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Abstract

Previous work has shown that following the inclusion of
alginate high in mannuronic acid there is a reduction in the
vViscosity of soya melt during extrusion, this work attempts
to 1dentify the mechanism for this effect.

The effect of water content and hydrocolloid inclusion
on the denaturation behaviour and water binding properties
of soya protein has been investigated, mainly by the use of
differential scanning calorimetry. Of a range of parameters
investigated, transition onset temperature and enthalpy,
change 1n specific heat function and coopertivity of the
transition all show a dependence on 1initial moisture
content. These parameters are all changed 1f soya 1s heated
in the presence of a high mannuronic acid alginate. With the
exception of changes 1n enthalpy these effects are not seen
to the same extent with other added hydrocolloids. These
changes have been attributed to the production of water
during heating. Measurements of freezable water and sorption
1sotherms suggest that alginate addition 1ncreases the water
binding ability of soya isolate after denaturation.

When heated at high temperatures only soya and gluten
( out of 7 proteins tested ) produced measurable quantities
of additional water. In the presence of 2% Manucol DM the
formation of water was markedly increased in the soya and
gluten samples but not in the other proteins. Production of
increased amounts of water after alginate addition was

demonstrated to be dependent on the quantity of mannuronic

XV




acid 1n the alginate. The dependence of this effect on water
activity suggests that 1t is the result of browning or
condensation reactions. Glutamic acid was 1implicated with
the specific reaction between soya and alginate, though 1in
heated soya both loss of lysine and serine were found.

Differential rates of degradation were found between a
high mannuronic acid alginate and a high guluronic acid
alginate after heat treatment. The alginate high in
mannuronic acid was shown to depolymerise to a far dgreater
extent. Various estimates for the molecular weight of the
heat treated samples were obtained and no correlation could
be found between increased reducing capability of the sample
and extent of depolymerisation. Furthermore the production
of volatiles that may be expected from sugar r 1ng
degradation were not found.

Increased brown colour formation and water production
and concomittant decreased glutamic acid content were found
in soya samples extruded in the presence of 1% Manucol DM.
It was concluded that the chemical reactivity of glutamic

acid with alginates rich in mannuronic acid explains the
well established effect of this type of polysaccharide 1n

extrusion processing.
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INTRODUCTION



Introduction

In the last 15 years there has been a great deal of
interest 1n the development of textured products from
proteiln rich sources, especially soya, by extrusion
processing. However studies aimed at understanding the
changes undergone during processing have tended to be
empirical using either response surface methods to show the
effect of process variables on the properties of the
product, or 1involving the use of physiochemical techniques
to determine changes 1n the protein structure, such as
denaturation, disaggregation, alignment and reaggregation of
the fractions. The extruder has been defined as being
simultaneously a pump, a forming device , a mixer, a heat
exchanger and a chemical reactor ( Clark, 1978 ). It 1s the
last function which has to date been poorly studied.

It is well established that the addition of alginates,
particularly those rich in mannuronic acid residues will

lead to a decrease in torque, bproduct temperature and

expansion during soya extrusion ( Smith, et al., 1982,

Boison, t al., 1983, Berrington, et al., 1984 and Imeson,

AEEEeeepe—— ek
L T

et al., 1985 ). These effects can be explained by a

reduction in viscosity of the soya melt on alginate
addition. The objective of this work was to establish a
mechanism for this viscosity reduction. To achieve this

protein - water relationships were investigated 1n heated

SOYa systems 1in the presence and absence of added




polysaccharide.

It 1s thought that protein denaturation is a key step
in the extrusion processandit is well known that the
denaturation characteristics of proteins are dependent on
the moisture content of the system, the complexity of this
dependence 1s a result of the complexity of proteiln
structure ( Fujita & Noda, 1981 and Luesher, et al., 1974 ).
The dependence will become even more complex when other than
simple, one subunit proteins are invéstigated ( Donovan &
Ross, 1973 ). In the first part of this study, differential
scanning calorimetry ( DSC ) 1s used to follow the events
taking place during the denaturation of the 7 S globulin of
soya at low water contents, with and without hydrocolloid.

