Heating adj. (Hg@03n100) (mins) 2% L1 90 120 (mins)
1 CONTROL 7.20 - 6.8 65 <5 8 28 3 35
(unheated)
2 CONTROL 7.20 - 6.8 70 <S 5 15 32 3k
+ &% xylose
(unheated)
3 CONTROL 7.20 7.2% 6.8 63 <? 10 17 25 28
(heated)
L} + 0,02% 7.20 7.20 6.8 61 <7 9 15 23 27
xylose
(heated)
5 + b,0% 7.20 6.75 6.8 &3 < 8 3 10 20 2k
xylose

(heated)
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which would reduce =obility of the mobile structural elements withinm

the gel structure. The effect observed with xylose iz in conmtrast to

Chcoscnan's(?s) observations that syneresis increased with added lactose.
The results clearly show that heating in the presence of 4% xylose

greatly reduces rate and extent of syneresis at pH 6.8 and 30°C.
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SECTIOR K: EFFECT OF HEATING TO 86°C FOR 40 MINUTES IN THE
PRESENCE OF XYLOSE AND LACTOSE, ON THE RATE AND
EXTENT OF SINERESIS OF CALCIUM=CASEIKATE SYSTEMS

AT pE 6.0 AND 38°%C.

As reaction with xylose had greatly reduced the extent of
synereais of rennet-casein gels at pH 6.8, it was of interest to

study the effect of a lower pH on the inhibition of syneresis.

1. Experimental
"Artificial mwilk" at pH 7.1 and containing an equivalent of 3%

casein and 100 mgk w/v calcium was prepared and treated in bulk

as before. The samples were later heated to 86°C for 40 minutes
in the presence of 4% xylose and 4% lactose at pH 7.1. The pH
was then reduced with O.1 K HCl to 6.0 and the samples made up to
volume. Suitable heated and unheated controls were treated
similarly. After adjustaent of pH and volume, reflectance values
relative to a MgCO, standard were measured in the Leflectance

3

Spectrophotometer.

Syneresis was measured as before.

2. Resul

Results are indicated im Table XXVIII.
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Effect of Heating to 86°C for 40 minutes in the Presence of Xylose and Lactose on

the Rate and Extent of Syneresis of Calcium-Caseinate Gels at pE 6,0 and 38%.

pR Reflectance Gel Syneresis, mls.whey/40 mls.curd,
No. Treatment value point after rennet addition
Initial After Final :
heating adj. (cho}-100) (mins.) 1% 35 90 120 200 (minms)
1 CONTROL
(unheated) 7.1 - 6.0 67 <3 21 35 36 36 -
2 CONTROL
+ h¥X xylose
(unheated) 7.1 - 6.0 67 <3 2 33 35 36 -
3 CONTROL
+ U% laetose
(unheated) 7.1 - 6.0 69 <3 1 33 35 36 -
[} CONTROL
(heated) 7.1 7.2 6.0 72 <3 9 30 33 35 -
] + &% xylose
(heated) 7.1 6.7 6.0 by <3 1 3 18 22 27
6 + 4% lactose
(h.lt.d) 701 71 600 72 < } 3 23 50 32 35

.“t
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Results indicated in Table XXVIII and plaotted im Figure 17 show
that even at the high temperature eof 38°C. and lower pH of 6.0 used 1in
syneresis, the heated sample containing k% xylose showed a greatly
reduced tendency to synmerise, when compared to the coatrols. A
comparison with Figure 16 shows that the rate and exteat of syneresis
for the heated xylose "milk" is about the same despite the lower pH of
6.0 used in this study. This indicates that the free amino groups say
take a direct part in the crosslinking during syneresis. The inhibitory
effect may not dbe due solely to 2n increase in the electro-negative
character of the protein.

Heating in the presence of lactose had much less effect on symeresis
under the conditioms of the experiment. However, the rate and extent
of syneresis of the heated lactose treated "milk" was still less thanm
the controls. From Table XXVIII it will be seen that there is no
noticeable dron in the '"milk" pH after heating im the presence of
lactose. The reflectance value also has remained unaltered. It
anything, it has shown a 8light increase over the unheated control.
This indicates that 1little browning reaction has occurred between the

(159)

lactose and casein. However, Patton and Flipse have isolated a
colourless, labile complex of lactose and casein. They found that
onie~-third of the lactose reacted with casein in one hour at 97°c.

Such a reaction is possible in the heated lactose "silks' used in this
study.

The browning reaction with xylose on the other hand, goes very
much faster and to a greater extemt. This is indicated by the drop in
pH after heating and by greatly decreased reflectance values. This is
in keeping with the observation that aldopentoses are more reactive

towards casein than aldohexoses, with xylose bdeing the most activo(16°).
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The effects on syneresis of heating in the absence of sugar, has
been reduced at the lower pH of 6.0. The rate of syneresis was slightly
lower initially but this subsequently increased so that the extent of
syneresis was about the same as the unheated control. Similarly, the
somewhat slower rate of syneresis in the initial stages observed with
unheated xylose-containing "milks" at pH 6.8 (Figure 16) hase largely
been oliminated at pR 6.0 (Figure 17).

All systems gelled withim 3 winutes, indicating again that
syneresis sas not a continuation of the gelation phenomena although it
may perhaps be dependent on the nature of the gel formed.

It is clear from the results obtained that sugar reaction with the
free amino groups greatly rsduces the syneretic properties of the
rennet-casein gel. In the case of moist milk powders, the browning
reaction has been attributed to a 1:1 interaction between the free
amino groups of the milk proteins, largely the e-amino groups of the
lysine residues, and the potential aldehyde group of lactose(161).

& gimilar reaction between the aldosugars and lysine may be occurring

in the heated "milk" systems.
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SECTION L: EFFECT OF HEATING TO 86°C FOR VARIOUS TIME INTERVALS

1.

2.

IKR THE PRESENCE OF XYLOSE, ON THE RATE AND EXTENT OF

SYNERESIS OF CALCIUM=CASEINATE SYSTEMS AT pH 6.0 AND
38%¢,

Experimental
"artificial milks" at pH 7.1 and containing an equivalent of 3%

casein and 100 mgk calcium were prepared and treated as before.
The samples were heated to 86°C in the presence of b% xylose for
various time intervals. The pE was then reduced to 6.0 with
0.1 N HC1l and the "milks" adjusted to voluae.

Reflectance measurements were made to determine the extent of
browning and the percentage lose in reflectasnce calculated.
Syneresis was measured as before at 3800 and pH 6.0, using 1:3
diluted commercial rennet.

Folyacrylamide gel electrophoresis was carried out ae detailed

in Chapter IV:a:h,

Results

Results are indicated in Table XiIX,
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Table XXIX., Effect of Heating to 86°C for Various Time Intervals in the Presence of Xylose
on the Rate and Extent of Syneresis of Calcium-Caseinate Gels at pH 6.0 and 38%,
pH Reflectance % loas in Gel Syneresis, mls,whey/40 mls,
No., Treatment value Reflectance Foint curd, after rennet addition
Initial After Finmnal
heating adj. (u;co,-wo) (mins) 15 35 60 90 120 200(mins)
1 CONTROL 7.1 - 6.0 70 - <3 18 33 3% 36 36 -
(unheated)
2 CONTROL 71 71 6.0 73 - <3 16 30 - 34 36 -
(heated 10
minutes)
3 + b% xylose 7.1 6.8 6.0 68 6.9 <3 0 27 31 33 3k -
(heated 10
minutes)
[ CONTROL 7.1 7.1 6.0 75 - <3 12 27 32 33 35 -
(heated 25
minutes)
] + b% xylose 7.1 6.8 6.0 62 179 <3 0O 9 22 26 29 30
(heated 25
minutes)
6* CONTROL 7.1 7.2 6.0 72 - <3 9 30 - 33 35 -
(heated 40
minutes)
7°  + &% xzylose 7.1 6.7 6.0 kg 31.5 <3 1 3 - 15 22 27
(heated &0
minutes)

® Values from Table XXVIII.
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Results given im Table XXIX and plotted in Figure 18 show the
marked depressive effect on both rate and extent of syneresis, of
increasing time of heating at 86°C, of the “artificial milks"
containing U% xylose. Heatimg for 10 minutes in the presence of the
sugar had no greater effect tham that of heating in the absence of
sugar for 25 minutes or 40 minutes.

Data from Tables XXVIII and XXIX plotted im Figure 19 shows more
clearly the effect of the time of heating at 86°C on the rate and
extent of syneresis at the various time intervals during syneresis.
Thus, when no sugar is present (curve A) the extent of syneresis after
120 minutes is not affected by the time of heating at 86°c. At the
90 minute level, (curve B), the effects due to heating alone have
largely been neutralised under the conditione of the experiment, that
is, at }3°C and pH 6.0. Bowever, ths rate of syneresis of sugar free
"milks" becomes slower at the initial stages with increased time of
heating at 86°C (curve C). This indicates that the curd from treated
"milks'" is slower in coming to an equilibrium during syneresis but
speeds up s0 as to give the same extent of syneresis after 120 minutes
a8 those curds from "milks" which have not been heated.