It 1is known that proteins undergo several types of
degradative and condensation reactions at elevated
temperatures, the reactions being most rapid at low moisture
contents ( Ledward, 1978 ). These reactions are accelerated
1n the presence of reducing components. Since these
reactions may well be of importance in the extrusion of soya

and soya plus hydrocolloid systems methods were devised to

look at them in some detail and evaluate their relevence tO

extrusion processing.
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2.1 Macromolecular Structure

2.1.1 Proteins

2.1.1.1 Protein Structure

Amino acids have both an amino and carboxyl group on the
carbon atom so, depending upon the pH of the solution the
molecule may carry either a positive or a negative charge.
The R group or side chain of amino acids have Dbeen
classified depending upon charge, structure or solubility.
Amino acids condense together with the concomitant formation
of a peptide bond between the &-carboxyl group of an amino
acid and the amino group of another. Many such amino acids
are linked together in this way to form a polypeptide chain.
This amino acid sequence 1identifies a given protein and
determines all the chemical and biological properties of the
protein. It 1s known as the primary structure.

The polypeptide chain is composed of a range of units
all with different charge and hydrophilic or hydrophobic
properties. Consequently interactions will take place
between different regions of the chain and also between the
solvent and the polypeptide. It is these interactions which
cause the chain to undergo regular folding 1into stable
structures known as the secondary structure.

Further folding to give three dimensional structures
occurs, known as the tertiary structure. Most proteins are

composed of more then one peptide chain ( sub - unit ) which



are aggregated together into the quaternary structure.

2.1.1.2 Bonding

Many 1nteractions are responsible for the formation of

the secondary or higher structures, these 1nclude:

l ) Electrostatic

Electrostatic forces occur between any two charged
species. If the charges are of opposite sign then the
interaction becomes attractive. The interactions are
effected by the polarisability of the solvent molecules

which will diminish the electrOStatiC interaction between

10ns.

Electrostatic interactions are unique 1n that they are
significant over relatively large distances. Uncharged,
polar molecules may interact electrostatically due to the
distribution of electrons in the molecule. This results 1n
an excess of negative charge at one part of the molecule

and a corresponding positive charge at some other point.

2) Hydrogen bonds

Hydrogen bonds occur between polar molecules. A

hydrogen atom is shared between a potential acid ( proton
donor ) and a base ( proton acceptor ). The hydrogen bond
may be described as an intermediate 1n the transfer of

electrons from an acid, AH to a base, B ( Fig 2.2 ).



A-H + BT—"A----- H:E -~ - -B—— A"~ - - --H-B

Figure 2.2 Hydrogen bond formation.

The geometric arrangement of A, H and B 1is very
important, as for optimal hydrogen bond stability the
arrangement of the atoms should be linear.

Normally only the oxygen and nitrogen atoms of proteins
participate 1in forming significant hydrogen bonds but
residues of -OH and -NH can act as good hydrogen bond donors
The polypeptide backbone has an excellent hydrogen bond

donor, H , and an excellent acceptor, O , in each

residue. Hydrogen bonds are transitory 1n nature but because

of the vast number of these bonds they can 1mpart a strong

stabilizing influence on the protein structure.
3) Van der Waals Forces

Vvan der Waals forces are derived from three mailn

sources;

a) Dipole - dipole interactions: Polar molecules have
an unbalanced charge distribution and thus a permanent
dipole. When two molecules are close together their dipoles
interact, if of the opposite charge, and so a force exists

between them.

b) Dipole - induced dipole interaction: The presence of
a polar molecule in the vicinity of another molecule ( polar

or non - polar ) will polarise the second molecule. The



1nduced dipole can then interact with the permanent dipole

of the first molecule, thus the two molecules will become

attracted together.

c) Induced dipole - induced dipole: The electron cloud
surrounding a non polar molecule will Dbe permanently
fluctuating, thus an i1nstantaeous dipole moment 1is created
which 1s changing rapidly in magnitude and direction. A
dipole <created by one molecule will 1nduce the opposite
dipole in a ncighbotiting molecule and thus be attracted.
As the dipole 1n the first molecule changes direction the
1nduced dipole will also <change direction, thus the
attraction will remain.

These forces have been shown to dominate at the

interfaces of subunits ( Lawham & Cater, 1971 ).
4) Hydrophobic Interaction

Hydrophobic groups when 1n contact with water are
subjected to a " thrust " by the surrounding water structure
with 1its lowered entropy. As a result of this and of the
tendency of the water to reduce 1its 1interface with
hydrophobic groups the potential for the latter to associate
with one another, aided by Van der Waals forces 1S
increased.

Water molecules form a cavity around the non-polar
amino acid groups ( Franks, 1977 ). The energy required to
order these molecules can easily be supplied as a result of

the 1interaction of polar groups with water due to hydrogen



bond and electrostatic interactions ( Franks, 1977 ).As the
non polar groups will gain only minor Van der Waals with the
solvent. To compensate the solvent will rearrange to reform
the maximum number of hydrogen bonds possible. Thus highly

»” ”

ordered cage like structures are formed, known as

clathrates ( Franks,1977 ).

Hydrophobic 1nteractions may well also be responsible

for subunit association ( Cantor & Shimmel, 1980 ).
5) Disulphide Linkages and other non peptide covalent bonds

Non peptide covalent bonds between different amino acid

F F

residues play an 1mportant part 1n higher proteiln
structure as they serve to crosslink peptide chains or to
join different segments of the same chain together.

The most common crosslink is the disulphide bond which
is formed between two half cystine residues ( Friedmann,
1973 ). This crosslink 1s very stable.

Orthophosphate groups will also form crosslinks 1n
protein chains via diester links with the hydroxyl group of
the appropriate amino acid ie. two seryl residues.

Most other crosslinks found in proteins are not natural
but are readily formed during processing, examples being
lysinoalanine ( Finley, 1983 ) or isopeptide crosslinks such
as that between glutamic acid and lysine ( Pisano, et al.,

1968 and Otterburn, 1983 ). These will be discussed 1n

detail later.



2.1.1.3 Protein Hydration

Careri et al ., ( 1979 ) give the following

description of the events occurring dur ing proteiln

rehydration:

a) Dry protein has a conformation similar to that of
protein 1n solution. It makes few contacts with 1its
neighbours.

b) Water interacts initially, with 1ionizable groups.
This leads to the formation of strongly bound water which is
equivalent to about 0.25 g water_/mg protein.

c) At a concentration of around 0.1 g / g clusters
develop centered on polar and charged protein surface atoms.

d) Between 0.2 and 0.3 g / g, hydration of the bonding
sites 1s complete.

e) Condensation of water molecules over the weakest

interacting portions of the surface, the non polar region,

leads to monolayer coverage at around 0.4 g/ g.

2.1.1.4 Bound Water

A portion of the total water present in a protein 1S
" bound ". This 1is often described in terms of non -
freezable water, values given in the literature range from
0.2 to 0.4 g/g ( Kuntz, 1971 ).
Work with IR and NMR indicates that the water remaining
unfrozen possesses substantial mobility and does not show

the orderly structure expected of ice 1like aggregates



( Kuntz, 1971 ). Work by Kuntz ( 1971 ) and Leader & Watt
(1974 ) would suggest that unfreezable water represents an
indication of the water molecules around each polar group,
as they were able to determine the hydration contribution of
different amino acid residues to unfrozen water. Bull &
Breese ( 1970 ) obtained a correlation between the sum of
ionic residues plus hydroxyl groups in proteins and the
number of water molecules sorbed.
Ruegg et al., ( 1975 & 1974 ), Haly & Snaith ( 1969 )

and Hansen ( 1976 ) propose the presence of four types of

water 1n proteln systems:

1) Non freezable.

2) Freezable with both heat and temperature of fusion
different from ordinary water.

3) Freezable water with heat of fusion lower then bulk
water.

4) Water indistinguishable from bulk water.

The difference 1in the properties of the various types
of water is the result of different degrees of interaction

with the protein. This results in hydrogen bonded defects 1n

the ice lattice ( Luscher et al., 1979 ).

The water described by 2 & 3 is probably associated
with the protein surface by repulsive hydrophobic
interactions and by hydrogen bonds with some polar groups of
the protein or the primary hydration water.

Work with RNase - S and lysozyme ( Finney, et al., 1980 )



has shown these two proteins to have 586 to 627 and 511 to
600 hydrogen boOnding sites, respectively. 1In the folded

state of both these proteins about 300 ( 48 to 52 % ) of the

polar sites form internal hydrogen bonds, while the
remainder 1interact with the solvent. Consequently all
hydrogen bonding sites are occupied. In 1lysozyme the
remaining polar groups provide hydrogen bond1ng for

approximately 260 solvent molecules,( Finney, et al.,1980 )

this amounts to 0.32 g water / g protein and is the same as
the amount o0of non freezable water associated with the

proteiln.

2.1.2 Polysaccharide Structure

Polysaccharides are polymers of monosaccharides 1linked
by glycosidic bonds. The sequence of these units forms the
basis of the primary structure. Covalent bonds occur from Cl
through an oxygen to any of the other carbons, though the
preferred carbon is C4 thereby forming a 1, 4 - glycosidic
bond. The structure may be a straight chain or highly
branched, it may be composed entirely from the same units
( homopolysaccharide ) or from a randge of different units
( heteropolysaccharide ).