Heating of "milks" in the presence of sugar, however, gives a

different picture. At 120 minutes (curve D), increased time of heating
at 86°C continues to give a significant reduction in the extent of
syueresis. So is the case at the 90 minute level (curve E). At the
lower syneresis times, that is, 35 minutes and 15 minutes (curves F and
G), there is a drastic inhibitory effect of heating time at 86°C on
syneresis. This is perticularly smarked between 10 and 25 minutes
heating at 86°C after which the effect lessens (curve F).

Figure 20 shows a linear relationship between % loss in reflectance
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and the time of heating at 86°C in the presence of 4% xylose. This
indicates that browning reaction proceeds linearly with time, up teo
at least %0 minutes heating at 86°C.

It 45 ¢lear, therefore, that modification of the free aminmo
groups in the casein micelles in the “milkse™, through reactiom with
redueing sugars, greatly inhibits both rate and extent of syneresis
of the rennet-troated calcinm-caseinate gels.

To determine which of the casein components was most affected,
polyacrylanide gel elecctrophoresis was carried out on the unheated and
heated samples (25 minutes at 86°C). The result is shown in Flate 28.

It is clear from the electrophoretic patterns that there is little
difference between sample 1 (unheated -~ no sugar) and sample 2 (heated
86°C/25 minutes) indicating that heating to 86°C has had 1ittle |
degrading effect on the caseinate. None of the major or ainor proteins
appear to be affected. Sample 3, however, shows that heating for 25

minutes to 86°C in the presence of xylose, greatly affects the pattern

for/6 casein, giving a diffused tailing zone. Some of the minor
protein components ahead of/Z casein also seez to be affected, but
neither X  nor kappa-casein, particularly the latter appear to be
affected to any great extent. It appears reasonable to interpret the
reaction between the casein micelles and xylose as being mainly one with
/3 casein free amino groups, probably inm the main with e-NH, groups of
lysine.

The conclusion from the results obtained on the effects of heating
in the precence of reducing sugars, on syneresis, 1s the sase as tkat
given for the effects of 1-fluoro 2:4 dinitrobenzene, that is, lysine
o-llz groups ot,? casein probably play an importamt role, possibly

directly, in the syneresis of remnet-casein gels.
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SECTION M: DISCUSSION ON THE EFFECT OF MODIFICATICN OF THE FREE
AMINO GROUZS IN CALCIUM-CASEINATE SYSTEMS ON THE

SYNERETIC PROFERTIES OF RENNET-CASEIN GELS.

It has been usual to consider the effect of heat treatment of

milk in terms of denaturation of whey protcinl(1oh) and to thimk of

casein micelle - fat globule 1ntoraction(118) as being responsible
for weak rennet-milk gels and the high whey reteation of these gels.
"Artificial milks” used in these studies were devold both of fat and
serum proteins. In addition colloidal ¢alcius phosphate was absent
80 that heat effects were limited to modificatioms, if any, of the
proteins theaselves.

The modification of the amino groups in casein micelles has been
clearly showa to retard symeresis of the calcium caseinate gels. In
most cases involving chemical modification of the functiomal groups oam
casein, research workers have treated imdividuval proteins in more or
less pure fora and then studied the effects of such treatment. This
technique suffers froa certain disadvantages. It iavolves extensive
and often laboricus procedures to isoclate the proteim in pure fors,
often by the use of dematuring agents such as urea, and the use of
variations in pH and of variocus salts. During the process of
isoclation, there is no guarantee that the protein has not been
modified so as to affect the results. Furthersore, ia nature the
proteins rarely occur as independent molecules or proteins but rather
as complex aggregates as in the case of milk, It say, therefore, prove
more useful to treat complex proteim systems as they occur, and then

attempt to find out which protein is affected to a greater or le ser

extent.
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A study of the effect of modification ©f the asino groups on the
syneretic properties of rennet-casein gels was initiated by the
finding of Hill red Crakor(hB) that modification to an extent of 20%
of the lysine side chains on kapps-casein xith dimethylaminonaphthaline
sulphonyl chloride inhibited coagulation of the rernnin-treated protein.
This study was carried out on irdividual protein preparations.

1%7)

Earlier, largonii , using whole caszein in mon-micellar form, had

found after extensive modification of the zmine groups,. that clotting
was inhitited or prevented by such tre;tlent. ﬂoychih(1k8) reported
that rennin-treated triflumoroacetylated kappa-casein wonld not clot,

It was, therefore, of interest to determine the effect of such
specific egents on both gelation and syneresis, but after reaction with
the caseinate in micellar form. To this end, therefore, "artificial
milks" ccntaining 100 mgé (w/v) calcium were used. For reactione with
the asino groups, 1-fluoro-2:& dinitrobenzene (F.D.N.B.), pobassiuz
cyanate, and o-methyl-iso urea, and also reducing susars, were eamrloyed.
txcept for a-amethyl-iso urea which reacts only with the epsilon azino
group of lysine, these compounds are only broadly snecific in the sense
that all amino iorougs can react with thnem. Thus F.D.N.B. can react
with all free amino groups as woll ag with the imidazels group of
histidine, phenol group of tyrosine and the sulphydryl group of

(122). However, most of the ¢ amino groups in the imtact

cysteine
protein are involved in the peptide link and therefore are not
available for reaction with the F.D.N.B. In B casein, almost 90%
of the frece amine groups are supplied by the lysine side chain(122).
In this study, F.D.N.B. treatment of “artificial milks" appeared to
affect only the ﬁgcasein — gel electrophoresis, as shown in Plate 25,

showed that the mobility of ;?cnanin was increased
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substantislly after F.U.H.B. treatment but no other fractions were
affected by the 24 mg treatment. There is some indirect evidence
to indicate that most reagents s;ecific for amino groups, react
primarily with the lysine side chain; although if the reaction 1is
prolonged and/or the concentration of the reazent is high then other
anino acid residues would also react., Thus Wormell anmd Kayo(1h9)
rerorted that foramaldehyde under neutral conditions first becomes

(150) found that

attached to each lysine side chain. Kia et al
anmonium cyanate, present as an impurity in concentrated urea
solutions, reacted primarily with lysime side chalns to give

(140)

homocitrulline derivatives. Stark et al re;orted that

carbamylation of ribonuclease with potassium cyanate produced in the

main homocitrulline. Hanson(1k2)

has also reported similarly.

Thus, under conditions where only small quantitiez of the reagent are
used, it was assumed that the reaction would be limited to that
chemical grouping on the proteirn with which the reagent preferentially
reacts.

In the present work "artificial milks" were reacted with O - 64 mg
F.D.N.B. for one hour at 30°C. Under these conditioms, the reaction
of the casein micelles with F.D.N.B. was found to have a linear
relationship with time for the firest 30 - 40 minutes at the 24 mg
level of F.D.N.B. treatment (Figure 8). The relationship between
quantity of F.D.N.B. and the fimal reaction pB (Figure 9) imndicated
that up to 32 mg F.D.N.B. a linear relationship held. This indicated
that the reaction was probably specifie to ome chemical grouping on one
protein. Beyond 32 ag addition of F.D.N.B., the reaction probabdbly
became more generalised. TITreatment with 24 mg and less of F.D.N.B./

100 mls. milk resulted im changes in electrophoretic mobility of oaly



158.

one protein in the caseir micelle, that is 3 casein (Plate 25).

It appears, therefore, that the position and tertiary structure of

ﬁ casein within the micelle is such that it is able to readily

react with F.D.N.B. when compared with the other major proteins and that
it plays an important role in synmeresis. Extension of the atraight
line im Figure 10 indicates that at a concentration of 67 mg added
F.b.N.B. no synaresis would have occurred. It is interesting to note
that in "artificial milks"' containing 3 g casein, the lysine comtent

(13) (122) .

1n(? casein, 30% of whole casein » approxinates to 60 mg For

the modification of all Q-Nﬂz groups of,@ casein, about 76 mg F.D.N.B.
would be required on anm equimolar basis. The figure of 67 mg F.D.N.B.
obtained by extrapolation of the line im Figure 10 is close to this
value. The similarity appears to be more than juat coincidental,
particularly if one refers to the electrophoretic pattern shown in
Plate 25, where extensive modification of thoéﬁ casein patltern after
F.D.N.E., addition is obvicus. It 18, therefore, reasonable to presume
that the o-NHz group of lysine in ﬁ casein plays a major role in the
syneresis of rennet-casein gels. Blectron micrographs of "ailks"
treated with 24 mg F.D.N.B. (Flate 26) indicate that the physical
organisation of the casein micelles are little affected by F.D.N.B.
treatment. The F.D.N.B. appears to have reacted over the whole area
of the micelle, giving a hazy appearance to the picture. Thus, the
o-llz groups of/G casein while appearing to readily resct with F.D.N.B.
do not appear to play an important role im the stabiliasation of the
spherical casein micelle.