The different polysaccharide units may take up a
variety of conformations due to twisting of the carbon ring.
As a result of steric restraints of fixed bond lengths and

angles there are only a limited number of unrestrained

pyranose ring  shapes. The chair configuration 1is

10



energetically preferred as in the alternate boat shapes

several energetically unfavourable interactions are evident.

- CH,OH
2 OH
Ho N&H20H o
0 0
HO OH OH
OH OH
4 . . ]
1 configuration . C4 configuration
HO
HO —(CH,0H
0
H
OH
1,4 o
Fig 2.3 The different configurations adopted by

monosaccharide units.

Two forms of chair configuration exist. The choice as
to which shape will be adopted will result from a
minimisation of steric repulsions between the axial
substituents, which for hexoses is governed by the need for
an equatorial orientation at Cé6 ie D - sugars will always
adopt the 4Cl and L - sugars the 1C4 configuration ( Morris,
1979 ).

The conformation of the polysaccharide is the result of
the orientation of the component sugars around the
glycosidic bond. Rotation around this bond is restricted Dby
axial linkages and bulky equatorial substituents ( eg OH )
on a position adjacent to the inter residue C - O bond
( Rees, 1969 ).

The polysaccharide may further fold into higher ordered

11



structures by favourable non covalent i1nteractions and a

need for efficient packing of the individual units ( Morris,

” ”

et al., 1977 ). The main families of polysaccharide

structure are Dbased around the regular helix shape and
depend on the number of monomers per turn ( n ) and their

unit length, which ultimately 1s a function of orientation

( Rees, 1977 ). Two main structures may be defined :-

a) Ribbon: This structure occurs when n 1s between
2 and 4 and the length of the unit 1s the
actual length of the sugar residue. In this

structure each unit 1s almost parallel to the

helilix axils.

b) Hollow helix: For this structure n can be up te
10 and the actual length can be down to umbry

the resulting shape is like a flexible wire

spring.
2.2 Chemistry of Reactive Groups

2.2.1 Carbonyl Group

The chemistry of the carbonyl group has been reviewed
by Feeney, et al. ( 1975 ).
The carbonyl group, C=—0, 1is the common structural
feature of a large number of functional droups. The

electronic structure of the carbonyl group is that of an sp2

hybridised carbon atom and an oxygen atom in which s and p

orbitals are unmixed. These two atoms form a bond by

12




2

overlap of the sp”® orbital of carbon with a p orbital of

oXxygen. A second bond 1s formed from the overlap of p
orbitals of carbon and oxygen. This leaves two sp2 orbitals
on the carbon and an s and p orbital on the oxygen ( the

two lone pairs ).

As oXxygen has a greater electronegativity, both C—0O
bonds are polarised, with the carbon atom bearing a partial
positive <charge. This +ve charge causes an 1nductive
displacement of electrons along the bonds JjJoining the carbon
atom to adjacent groups.

The important reaction of carbonyl groups usually
involves additions to the carbon - oxygen double bond, these
reactions may be of two types, both having a common 1nitial

pathway ( Fig 2.4 ).

R R\ /'_0'" R\ /:Q——H
>C+T—“ O ——— /c\ + —>> / c\
R R XJ—H R X

Product I

Figure 2.4 Initial stages 1n carbonyl addition.

The carbon atom has a partial positive charge due toO

polarisation of the carbonyl group, the nucleophilic group X
( of reagent H—X ) attacks electrons of the oxygen atom.

The unstable intermediate, which carries a double charge,

13




will rapidly form the product I by loss of a proton from X
and acquisition of an hydrogen ion by the oxygen.
Alternatively the reaction may proceed via the ionisation of
H——X to HY and X~ with initial nucleophilic attack by X
followed by protonation of the oxygen.

The second part of the reaction will depend upon the
reaction conditions. In acidic conditions product I may

loose a molecule of water following protonation of the

oxygen atom of the hydroxyl, ( Reaction type A ).

Reaction Type A:

H R

N
A\,
I

Figure 2.5 Type A addition reaction.

Under basic conditions rapid substitution of the
hydroxy group of the product I by another group, <&, may

occur ( Fig 2.6 ).

Reaction Type B:

Z

R OH R 7
\C/ \C/
4 \x- R’/ \x:

Figure 2.6 Type B addition reaction.
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The addition reactions are subject to both acid and
base catalysis. Base will convert the reacting reagent YH,
to a more powerful nucleophile YH . Acids can protonate the

oXygen atom of the carbonyl group making its carbon a much

stronger electrophile.

2.2.2 Amino Groups

The most characteristic property of the amino group 1is
& ability to actas anucleophile as kE posseses a lone
pair of electrons on the nitrogen atom. They may also act as

bases by accepting protons from a variety of acids.

2.2.3 Carbonyl - Amine Reaction

A wide range of compounds react via the carbonyl amine

reaction ( Patai,l1968 ). Both of the addition reaction

mechanisms may take place.

Strongly basic amines react according to type A

reaction:

. | . I

A—"—C_""B—I-R"—"NHZ -~ A—(C—B ==— A— (C—8B

|
O OH
1

Figure 2.7 Carbonyl - amine reaction.
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The reaction rate 1s very dependent upon the
nucleophilic strength of the amine, the product formed is
known as a Schiffs base. The carbonyl amine reaction 1is
generally pH dependent with a maximal rate at a pH of about
4.5 ( Feeney, et al., 1975 ).

At a neutral pH the rate limiting step 1s the loss of
water from product I, at a low pH protonation of the amine

becomes the rate limiting step.

2.2.4 Nonenzymic ( Maillard ) Browning

This 1s a series of reactions first discovered by
Maillard ( 1912 ) leading to the formation of coloured
products as a result of heat treatment of a reducing sugar
with an amino acid. Reviews on the chemistry of this
reaction are by Hodge ( 1953 ), Wedzicha ( 1984 ) and
Reynolds ( 1963, 1965 ). The initial stage ( Fig 2.8 ) of
the reaction 1is a type of addition reaction between the
carbonyl of the sugar and a free amine of the amino acid.
The product of this reaction 1s known as an aldosylamine.
This rapidly undergoes a facile and lrreversible
rearrangement, the Amadori rearrangement ( Hodge, 1953 )
( Fig 2.9 ) to produce the l-amino-1l-deoxy-2-ketose

ketosamine, this reaction is catalysed by weak acid and the

carbonyl group.
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H—C=0O R— N—H R —N R— N— H

| RNH | -H,0 | |
( CHOH ), —— H—C—OH ————— C— H— H—C
| A | S | |
H >~ C— OH ( THOH )n ( ?HOH )n ( ﬁHOH )n—l O
H,~C— OH H,~C—OH H—-(f——————————————l
H2~C—-OH
aldose addition schiff N-substituted
compound base glcosylamine

Figure 2.8 Early stages of non enzymic browning ( Hodge,

1953 ).

If the sugar was a ketose then the product will be an

aldosamine via the Heyns rearrangement Fig 2.9 ( Reynolds,

1965 ). CH,0H
),
HR Amadori 3 OH
OH \0H rearrangement OH 0 CHZNHR
OH
aldosamine 1,1 - deoxyketose
CH,ZOH CH>0H
‘ 0
0
CHZOH Heyns
_— S : OH
OH OH /NHR  rearrangement OH
OH NHR
ketosami ne 2, amino-2-deoxyaldoses

Figure 2.9 Amadori and Heyns rearrangements.

The ketosamine may undergo a further type A addition
reaction with a second molecule of aldose due to the free
secondary amine group . A further Amadori rearrangement will
produce a diketosamine, this product is unstable and will
revert back to the more stable monoketosamine. In many food
systems the reaction will stop at this point, no browning

will be evident but loss of nutritive value may have taken

17



place due to loss of available lysine ( Mauron, 1970 angd
Hurrel & carpenter, 1974 ).

These reactions are far from simple and other reactive
species may well be formed during these 1nitial stages
( Hayashi & Namiki, 1980 ). Also free radicals have Dbeen
demonstrated to be present ( Hayashi & Namiki, 1981 ) which
may react with amine and thus enter the pathway.

There is increasing evidence that low molecular weight
carbonyl compounds are involved in the early stages of the
reaction resulting in crosslinking and the formation of a
variety of products ( Acharya & Manning, 1980 and Acharya &

Manning, 1981 ).
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Figurg 2;1_(1_._

Pathways in non-enzymic browning
(from Hodge, 1953)
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Intermediate reactions 1nvolve the removal of the amino

groups from the sugar moiety followed by dehydration,
cyclization, fragmentation or amine condensation.Three major

pathways are thought to exist ( Fig 2.10 ):

1) Acidic conditions: Dehydration and cyclization occur
resulting in the production of hydroxymethyl furfural

( hexoses ) or furfural ( pentoses ).

2) Basic conditions: Rearrangement of the 1, 2-enol glycosyl
to the 2,3-enol followed by dehydration and oxidation to
produce a range of reductones and dehydroreductones. The
dehydroreductones can combine with amino acids to produce
CO,H, aldehydes and amino keto derivatives. This path 1S

known as the Strecker degradation ( Fig 2.11 ).