The rezction of F.D.N.B. with e~NH_ groups of/? casein would be

2
expected to change the charge pattern of the aystem making the system,

and 4= particnlar/e casein, relatively more negative im character.
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The reduction or inhibition of syaeresis could have beea due to this
increased electro-negativity of the system. Another likely reason
i8 the prevention of direct participation of the lysine side chain
1n(3 casein in crosslinking during syneresis. Syneretic studies
at different pH levels (Figures 11, 12 and 14) indicate that the
change in icnic charscter of the proteim does play a part in the
inhibition of syneresis, bocause reduction in pH does give increased
syneresis, although the final extent of syneresis was well below the
eontrol values. The linear relationship between the reciprocal of
the gquantity of shey axpellod with pH of the systems (Figure 12)
suggests that steric hindrance froe F.D.N.B. plays little or ne part
in the iahibition of syneresis. The extent of syneresis is, however,
very muct less when compared with the coatrols, even at low pH levels
such as 5.4 and 4.0 (Fi ures 12 and 14). This suggests that increase
in electro-megativity of the protein may not be the only reason for
the reduction in synerescis. The o-NHa group may take part directly
in the crosslinking. That this may be the case is indicated by the
fact that guanidination of the casein gystem with o-methyl-iso urea,
which substitutes only 2 sli_htly more bssic guanidino group in place
of the 0—532 groul, dces reduce syneresis, despite the fact that the
charge pattern is iittle changed (Table XXVI, Plate 27). The extent
of reducticm in synereslis 1s, however, much less than 4in F.D.N.B.
treated 'milk".

lieating of caicium caseinate solutions in the presence of reducing
sugars has also been fournd to give greatly reduced synerssis. The
temperature and times of heating used in this study in the adbsence of
reducing sugar have had in themselves little, if any, modifying effect -

on the structure of the varicus casein components. This is evident
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from the electrophoretic patteras im Plate 28.

The effect of heating in the presence of aldopentose has been
greater than that in the presence of an aldochexose on the reduction of
syneresis. Syneresis is greatly inhibited even at pH 6.0 and 38°C.

Electropherograms (Plate 28) of treated and untreated samples,
clearly show that ﬁ caseln is the main protein saffected by the
reaction with the aldopentose. The reaction probably involves the

e-NE_ groups 2and is again indicative of a micelle structure in wkich

2
/3 casein iz readily able to react with the aldosugars under the
conditions of the experiment, while o(, , kappa-casein, and the miner
casein components remain relatively unaffected.

Results on syneresis ohbtained from heatimg "milks"™ in the presence
of aldosugars complement observations made with F.D.N.B. treated
systeas; that syn-—csis of rernet-casein gels is reduced im the main
through incressing the electro-negative character and, therefore,
repulsion of the gel structural elemente, and/or preventing the direct
participation of o-NHZ groups of/@ casein in the crosslinking.

It is difficult to see in what sort of forces or cresslinks the
Q-HHZ groups of lysine may be involved. The most simple explanation may
be that they are electrostatic or ioniec, in gharacter. Rennin actionm on
the casein micelles possibly permits the positive charges on the a-HBa
groups to come into juxta position with the negative charges on the
carboxylate groups, so that new forces of attraction are created.

It is also possible that after rennet action cations such as
calcium may be bound to/z casein by chelation involving carboxyl and
amino groups onge coagulation has occurred. Calcium has been shown
to be necessary for synoresis of rennet-casein gels (Chapter ViD).

It was pointed out them that both rennet modification of the caseinate
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sand calciuve were necessary for the syneresis to occur. Baker and

(71

Saroff have indicated that chelztion of calcium between amino

groups and carboxylate grcurs through the formation of a co-ordinate

covaient boend is possitle. There are several examples of metal

(151).

chelate compounds Diamino ethane tetra scetic scid (E.D.T.A.)

is a vell known metal chelating compourd which chelates calciua at

(152) by a similar systenm. Such metal chelates

(152) (153) 4,

ere generally unstable in acid conditions . Ter Horst

an optimum pH of 7.5

proposing 2 new thoory om the caseinate complex in milk presented
evidence to indicate the bhinding of (CaPOh) to lysine e-NH, groups im

(72)

cagein in the form R-KH PO“Ca. Hostettler and Ruegger found that

3
the pR of caselinnte solutions drorpped on the addition of calcium ioms.
They inter;reted this as being due to exchange of protons on the aminmo
gronps on casein, for calclum. Thus, it is possible that the Q-NH2
groupa of lysine in‘8 casein may bend calcium at near neutral pH through

a chelation phemncmena iuvolving carboxylate groups also.

The specific reaction of F.D.N.B. and sldosugars vithle casein
indicates that the latter is readily svailable for remction withim the
micelle. The structure ole cagein would have to be an oren one to
permit such & rapid rerction with the lysine side chains, with little
or no hindrance from either o{; or kappa-caseins. Payens and Markwijk(15~)
rave, in fsct, suggested tbat(? casein molecules temd to associate by
lyophobic forces into elongated thread-like structures, probabdbly
randomly coiled. Rose et a1(155) reported that associsation of the
protein sub-units to give primary particles was met «; to X, nor ﬁ to /:’
but was an o teo [3 inter-assoclation in roughly a 332 ratio. The

assceiation was probably through weak hydrophobic forces. These facts,
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along with other.(91)(92)(93). led 8030(156)

to propose recently a
new model for the casein micelle. In trhis model he represented

(5 casein diasrammatically as randomly coiled elongated threads, with
which Xs casein was associated. The highly charged kappa-casein
molecules containing the hydrophilic glycomacropeptide was associated
with widely dispersed X casein melecules. The elongated randoaly
coiled /Bcaaoin polymers were shown to permcate the micelle ard to be
present over its whole surface. The model proposed by 2030(157)
explains the ready reactioa of F’casoin with F.D.H.B. and aldosugars,
with little hindrance from either /X; or kappa-casein, the reaction
being particularly specific for(g casein at low F.D.N.B. concentrations
(see Flate 25). In this work, electromicrograrhs of F.D.N.B. treated
casein micelles (Plate 26) had shown a uniformly diffused picture, and
it was suggested that ﬁScasoin is spread through and over the body of

the nicelle. Rose's nodel(157)

for the casein micelle is quite in
accord with this postulation. (The reference came to the author's notice
after the electron micrograrhs had been taken and electropheoretic
patterns had suggested that(@ casein was involved in syneresis.) It

was shown earlier in electron micrographs (Flates 4 - 11) that gelation
of rennet-casein gels was essentially a surface phenomena, probably
involving para-kappa-casein on the different micelle surfaces, the
crosslinking being probably through calcium. This could also brimg

(3 caseins im the neighbouring micelles (coagulated micelles) into

closer juxta positiom, to enable further crosslinking, through calcium
and/or by electrostatic forces. It now seems possidle that,@ casein
mainly is involved in the secondary crosslinks at neutral pH. Syneresis
is a slower process than when acidity is developing. This is probably

because toturfd casein molecules or aggregates are available for
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interaction after gel formation, most of thes probably being in
micellar form. During develoring acidity the negative repulsive
charge would be neutralised. This may be accompanied by displacement
of calcium from the curd structure as well as from within the micelles.
The disintegrating micelles would then provide more mobile structural
elements withia the curd. Since elongated threads are more likely to
participate in such interactions it seems likely that thc/G casein
threads will be mainly involved. These would tend to react with each
other and with the rigid structural elements of the network, probabdbly
by electrostatic, and also hydrophobic, forces so that syneresis is
increased. High temperatures increase syneresis probably by increasing
the rate of contact between the network elements and by formation of
hydrophobic bonds which is an endothermic procoss(97).

The inhibitory action on syneresis of F.D.N.B. and of xylose in
heated "milks" may be attributed to an increase in the electro-negativity

of the{G casein threads through blocking of the free e-RH_ groups,

2
thereby creating repulsion within the gel system. This would be so at
all pH levels. Blocking of the free amine groups would also reduce
potential electrostatic forces of atiraction in which the free amino
groups say take part, and therehby reduce syneresis. Using Rose's

model, Figure 21 depicts schematically the syneretic process as it may

be occurring in rennet-casein gels.
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CHAPTER VII

Summary and Conclusions on the Study of Factors Comntributinmg

to Gel Formation and Symersesis of Rennet-Casein Gels

The study of factors contributing to gel formation and syneresis
of rennet-casein gels was made on model systems or "artificial milk”.
The "milks' were, in essence, calcium caseinste systems prepared under
specified and controlled conditioas. The systems were stable even
when heated to 90°C to 100°C for 1 hour. Since temperature plays an
iaportant part in the associatioms between the casein components as

individual unita(91)

s and also between these units and calcium, and
bacause casein micelles are formed under natural conditions at body
temperatures, the "artificial milks'" were prepared at 35°C rather than
at refrigerator temperatures as has been done by others. In a limited
nuaber of experiments in this study calcium caseinate - calcium phosphate
"milks" were used. However, the decision to discontinue using phosphate
containing "milks" in the experiments stemmed from the fact that imn the
presence of disodium hydrogen phosrhate or orthophosphoric acid it was
observed that small irregular casein micelles were formed. These
were quite umlike the physical organisatiom and size of casein micelles
in natural skim ailk. Cn the other hand, "milks" containing no added
phosphate, particularly those containing 60 - 125 mg# w/v calcium,
showed micelles very similar in siszse and general appearance to those in
skim milk. The eleetron micrographs emphasise the important role of
ionic calcium in acting as a cement for micelle integrity.