0
| g /
C=0 NHZ-——CH——-COOH 2 H— C
| + | — \
C=0 R O OH
|

— C— NH, ~~C— N=—=CH—R
| O !‘! + CO
RCHO + C=—= 2
| / N
HO

Figure 2.11 Strecker degradation ( Mauron, 1981 ).
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3) High Temperature: Fragmentation of the Amadori product
producing three or four carbon aldehydes, alcohols, acids or

ketones can occur at high temperature ( Sullivan, et al.,

1974 ).

The work 1n this study will be based on the effect of
heat and so the third route, only will be considered 1n
detail. Ketosamines and diketosamines lose their amines and
amino acids forming 3 - deoxyhexosulvse and 3,4 dideoxy

hexooulos, ~2-ene. such compounds are also formed by sugar

dehydration ( Anet, 1964 ) ( Fig 2.12 ).
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H—— C —NHR

C — OH C—H N———— C—H
| | n
HO—-—-(IZ——H C — C——O0OH

| |
H———-(IZ—-—-OH HO—"—(lZ—'—'H OH—C——H
|
H-———(IZ——-OH H-——-—(li—— OH H— C—0H
|
R H-—-—-(IZ—-—-OH H—""'(IZ“'—OH
R R
monoketosamine diketosamine
H— C=—0
|
CII———O
H— (IT-—--H —_—
H— (IZ--—-OH
H—— C— OH
|
R
3 - deoxyhexosulose
/::5::~\
R CHO

2 - furan aldehyde

|

pigment 3,4 dideoxyhexosulose

Figure 2.12 Amine assisted sugar dehydration ( Anet,1964 ).

— S —

Non enzymic browning has been investigated in many food
systems: cane Jjuice ( Binkley, 1969 ), orange juice
( Wolfrom, t al., 1974 ), soya sauce ( Hashiba, 1976 ),
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soya ( Jokinen & Reineccuss, 1976 ) and tomato juice ( Miki,
1974 ). It 1s the consensus that in food systems the
principal amino acid to be lost is 1lysine, due to the
reactivity of 1ts g-~amino group ( Lea & Hannan, 1949 ). 1In
mild heat treatment little browning 1s evident ( Rosenberg &
Rohdenburg, 1951 ), but on more 1ntense conditions the
Maillard reaction 1s pushed past the deoxyketosyl stage and
other amino acids are affected, particularly arginine and to
a lesser extent tryptophan, cystine and histidine.

In foods Maillard intermediates have been implicated as
flavour and aroma intermediates ( Mills, et al., 1969 and an

excellent review by Fors, 1983 ).

2.2.5 Elimination Reactions

These reactions involve the removal from a molecule of
two atoms or groups without there& being any replacement by

other atoms or groups.

In most reactions loss of atoms or groups from adjacent
carbon atoms occurs, resulting in the formation of a

multiple bond, a 1,2—( or (3-elimination ).

Figure 2.13 3- elimination.

il ——-

Elimination may occur from the same atom ( 1,1 ) or from

atoms further apart ie. 1, 5- and 1, 6-. The most common
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elimination 1s the 1, 2-elimination also known as

(Felimination, these reactions are usually associated with the
loss of a proton from the o-carbon atom.

The reaction may be base catalysed or acid catalysed,

three different mechanisms may exist:

- AY This is a one step process with the formation of an
intermediate by nucleophilic attack of a base with

subsequent loss of the leaving group Y~

B:’\n‘i Bt----y BH”
!
Y Y Y
Figure 2.14 . €limination reaction.

This 1s the most favoured mechanism.
B) The other two mechanism involve the separate cleavage

of the H - C and C - Y bonds, either bond may break first.

2.2.6 Condensation Reactions

Sugar dehydration reactions begin by elimination of the
elements of water which are bound to carbon atoms adjacent
to the <carbonyl group of the open chain. The reaction 1s
mainly by [(-elimination, whereby the hydroxyl group adjacent
to the carbonyl group is eliminated, probably following

protonation ( Fig 2.15 )
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H-—T—-—OH H——-—(lz——-—-OH H——(I:+
R— C=—=0 R—C—0"H
| -H" |
C—OH < C—— OH
| I\
HC HC

Figure 2.15 Sugar condensation reactions.

2.2.7 Acid Catalysed Reaction

These reactions are similar to the amine assisted

dehydration mechanism ( Feather & Harris, 1973 ). An

aldose

will lose three molecules of water to form 2-furaldehyde

( Fig 2.16 ).
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H-(|:=O H—ICI—-OH H-C=0 H-C=0 H—C=0
H—_(I:_OH T""‘"OH ili—OH |=O (Ij-::
|
H— C— OH H— C— OH H— C N C—H, (I:—H
| — ] -H,0 | — ] a
H—-—-(IZ--—OH H-—(I:—-OH — H—(lj——OH H— C—OH C—H
H--—-(lz——-OH H-——(IZ-—OH H——(':-—OH H-—c:?—OH H—(I:—OH
R R R R 1|:z
6.
aldose 1,2—-enediol

Figure 2.16 Acid mediated sugar dehydration ( Feather &

Harris, 1973 )

The 1nitial step 1n the mechanism is an acid- base
catalysis 1nterconversion of the aldose to an enol. This
takes place via the Lobry de Bruyn Alberda van Ekenstein
transformation which 1nvolves enolization of an
aldehyde or keto sugar,fhe enediol can rearrange 1in three
ways: regeneration of the original sugar, the ketose form
may be generated or in very small amounts the epimer at C2
will be formed ( Sowden & Schaffer, 1952 ) followed by two
subsequent dehydrations to form 2 furaldehyde ( Anet, 1960,
1962 ). Pentoses may follow a similar path ( Bonner & Roth,
1959 ) as does the dehydrationtdecarboxylation of hexuronic

acids ( Anderson & Garbutt, 1963 and Stutz & Devel, 1958 ).
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The principal products from the action of bases on hexoses

are a serles of 6-carbon deoxy acids and lactic acid

( Sowden, 1957 ).

Upon further acid / base reaction the enolization may

progress down the carbon chain as a new carbonyl may form at
C2 leading to an increase in lability of the hydroxyl at C4.
The mechanism for formation of the enol will depend upon the
conditions. In acid media it is due to a dehydration
reaction, a true enolization reaction can occur 1in acid
media 1nvolving protonation of the carbonyl group and

subsequent extraction of the weakly acidic hydrogen atom

by base anions ( Fig 2.17 ).

| |
C==0 Ht c= 0otH -yt C — OH
| — | — |
H-——-(|3—--OH H-—-—-(IZ——OH C — OH

Figure 2.17 Enolization.

This reaction is slow and will be dominated by dehydration
reactions. In alkali conditions the reaction will be

dominated by (-—elimination.
2.2.8 Sugar Mutarotations

The first and simplest structural changes 1n sugars
which 1leads to their decomposition are <changes 1in the
enomeric form of the pyranose and furanose rings. The
changes between the two anomeric forms for each ring type 1S

known as mutarotation. These reaction can be catalysed by
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both hydrogen ang hydroxyl ions simultaneously. The reaction
involves the simultaneous transfer of a proton from the acid
catalyst to the sugar whilst a proton 1s transferred from

the sugar to the base catalyst resulting in an aldehydo-

sugar ( Fig 2.18 ).

CHZOH CH,0H CH,0H
/HA_
H:B- . COH:B <: :I
+ H:A + :B

Figure 2.18 Sugar mutarotation.

Water usually acts as a complete catalyst due to 1its
amphoteric dissociation i1nto 10ons : HZO;==3H+ + OH
Mutarotations can only occur at Cl due to the O—C—0O
bonding allowing the relative ease of formation of the
intermediate aldehyde as a result of the delocalising effect

of the oxygen atoms on the carbon moiety ( Rees, 1977 ).

2.2.9 Hydrolysis of the glycosidic bond

Normally hydrolysis is with hot dilute acid.,¥he HY ions
probably act on the glycosidic oxygen causing 1t to become
protonated. The reaction may then proceed via a carbonium
ion. This involves a transitory change in ring conformation
and so energy must be supplied, often as heat. Changes 1n

ring conformation occur as the orbitals of the carbonium 1ion
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and the ring oxygen align in an endeavor to spread the

charge and thus stabilise the structure. Sugars carrying
electron attracting groups such as -COOH or —NH3+ stabillise

the glycosidic bond as they can make the +ve <charge more

unstable.

2.3 Macromolecular chemistry.

2.3.1 Thermodynamic Properties of proteins.

Changes 1n the state of a protein are often accompanied
by a change in the energy level. These changes are reflected
as either the absorption ( endothermic ) or liberation
( exothermic ) of heat.

Such changes 1n heat due to a change 1n state are
associated with the term enthalpy. Enthalpy, AH, 1s the
quantity of heat absorbed by a closed 1isothermal system,
when at constant pressure it undergoes a change of state.