Viscosity studies at 0°C on both sodium caseinate and calcium
caseinate "milks" indicated a significant drop in specific viscosity
values during the imitial phase of rennet action on the caseinate.
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Since modification of molecular charge has been shown not to affect
intrinsic viscosity in other proteims such as serus albnnin(gs). it
was postulated that the fall in viscosity of rennetted-"artificial
milks” was lar:-ely due to the releazse of "immobilised"” water from
casein micelles into the syste=m. It is difficult to prove,
nevertheless, that modification of the charge of the casein micelles,
due to the release of the glyco-macro-peptide by rennet action, does

(91) has stated that

not play a role in the drop in viscosity. Payens
the zeta potential for casein particles is low, consequently electrical
repulsion between the micelles would be low. Hydration or an
"immobilised” water layer around the micelles could therefore assume
an important stabilising role. An ultra-centrifugal technique was
developed to measure the release of "immobilised”" water, using
haemoglobin as an indicator. It was found that rennet-treated
micelles in "artificial milks"” released into the system at, or about,
gel poimt, a quantity of "immobilised" water equal to about 70% of the
weight of the wet protein (caseinate). The term "immobilised" water
is used to signify that the technique used for its determimation does
not discriminate between (i) true chemically bound water, which may not
exceed 20-30% of the weight of the wet caseinate, (ii) water held
within and on the surface of micelles in the form of icelike regioms,
and associated with hydrophobic amino acid residues, or (1ii) mechamically
trapped water within the aicelle.

The electron micrographs of rennetted “artificial milks" and skim
milks (Chapter II:D. Plates 4-11 and 17-21) clearly show that gelation
is essentially a surface phenomenon between the "micelles". At gel
point, the gel network is comprised mainly of "beaded" threads, made

up of joined micelles. The micellar threads link up with others to
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form a j-dimensional network, envelopiamg the liguid in the process.

It was demonstrated that fairly large coamcentrations of sodium
thioglycollate, in excess of 200 mg/k0 mls. "ailk", or small
concentrations of dithiothreitol (20 mg) prevented a gel structure fros
forming. Rather a precipitate formed and settled at the bottom of the
beaker, at the same time giving rise to an opagque supernatant. Rennet

(91)(3) 1ot the

action itself was not inhibited. It i8 recognised
glycomacropeptide and the sugar moiety of kappa-casein which rennin
8plits off, and the sulphur amino acid cystine are situated at the
opposite and distant ends of the kappa-casein molecule. The splitting
of the disulphide bond does not give rise to instability of the "milkas",
probably because the highly hydrophilic glycomacropeptide is still
attached to the "micelle" asurface. However, if this is followed by
the release of the glycomacropeptide by rennin, a preciritate forms
rather than a gel. One possible explanation of this observed fact
is that the whols para-kappa-casein is needed on the micelle surface
to give rise to a 3-dimensional network. The surface to surface
interaction at gel poimt thus probably involves only the para-kappa-
casein, which is probably still attached to the micelle surface, and
ionic calcium.

The attendant release of "immobilised water" from casein micelles
which seems to occur concurrently with the gelation phenomena as

observed in this study, is in itself not a new idea. Lautfor(162)

(163)

and Stevens and Lauffer found that polymerisation of T.M.V.

protein released water into the environment, the polymerisation itaelf
being an endothermic process. One explanation offered by tho-(165)
was the possible release of icelike domains of water normally associated

with proteins in the disaggregated state about their hydrophebic groups.
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In the "silk" systems one might liken the micelle to a huge protein
molecule, stabilised by large domains of icelike water on the surface,
and perhaps withinm. Rennin probably destroys the protective icelike
domsins enabling the micelles to link up through calcium and the
para-kappa-casein segment. The preference for renmin to split bonds

(7)

adjacent to hydrophobic residues is known and even in casein rennin

is believed to attack a phenylalanine-methionine bond on the kappa—casein(}).
Apart from this, renmnin action also reroves the highly hydrophilic
glycomacropertide from the caseinate surface, thereby removing 2 highly
hydrated portion of the coat.

After this work was completed, two recent references came to the
author's notice which lend support to the contention that a solvated
or an "immobilised water” layer around the casein micelles is a
prominant factor stabilising the micelles against aggregation.
Keyser(16h) using 1 - 1bC labelled lactose found that about 20% water
on wet caseinnte basis was released during the coagulation stage of
rennet action. This was apparently a slow process and differs
somewhat from the view presented in this work. Hill and wako(165) in
a detailed analysis of all avallable data on the caseinate complex
conclude that kappa-casein is the first recognised example of a protein
that has evolved to function as a detergent. The N~ terainal, two-
thirds of the kapps-casein molecule is hydrophobic and is said to
remain attached to the micelle surface by hydrophobic interactions after
rennet action. However, the C- terminal ome-third portion of the
kappa-casein molecule (glycomacropeptide) is hydrophilic and faces
outward to give the micelles a negatively charged solvated surface
envelope, which is removed by remnet action. The two regions probably

funetion respectively to anchor the kappa-casein molecule to the hydro-

phodbic cnlniunc7§ - (g caseinate core and to provide a solvated coat,
5
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stabilising the micelles against aggregation. Because of its

possessing two distinctly different portions on the same molecule,
kappa-casein may be considered to be an amphiphile, which gives it
(165)

a "detergent'" function. Hill and Wake state that casein
micelles can be regarded as hydrophobic particles with a stabilising
hydrophilic coat. Rennin removes this coat and the hydrophobic
cores are no longer stable in solution., The surface hydrophilicity
would account for a high degree of solvation on the surface, which
rennet action would upset.

Gel formation does not appear to involve a sulphydryl-disulphide
nor a disulphide interchange reaction as has been postulated by others
(22)(63). This is despite the fact that all cystine and cysteine(sz)
appear to be concentrated in the kappa-casein fraction. The
concentration of both amino acids in casein are relatively much lower(82)
than in other proteins where sulphydryl-disulphide interchange
reactions(166) do play a part in the gelation phenomena.

Calcium was found to be important both for gelation and for
syneresis of rennet-treated systess. In its absence, neither
phenomena occurs. In what way it provides crosslinks is still
obscure. A link with calcium between the negatively charged
carboxylate on one hand and the phosphoric groups on the other has
never been satisfactorily proved. Attempts to correlate rennin
clotting with changes in calcium binding by the para-casein have led
;o conflicting reports(167 - 169). Instead of a straight calcium
cross linkage, the aggregation may be induced by diminished solvation,
as hzs been shown to be the case in this work, and to an ionic charge

effect which would tend to neutralise the negative carboxylate groups

and therefore reduce repulsion. Preliminary work by the author had
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indicated that the rennet-casein gel was easily solubilised in

urea solutioms of greater than 4M concentration. It 45 difficult
to explain how a gel with large scale cross liaks involving calcium
could disperse so easily in a urea solution. The forces must be

(£3) have

weak enough for urea to be effective. Hill and Craker
shown that dansylation of kappa-casein lysine side chains prevented
aggregation of the rennet-treated protein and they imterpreted this
to mean that the lysine side chain in kappa-casein plays a direct

(71) have indicated the

role in coagulation. Baker and Saroff
posaibility of the imino groups of histidine or the o-HHZ groups of
lysine participating im a chelating action involvirng calcium, with
the carboxylate as the other reacting group. There are other

(151-153) . It is

instances of such chelate co-ordination compounds

possible, therefore, that in rennet-casein gel systems, the 3-dimensional

network iz formed by a reaction between lyzine Q-NKZ groups on para-

kappa-casein and carboxylate groups on a different micelle, with calcium

being chelated in the process. Such calciua links would be dissociated

in the presence of acidity. It is also poasible that calcium bridges

of this type would not make the network imsoluble in urea solutionms.
Despite the fact that absence of calcium prevents both gelation

and syneresis of rennet-casein gels, it does not necessarily follow

that synereszis is a continuation of the gelatiom phenomenon. In fact

it is clear from the present work that it is mot so. Treatments which

profoundly affeet syneresis do not affect gelation. Synsresis, however,

could be dependent on the type of gel formed, since subsequent inter-

actions during syaeresis may be affected dy the mumber and type of

crosslinks formed imitially during gel formation. Studies on

dinitropheaylatien of the casein micelles and heating of "milks" im the
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presence of aldo sugars and subsequent syneresis of the "artificial =milk"
gels indicates that(& cagein may be dominantly involved in this phenomena
(Plate 25). Gelation was not observed to be affected by the limited
dinitrophenylation. There was less inhibition of syneresis at lower

pH values indicating that part of the effect of F.D.N.B. treatzent was
probably due to increasing the electro-negative character of the systes.
This, however, appearz to be too simple an explanation. Even at the
low pH of 5.4 and at higher temperatures of 38°C, the inhibition of
syneresig was great compared to controls. In syatems which had been
allowed to gel at pE 6.8 and at 30°C. and then the conditions changed
gradually (increase in temperature to 38°C and decrease in pE to 4.0),
the F.D.N.B. aystexzs did not synerfse to the same extent as the controls.
Conversion of the o-NHZ group of lysine to a2 guanidino group by

treatment with o-methyl-iso uwrea also gave a reduction in syneresis

despite the fact that 2 bhasic e-NH_ group had been replaced by the

2
8liyhtly more basic guanidino group. This indicated that the lysine
side chaim participates directly im the crosslinks or interactions to
give syneresis of rennet-casein gels. The effect of heating
"artificial milks" in the presence of reducing sugars has also been
found to greatly decrease syneresis and electrophoretic patterns showan
in Plate 28 again suggest that ﬁ cagein is primarily involved.

Gel formation through lysine O-Nﬂa groups from the para-kappa-
casein and cardoxylate and calcium interaction probadly brings the
-urtaeor@ casein threads of different micelles into cloce juxta position
for {further interaction. This could occur through the same chelation
phenomenon inveolving Q-NKZ groups, carboxylate groups and calclum at
near neutral pi, as postulated for the initial gelatien. Thus new

bonds are established, the system contracts and syneresis results.




171.

In the presence of developing acidity the chelation complex
would become increasingly less stable. However, the possible
reduction in syneresis arnticipated as a result of this does not
occur because of two independent modifying factors which also arise
from the developing acidity. Increased hydrogen ion concentration
would tend to neutraliee the nagative charges and thus reduce the
repulsive forces between tre individual casein components and, secondly,
it will cause the micellar form to disaggregate thus releasing a large
nusber of protein sub-units. The effective protein concentration,
and hence bon:liny potential, would thus be increased through van der
Waal and electrostatic forces, 'ith{g casein playing the major role inm
syneresis.

There is 2rn apparent conflict in corncept between the part played
by e~amino groups on the lysine in para-ksppa-casein and calcium
bridging in the formation of the gel and the similar reaction postulated
for the syneretic behaviour based on the lysine groups in,@ casein. It
is argued that the lysine groups in kappa-casein are not exposed and
consequently do not react with F.D.N.B. under the conditions in the
experiments reported here. Consequently, they are still available
for cowmplexing with calcium after rennet action has exposed them in the
para-kappa-casein, whereas the lysine in the ﬁ casein is now unable to
participate in a similar reaction. Hence gelation occurs but syneresis
is reduced under these conditioms.

The effect of incre=zse in temperature is probably more simple;
that of increasing movement and rate of contact and perhaps also inm
fecilitating hydrophobic bomnd formation, which i3 an endothermic
proeess.

(5-01-013 being in the form of elongated randomly coiled fibres,
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i8 an 1deal protein for these various interactions compared with the
globular X, casein, since the functiomal groups (e.g. Q-NHZ) would
tend to be more exposed. Since it also comprises about 30% of the
total caseinate, its apparantly dominant role in symeresis is

therefore not too surprising.
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CHAPTER VIII

Lines of Future Research

iWhile some evidence has been provided in this work for the
initial desolvating sction of rernnin on the caseinate micelles, more
sensitive technigues need to be developed for the measurement of the
relezse uf "immotiliced water". The posaibility of para-kappa-casein
on the micelle surface taking part in the initial gel structure needs to
be further investigated. #hile it has been shown that there is little
or no scope for the formation of disulphide limis in the gel network
of rennet-casein gels, and that calcium is necessary for both gelling
and syneresis in rennet-casein systems, it has not been msde clear as
to what form the calcium crosslinks take im either phenomena. The

"chelate"™ co-ordination compound theory involvim; the e-Kl_ group of

2
lysine, the carboxylate group and calcium is speculative in character
and bassed on limited evidence, althcugh it does appear that both
lysine side chains and calcium are involved in the two phenomena. This
aspect merits detailed investigation. That the reactiom of F.D.N.B.
and the sugars with IGcascin in the heated "amilks" occurs, in the main,
with the o-lla groupe of lysine needs to be more t#oroughly checked.
Selectiorn of this topic for research was prompted by the general

(170)

view held that buffaloes’ milk curd when coagulated witk rennet

gives excessivs syneresis and consequently a tough rubbery dody im both
Gouda type and Cheddar type cheeses made fros it. Buffalces' milk has

(171)(172)

been reported to eontain much more Scasein thar cows' milk,

being 52.4% against 39.1% of whole casein. Buffalo milkx gcasein has
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been reported to have a slightly slower mobility than cows' milk

[} casein. Buffaloes' milk has alao been roportod(173) to contain
higher levels of czlcium, ranging from 170 mgé to 220 mgk, and slightly
higher levels of phosphate (100-137 mg% 'P') than cows' ailk.

In view of these compositional features of buffaloe milk and the
results of this thesis, it would appear that a ratiomal explanation of
the observed syneretic behaviocur is possibly available. It also
indicates helpful ways to modify the ma2king process such as cooking
with an aldoperntose to block the -NHZ groups to a limited extent or
possibly using phosphate or FE.D.T.A. to coamplex calcium iems - sodium
hexametaphosshate or ome of the polyphoschates should be most valuable

here.
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The phosphoamidase action of rennin on casein
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SummaRrYy. It is proposed that —N—P—N— bonds exist in casein and that these
bonds can be hydrolysed probably at different rates by the action of rennin. It is
proposed that the phosphorus is linked with the guanido group of arginine.

INTRODUCTION

Much interest has been shown in the action of rennin on casein and recently
Lindquist (1963) reviewed the whole field. However, little interest has been shown
in the phosphoamidase action of rennin.

Berridge (1945) inferred that rennin, in its action on casein, possessed such an
activity. Holter & Li (1950) demonstrated that crystalline rennin had a hydrolytic
action on a substituted amide of phosphoric acid and this prompted Nitschmann &
Varin (1951) to suggest that such groups could exist in casein and could be attacked
by rennin. Using electrometric titration data, Dyachenko (1959) showed that the
isoelectric point of casein lay between pH 4:6 and 4-7, while that of paracasein (the
product remaining after rennin action) was between pH 5-0 and 5-2. He also showed
that the essential difference between the titration curves for the 2 caseins lay in the
‘divergence in the strongly alkaline region starting from pH 10-2 when the «-NH,
groups of lysine and the guanidine groups of arginine exhibit their buffering effect’.
Since lysine amino groups had been shown not to increase with rennin action (Inikhov,
1922; Koning & Stadhouders, 1962), the appearance of strongly alkaline groups in
paracasein was attributed to arginine guanido groups. Dyachenko postulated that
rennin splits a —P—N— linkage and proposed the following reaction.

0O H NH o} NH
L 55 [ I
—CHy—0—P—N—C—NH—""?"__CH,—0—P—OH + NH,—CH—NH—
| rennin
OH OH

Cheeseman, Rawitscher & Sturtevant (1963) have questioned the esterase activity
proposed for rennin by Garnier, Mocquot & Brignon (1962).

It seemed desirable, therefore, to examine further the activity of rennin in the
release of the bound phosphate in casein.
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EXPERIMENTAL
Preparation of rennin

Ernstrom’s method (1958) was followed, except that the last 3 steps were eliminated
and the rennin from step 5 was dissolved in a minimum of distilled water, freeze-dried
and then stored at — 15 °C.

Starch-gel electrophoresis of the purified rennin indicated 2 major bandsand 3 very
minor bands (Aiyar, 1963). Ernstrom reported 4-5 electrophoretic peaks for his
crystalline rennin using free-boundary electrophoresis. It is of interest to note that
when the 2 major bands from the starch gel were eluted and re-examined by the same
procedure they each gave 2 identical bands at positions corresponding to the sites of
the major bands in the original run. The 2 bands thus appear to represent different
states of aggregation of the enzyme, the extent of aggregation being controlled by an
equilibrium condition.

Preparation of alkaline milk phosphomonoesterase

The method of Morton (1955) was followed up to and including the dialysis stage in
step 4 after which the dialysed extract was freeze-dried and then stored at — 15 °C.

Starch-gel electrophoresis of the purified enzyme indicated 2 major and 4-5 minor
bands.

Preparation of freeze-dried acid casein

The method followed was that of Hipp, Groves, Custer & McMeekin (1959) and Wake
& Baldwin (1961) which gave a casein containing 2-0 9, ash and 0-74 9, phosphorus.

Urea starch-gel electrophoresis indicated 15-17 components (Aiyar, 1963), which
was comparable with the results of Wake & Baldwin (1961) and Neelin, Rose &
Tessier (1962).

Preparation of casein substrate

A smooth paste was first prepared by mixing the weighed quantity of the freeze-
dried acid casein with a small quantity of distilled water and this was then dispersed
with more distilled water. To the stirred casein suspension, 0-1 N-NaOH was added
dropwise to adjust the pH to 6-75. Nisin was added to give a final concentration of
100 ppm. and the casein solution was then made up to the required volume (Nisin did
not interfere with the enzyme actions of the rennin or alkaline phosphomonoesterase).

(@) Wathiremmin Determination of phosphate liberation

20 ml of a 3-59, (w/v) casein solution (pH 6-7) was held at 38 °C in a temperature-
controlled water bath and 5 ml of an aqueous solution of the enzyme was then added
with mixing to give the desired enzyme/substrate ratio (w/w). After the desired time
the reaction was stopped by pouring the mixture into a stoppered measuring cylinder
containing 25 ml vanadium molybdate solution prepared according to Method
Sheet no. 60, Unicam Instruments (1961). The vanadium molybdate precipitated the
casein, inactivated the enzyme and reacted with liberated orthophosphate ions to
give the soluble, orange coloured vanadium-phosphomolybdate complex. The tube
was rinsed with distilled water and the combined reaction mixture and wash made up
to 75 ml and filtered, through Whatman No. 42 paper on a Buchner funnel.
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The filtered samples were set aside for at least 2 h to permit full colour develop-
ment. Since there was a continuous slow aggregation of the reaction products it was
found necessary to refilter the solutions before measuring transmissions. Repeated
filtrations between 4 and 24 h after colour development did not significantly affect
the final transmission reading.

Percentage transmission was measured on a Beckman DU Spectrophotometer at
420 mpm.

(b) With phosphomonoesterase

(i) At pH 6-7—method as for rennin;

(ii) at pH 9-5—to 20 ml of a 3-59%, (w/v) casein solution made up in the double
strength Na,CO,;/NaHCO; buffer of Tramer & Wright (1950) at pH 9-5 was added
5 ml of enzyme solution in a similar buffer. The reaction was stopped and phosphate
liberation measured as in (a).

Using the synthetic substrate disodium p-nitrophenyl phosphate it was found that
use of double strength Na,CO,/NaHCO, buffer did not affect the activity of the
phosphomonoesterase.

(c) With rennin then phosphomonoesterase

To 20 ml of a 3-59, (w/v) casein solution (pH 6-7) the desired quantity of rennin
was added as a powder. At the appropriate time the phosphomonoesterase was
added as a solution in 5 ml of double strength Na,CO,/NaHCO, buffer. This increased
the pH to 9-5, inactivating the rennin, but giving optimum conditions for phospho-

monoesterase activity. The reaction was stopped and phosphate liberation measured
as in (a).

(d) With phosphomonoesterase then rennin

To 15 ml 4-66 9, (w/v) casein solution in double strength Na,CO,/NaHCO, buffer at
pH 9-5 was added 5 ml of the phosphomonoesterase in a similar buffer. At the
appropriate time 5 ml of approximately 0-2 N-HC] was added to reduce the pH to
6-:65-6-70 and the rennin was added as a powder. The reaction was stopped and
phosphate liberation measured as in (a).

The final casein concentration was the same for all series.

Determination of exposure of guanido groups

The Sakaguchi (1925) test was used to detect the exposed guanido groups, the test
being performed on a duplicate sample treated in a manner identical with that used
for measuring phosphate liberation. The 2 tests were performed simultaneously.
Two ml of the reaction mixture were removed at the appropriate time and transferred
to a colorimeter tube containing 0-5 ml 1 N-NaOH (this stopped rennin action im-
mediately); 1 ml of distilled water was added, followed by 0-5 ml of 0-19, (w/v)
naphthol in 70 9, ethanol and 1 ml of 59, (w/v) sodium hypochlorite solution. The
colour development was carried out with the tubes immersed in a water bath at 38 °C.
The colour was developed for 2 min after the addition of reagents, the tubes were
removed, allowed to cool in the dark, and percentage transmission read at 420 mpum
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(maximum absorption) after a minimum of } h had elapsed to permit full colour
development. The colour was stable for at least 2 h.

A standard arginine solution was prepared by dissolving 120-92 mg of arginine
monochloride (L.R. grade) in distilled water, the pH was adjusted to 7-0 with ~/20
NaOH and the volume made up to 100 ml. The arginine content of this solution was
taken as 100 mg %, (w/v).

To prepare the calibration curve for the guanido group of arginine, measured
quantities of the standard arginine solution were added to 2 ml of a 2:8%, (w/v)
casein solution (i.e. the same concentration of casein as in the test samples). Distilled
water was added to equalize volumes and this was followed by the Sakaguchi test
reagents. Total volume was in all cases 5 ml.

The casein solutions used to measure the colour after the Sakaguchi reaction were
opaque but control experiments in which casein samples were incubated with rennin
for periods of up to 24 h and then treated with 0-5 ml 1 N-NaOH, as in the Sakaguchi
reaction, showed no change in opacity. The increased adsorption that occurred after
such periods of incubation and with the addition of all the Sakaguchi reagents was
considered, therefore, to be due to increased colour production as the result of rennin
action.

Since arginine was not released into solution by rennin action, but remained
attached to the para-casein it was not possible to remove the casein by precipitation
and then measure the colour in the clear supernatant. A filtered sample gave no colour
test for soluble arginine. Control tests without enzyme addition were run with each
experiment.

The results given in Table 2 are each the mean of 6 separate determinations and
are based on the assumption that both free and bound arginine (free guanido group)
have similar colour values. The differences between each succeeding mean value are,
respectively, significant at the following values < 0-025, <0-01, < 0-005.

RESULTS

(@) Phosphatase activity of rennin and alkaline phosphomonoesterase on
2 phosphomonoesterase substrates

(i) Drsodium p-nitrophenyl phosphate

The modified Aschaffenburg—Mullen phosphate test (Tramer & Wright, 1950) was
carried out using the 2 enzymes. Two buffer systems were used, the Na,CO,;/NaHCO,
buffer with reaction pH 9-6 and Na,HPO,/KH,PO, buffer pH 6-2 (Vogel, 1959).

Observation at 2 and 18 h indicated no activity with rennin at either pH, whereas
the milk phosphomonoesterase was very active at the alkaline pH and still retained
considerable activity at the acid pH.

(ii) Glucose-1-phosphoric acid (di-potassium salt)

Phosphate liberation was measured after incubation at pH 9-6. Milk phospho-
monoesterase released all the phosphorus within 1 h.

It is interesting to note that commercial rennet showed limited phosphoesterase
activity with both these substrates.
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(b) Liberation of phosphate from casein by rennin and phosphomonoesterase
used individually or together

Results are given in Table 1. These results are the average of 2 entirely independent
experiments. Transmission values of duplicate samples differed by a maximum of
2 units (0-026 mg P,0,). Total phosphorus content in 700 mg casein used for each test
amounted to 5:2 mg P or 12 mg P,0; equivalent.

The extended reaction time (30 h) for phosphomonoesterase was based on Perl-
man’s (1955) observation that phosphomonoesterase acted only slowly on unfrac-
tionated casein.

Table 1 clearly indicates that alkaline milk phosphomonoesterase under the condi-
tions of the experiment does not release phosphorus from casein, whereas rennin
liberated 3-1-3-4 9, of the total phosphorus in 1 h. Furthermore, alkaline phospho-
monoesterase was not able to release any further phosphorus after the preliminary
action of rennin on the substrate.

Table 1. Liberation of phosphate from casein by rennin and alkaline phospho-
monoesterase acting individually or together

% transmission Phosphate Phosphorus
at released, released,

Sample Reaction* 420 mp mg P,0; % total P
1 C6-7/1h+5ml D.S.B./30 h 105 Nil Nil
2 C9-5/30 h+5ml 02 x-HCl/1 h 105 Nil Nil
3 R¥4+P9:5/30h 105 Nil Nil
4 C6:7/1h+P 9:5/30 h 105 Nil Nil
5 C6:7+RY¥/1 h+5ml D.S.B./30h 74 0-40 34
6 C 67 +RN/1h+P 95/30h 75 0-39 33
7 C9-54+P/30 h+R¥ 6-7/1 hy 76 0-37 31

* C = 20ml of 3-59%, casein solution; 6-7 and 9-5 refer to reaction pH; D.S.B. = double strength
carbonate/bicarbonate buffer pH 9-5; R¥ = rennin; P = alkaline phosphomonoesterase; 1 h and 30 h
refer to time in hours; enzyme/substrate ratios used: rennin, 1:87-5; phosphomonoesterase 1:116-7.

T Rennin was added as powder after 5 m10-2 N-HC] had been added to bring reaction back to pH 6-7.

(c) Phosphatase activity of different rennin concentrations on casein at a fixed
reaction time and of fixed rennin concentration over extended reaction times

Enzyme/substrate ratios of 1:2188, 1:1094, 1:728, 1:364, 1:182, 1:87-5 were used
and the phosphate liberated after 1 h was measured. It was found that with the most
dilute system (1:2188) no detectable phosphate was liberated in 1 h, although a
subsequent experiment gave 3-1 9, of phosphorus released after 52 h incubation. The
quantities of phosphate released in 1 h with the remaining enzyme/substrate ratios
were, respectively, 0-32, 0-50, 0-94, 1-9, 3-3 9,. The latter value agrees with values for
the same enzyme/substrate ratio given in Table 1.

Fig. 1 shows the effect of different enzyme/substrate ratios on the rate of release
of phosphate and on its extent over 24 h. Using an enzyme/substrate ratio of 1:87-5
and incubating for 24 h, 9-59%, of the phosphorus was released, the slope of the curve
indicated that further phosphate could be released given time.

Fig. 2 shows the effect of increasing the substrate concentration on the release of
phosphorus over 24 h using the same concentration of enzyme. Since the plot of the
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phosphorus released under these conditions shows no sign of flattening out it is
assumed that saturation or limiting conditions of the enzyme—substrate relationship
have not yet been reached, and in an endeavour to apply approximate quantitative
relationships between the released phosphorus and the exposed guanido groups of
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Fig. 1. The effect of various enzyme/substrate ratios on the release of phosphorus after different
periods of incubation. Enzyme/substrate ratios: A, 1:87-5; O, 1:182; @, 1:364. Scales:
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arginine the curve has been extrapolated to zero to obtain the probable maximum
value for phosphorus released. By calculation the regression equation for the data
depicted in Fig. 2 is

Y, = 19-14—4-913z,

where z is the log value of the enzyme/substrate ratio, the variance is 0-24 and the
standard error of the estimate is 0-49 9%, P. It would therefore appear that about 20 9,
of the total phosphorus of casein can be released by rennin.

The pH of the casein solutions during a 24 h experiment with added rennin gene-
rally dropped from 6-7 to 6-2—6-3 and during this time the solution became increasingly
opaque and ultimately deposited a precipitate. The opaqueness was very obvious
when compared with non-rennin treated controls after 4 h incubation. It is possible
that as a result of rennin action on the dispersed casein, reactive groups are exposed
which permit casein aggregates of greater than colloidal dimensions to develop or,
alternatively, the casein molecule may, under the action of rennin, be unfolding to
give a denatured product as proposed by Berridge (1942).

The drop in pH was found to have no measurable effect on rennin activity when a
veronal-acetate buffer (Michaelis, 1931) at pH 6-7 was used to stabilize the reaction.

Table 2. Ezxposure of guanido groups and liberation of phosphate from casein

by remnin
Phosphorus released Arginine exposed
" mg/l00 g molesx 103/  mg/l00g  molesx 105/ Moles arginine exposed
Sample Reaction® casein 100 g casein casein 100 g casein  Moles phosphorus released
I-1  C6-7+5 ml distilled water Nil Nil Nil Nil
5 C6-7+RN/1h 20 65 730 420 6-5: 1
6 C67+RN/2h 41 132 860 500 3-8:1
7 C6-7+RN/4h 56 180 980 560 31:1
8 C67+RN/24h il 230 1210 700 3-0:1
9 C6:7T+RNj48 h — — 1160 670 -
10 C6:7+6:25 ml — — Nil Nil -

N-NaOH+R¥/24 h

* For explanation of abbreviations see footnote to Table 1; enzyme/substrate ratio, 1:87-5.

(d) Release of phosphorus and exposure of guanido groups of arginine as a result
of renmin action on casein

Table 2 indicates that exposure of guanido groups as the result of rennin action on
casein occurred much more quickly than the release of phosphorus. The release of
phosphorus was comparable with that of earlier experiments. Thus, the ratio of moles of
phosphorus released to moles of arginineexposed was 1:6-5at theend of the first hour,
but was only 1:3:0 at the end of 24 h as phosphate release continued and arginine
exposure levelled off. No further guanido groups were detectable on incubating for a
further 24 h. Results discussed earlier (Fig. 2) indicate that ultimately around 20 %,
of the total phosphorus appears to be capable of release by rennin. Twenty per cent
of the total phosphorus in the casein used is equivalent to 148 mg P/100 g casein or
480 x 10~ moles P/100 g casein. Thus, the ultimate ratio of moles of arginine exposed
to moles phosphorus released approximates 1-5:1.
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DISCUSSION

The present experiments have indicated that about 209, of the phosphorus in
caseinmay be released through the action of rennin, but no release of phosphorus was
evident through phosphomonoesterase action. Purified rennin did not have phospha-
tase action on the synthetic substrate, di-sodium p-nitrophenyl phosphate, whereas
the alkaline phosphomonoesterase was extremely active. Commercial rennet had
some activity, which was not unexpected, since it is possible for contaminating
enzymes from the calf mucosa to get into the rennet during its commercial extraction.

Kalan & Telka (1959) observed an 85 %, dephosphorylation of whole casein, using
calf intestinal mucosa acid phosphomonoesterase, which was in general agreement
with Zittle & Bingham’s finding (1959) based on the use of alkaline milk phospho-
monoesterase which, however, had shown greatest activity on casein at neutral pH.

Sampathkumar, Sundararajan & Sarma (1957) reported 55 %, dephosphorylation
of whole casein using an acid pyrophosphatase from soyabean, and Sundararajan &
Sarma (1957) dephosphorylated whole casein to the extent of 77 9, using a phospho-
protein phosphatase (acid) from rat tissues. In general, results from the action of
phosphatases on casein appear confusing. However, the results obtained by all the
above workers indicate that about 15-20 9%, of the total ‘phosphorus’ in casein was
not released by their enzyme preparations.

In this present study it has been deduced that rennin may be capable of liberating
about 20 9, of the total phosphorus in casein and in view of the quoted results of other
workers with various phosphatases it is suggested that this phosphorus could arise
from phosphate linkages which appear to resist the action of phosphatases in general.

Perlman (1955) indicated that 40 %, of the total phosphorus in a-casein was bound
through an —N—P—O0O— link and Dyachenko (1959) postulated a phosphoamidase
action of rennin on casein, and suggested that the phosphoamidase action was on
phosphorus linked to the guanido group of arginine.

Perlman (1955) considered that the remaining phosphate linkages in casein were of
the ester or pyrophosphate type. No consideration was given to a linkage of the type
—N—P—N—.

If 40 9, of the phosphate linkages in «-casein were of the —N—P—O— type, then
it should be possible to liberate orthophosphate ions by the combined action of
rennin and alkaline phosphomonoesterase. Table 1 (samples 4, 6 and 7) showed that
rennin plus the alkaline phosphomonoesterase prepared for these studies released no
more orthophosphate than was released by rennin alone. Since free orthophosphate
ions only are capable of forming the phosphomolybdate complex (Durrant & Durrant,
1962; Pauling, 1952), rennin must be capable of completely hydrolysing some of the
phosphate linkages present, and since the rennin used in this study did not possess
measurable phosphoesterase activity, it is reasonable to conclude that some phos-
phorus in casein is linked —N—P—N—.

With regard to the exposure of guanido groups of the arginine residues in acid
casein by rennin action the results indicate that ultimately for every mole of phos-
phorus released, more than 1 mole of arginine appeared to be exposed.

This exposure of arginine appeared to go at a very much faster rate initially than
the release of phosphorus. Thus, the ratio of phosphorus released to arginine exposed
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(at the guanido groups) was of the order of 1:6-1:7 after 1 h. The ultimate 1:1-5
ratio of phosphorus released to arginine exposed suggests an —N—P—N— link in
the casein molecule, i.e. 2 arginine residues linked by their guanido groups through
phosphorus as follows:

NH O NH

I [ [
—NH—C—N—P— N—C—NH—
H | H

OH

Half of the rennin-sensitive phosphorus is probably attached to only 1 guanido
group.

A reasonable explanation for the observed changing ratio of phosphorus released
to guanido groups exposed can be derived if one bears in mind that only phosphorus
completely released as orthophosphate ions is measurable, whereas the guanido group
exposed through the hydrolysis of only one bond of the —N—P—N— linkage becomes
detectable. Since a 1:1ratio of —N—P—N— linkages and —N—P linkages has
been proposed, let us consider for mathematical convenience the hydrolysis of 66 of
each of these linkagesin casein by rennin. It is assumed that one phosphorus bond in
—N—P—N— is more readily hydrolysed than either the remaining bond or the
simple N—P bond and that this difference in hydrolysis rate is of the order 11:1.
Table 3 indicates the gradual change in the ratio of guanido groups exposed to
phosphorus released which would be expected with the passing of time.

Table 3. Calculated change in the ratio moles arginine exposed : moles phosphorus

released

Time interval, h ty ti—x th s ity 5 =
No. of original -N-P-N- linkages remaining 66 55 0 - — -
No. of original -N-P linkages remaining 66 65 60 - —- - —
Total no. of -N-P linkages remaining 66 75 120 1104 101-2 94-0 0
No. of ‘P’ released from all -N-P - 2 015 21-6 30-8 38 132
No. of ‘N’ exposed from all -N-P — 2 12 21-6 30-8 38 132
No. of ‘N’ exposed from all -N-P-N- -— 11 66 66 66 66 66
Total no. of ‘N’ exposed — 13 78 87:6 96-8 104 198

1 ini d
Ratio ‘N:*P’ (—TOfiir%—'""’e—fx—p-ose- ) 65 65 405 31 27 15
moles phosphorus released

Observed ratio ‘N’:‘P’ — —— 6-5 3-8 31 3-0 -

To have an equivalent time basis for comparison with the observed change in
‘N’:‘P’ ratio, the number of moles of ‘P’ released for the various time intervals used
in the calculation is the same as that observed for the release of phosphate with an
enzyme/substrate ratio of 1:87-5 and since this is the same condition as used in
determining the observed ‘N’:‘P’ ratio the calculated and observed figures are
comparable. The rates are found to agree very well.

No new a-amino end group has been demonstrated on the para-casein or para-«-
casein molecules formed during the initial fast reaction of rennin on casein. This
would not be expected if, as suggested in this study, the phosphorus were attached to
guanido groups at either end. Cleavage of either P—N bonds would only expose
guanido groups and not produce a new z-amino end group.
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The work of Dyachenko (1959) indicated that the basic groups exposed by rennin
action on casein stem mainly from arginine, and results from this study support this
view.

In conclusion, it appears that an —N—P—N— link is present in casein; the
phosphorus links 2 arginine residues through their guanido groups; rennin is capable
of hydrolysing N—P bonds and may hydrolyse the bonds of —N—P—N— at
different rates.

Acknowledgement is made to the N.Z. Rennet Co. Ltd. for contributing the com-
mercial rennet from which the purified rennin was prepared; to Aplin & Barret Ltd..
for the sample of Nisin; to The Dairy Research Institute (N.Z.) for the milk used in
preparing the acid casein and for the buttermilk used in preparing the alkaline milk
phosphatase.

REFERENCES

Aivar, K. R. (1963). Thesis. Massey University of Manawatu.

BERRIDGE, N. J. (1942). Nature, Lond., 149, 194.

BERRIDGE, N. J. (1945). Biochem. J. 39, 179.

CHEESEMAN, G. C., RAWITSCHER, M. & STURTEVANT, J. M. (1963). Btochim. biophys. Acta, 69, 169.

DuRrrANT, P. J. & DURRANT, B. (1962). Introduction to Advanced Inorganic Chemistry, p. 725. London:
Longmans, Green & Co.

DvyacHENKO, P. F. (1959). 15th Int. Dairy Congr. 2, 629.

ErNsTROM, C. A. (1958). J. Dairy Sct. 41, 1663.

GARNIER, J., MocquorT, G. & BriaNoON, G. (1962). C.R. Acad. Sct., Paris, 254, 372.

Hipp, N. J., GROVES, M. L., CUSTER, J. H. & McMEEKIN, T. L. (1959). J. Amer. chem. Soc. 72, 4928.

HowuTERr, H. & L1, S. 0. (1950). Acta chem. scand. 4, 1321.

INIkHOV, G. S. (1922). Cited in Dyachenko, P. F. (1959).

Kavan, E. B. & TeELKA, M. (1959). Arch. Biochem. Biophys. 79, 275.

KoniNg, P. J. DE & STADHOUDERS, J. (1962). Nature, Lond., 195, 802.

LinpqQuisT, B. (1963). Dairy Sci. Abstr. 25, 257, 299.

MicHAELIS, L. (1931). Chem. Abstr. 52, 4294.

MorToN, R. K. (1955). Methods in Enzymology, Vol. 11, p. 533 (eds, S. P. Colowick & N. O. Kaplan).
New York: Academic Press Inc.

NEELIN, J. M,, Rosg, D. & TEsSIER, H. (1962). J. Dairy Scs. 45, 153.

NitscEMANN, H. & VariN, R. (1951). Helv. chim. acta, 34, 1421.

Pauring, L. (1952). Molybdenum Compounds, p.99 (eds, D. H. Kilieffer & A. Linz). New York: Inter-
science Publishers.

PERLMAN, G. E. (1955). Advanc. Protein Chem. 10, 1.

SAKAGUCHI, S. (1925). Chem. Abstr. 19, 3506.

SAMPATHKUMAR, K. S. V., SUNDARARAJAN, T. A. & SArRMA, P. S. (1957). Enzymologia, 18, 228.

SUuNDARARAJAN, T. A. & SaArMA, P. S. (1957). Enzymologia, 18, 234.

TRAMER, J. & WRIGHT, J. (1950). J. Dairy Res. 17, 194.

Unicam INSTRUMENTS LTD. (1961). Determination of Phosphoric Acid in Fertilizers and Feeding Stuffs
—Method sheet, no. 60. Cambridge, U.K.: U.I. Ltd., York Street.

VogeL, A. L (1959). A Text-Book of Quantitative Inorganic Analysis, 2nd edn. London: Longmans.
Green & Co.

WaKE, R. G. (1959). Aust. J. biol. Sct. 12, 479.

WaKE, R. G. & BaLpwin, R. L. (1961). Btochim. biophys. Acta, 47, 225.

Z1TTLE, C. A. & BiNncHAM, E. W. (1959). J. Dairy Sci. 42, 1772.

Printed in Great Britain



	20021
	20022
	20023
	20024
	20025
	20026
	20027
	20028
	20029
	20030
	20031
	20032
	20033
	20034
	20035
	20036
	20037
	20038
	20039
	20040
	20041
	20042
	20043
	20044
	20045
	20046
	20047
	20048
	20049
	20050
	20051
	20052
	20053
	20054
	20055
	20056
	20057
	20058
	20059
	20060
	20061
	20062
	20063
	20064
	20065
	20066
	20067
	20068
	20069
	20070
	20071
	20072
	20073
	20074
	20075
	20076
	20077
	20078
	20079
	20080
	20081
	20082
	20083
	20084
	20085
	20086
	20087
	20088
	20089
	20090
	20091
	20092
	20093
	20094
	20095
	20096
	20097
	20098
	20099
	20100
	20101
	20102
	20103
	20104
	20105
	20106
	20107
	20108
	20109
	20110
	20111
	20112
	20113
	20114
	20115
	20116
	20117
	20118
	20119
	20120
	20121
	20122
	20123
	20124
	20125
	20126
	20127
	20128
	20129
	20130
	20131
	20132
	20133
	20134
	20135
	20136
	20137
	20138
	20139
	20140
	20141
	20142
	20143
	20144
	20145
	20146
	20147
	20148
	20149
	30001
	30002
	30003
	30004
	30005
	30006
	30007
	30008
	30009
	30011
	30012
	30013
	30014
	30015
	30016
	30017
	30018
	30019
	30020
	30021
	30022
	30023
	30024
	30025
	30026
	30027
	30028
	30029
	30030
	30031
	30032
	30033
	30034
	30035
	30036
	30037
	30038
	30039
	30040
	30041
	30042
	30043
	30044
	30045
	30046
	30047
	30048
	30049
	30050
	30051
	30052
	30053
	30054
	30055
	30056
	30058
	30059
	30060
	30061
	30062
	30063
	30064
	30065
	30066
	30067
	30068
	30069
	30070
	30071
	30072
	30073
	30074
	30075
	30076
	30077
	30078
	30079
	30080
	30081
	30082
	30083
	30084
	30085
	30086
	30087
	30088
	30089
	30090
	30091
	30092
	30093
	30094
	30095
	30096
	30097
	30098
	30099
	30100
	30101
	30102
	30103
	30104
	30105
	30106
	30107
	30108
	30109
	30110
	30111
	30112
	30113
	30114
	30115
	30116
	30117
	30118
	30119
	30120
	30121
	30122
	30123
	30124
	30125
	30126
	30127
	30128
	30129
	30130
	30131
	30132
	30133
	30134
	30135
	30136
	30137
	30138
	30139
	30140
	30141
	30142
	30143
	30144
	30145
	30146
	30147
	30148
	30149