When proteins denature, both intra and intermolecular
bonds are disrupted, often cooperatively. The proteln 1s
thought to <change its conformation from a highly ordered
state to one that is less ordered.

The heat changes associated with a protein transition
in dilute solution are thought to be composed essentially of

three components:

1) A negative effect, exothermic, resulting from the

interaction of hydrophobic groups as a result of the protein
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unwinding. Heat is evolved as water molecules are ordered

1nto clathrate structures around the hydrophobic groups

( Brandts & Hunts, 1967 ).

2) A positive effect which is due to heat evolution

when \ntvr  aad inbramclecular kiAQO b.yds are broken and reformed

with water molecules ( Privalov, 1979 ).

3) Van der Waals interaction are thought by some to
contribute to the AH of the transition, Frinkelstein &
Shakhanovich ( 1982 ) argues such interactions 1lead to
positive heat changes and form the major contributor to AH.
Privalov ( 1982 ) argues that large heat changes are not
possible during the disruption of Van der Waals bonds.

Heat changes 1n a system of a complex protein may also
be 1influenced by other factors, the most important being
aggregation of the protein or protein fragments, a process
that has been shown to be exothermic. The forces maintaining
the highly complex quaternary structure exhibited by sova
will affect the observed AH value. The 1influence of such
effects is very difficult to assess as little 1s known about
the stability of the complex quaternary structure of, for
example, soya protein.

There has also been shown a dependence on temperature
for the enthalpy of denaturation upto a temperature of 383 K
( Privalov, 1974 ). Temperature has little effect upon the
enerqgy of hydrogen bond disruption but will greatly

influence the 1nteraction of water around the hydrophobic
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groups as with rising temperature the water molecules will
exhibit a decreasing ability to form bonds with themselves
Or other protein molecules.

The thermal stability of a range of proteins have
proved to have much in common Privalov, 1974 ). With
increasing thermostability the enthalpy of denaturation
increases and the transition becomes more cooperative
( Privalov, 1982 ).

It has also been shown that prior to denaturation a
gradual change of state of the protein molecules takes place
wilth increasing temperature. These changes are not
cooperative ( Privalov, 1974 ) and have been assigned to
changes 1n the microenvironment of the molecule ie a
redistribution of groups, particularly an increase in the
number of hydrophobic groups in contact with water due to

structure expansion ( Privalov, 1982 ).

2.3.2 Alkalili treatment

Alkali treatment of proteins 1s often wused 1n the
preparation of protein concentrates and 1solates.
Unfortunately alkalil treatment may lead to the formation of
new amino acids which are nutritionaly unavailable. The

amino aclds most affected by these reactions are cystine,

lysine, arginine and serine. A number of reactions may take

place during alkali treatment, for example:

1) Hydrolysis: Essentially two main types of hydrolysis can

take place the first

31



a) Hydrolysis of amide groups: The amide bonds of
glutamine and asparagine residues are readily hydrolysed

under mild alkali treatment. The general mechanism may be

summarised as

O

? 0~ -H" oF H/A\h
R-———-!:———-N——-R’: R———(':——-—N———R’i R————(II——-/N‘———R'

) s b S

HO
O
R——-!L——O- + R=—NH, + OH
Figure 2.19 Hydrolysis of protein amide groups ( Katz et

al ., 1974 )

The hydroxide 1on attacks the carbonyl group of the

amide to form an anionic tetrahedral intermediate, this 1s

followed by expulsion of the - NHR moiety to give the free

carboxyl group ( or anion ).

b) Hydrolysis of the peptide bond
The peptide bond may be hydrolysed during alkaline

processing.FThe extent of fragmentation during such treatment

is difficult to predict. The mechanism is the same as for

hydrolysis of the amide groups.

2) PB-Eliminations
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B—ellmlnation 1S the most dominant reaction of proteins

during processing in alkali ( Whitaker & feeney, 1983 ). A
number of amino acids are 1mplicated 1in this reaction
including cystine, serine and threonine(Friedman, 1979 ).
Involvement of these amino acids in B-elimination results

in their destruction. A generalized reaction mechanism can

be given as:

| | |
CHR O CHR O CHR oj CHR O
|l - l | I
— HN—C—C- > -HN—C—C- = -HN— C == (C— — ~HjN——C —— C—
| -
"
:OH_ + X"

Figure 2.20 (~elimination reaction in proteins.

The unsaturated products formed during B-elimination are
prime targets for nucleophilic attack and subsequent

addition reactions resulting in cross links ( Hasegawa &

Iwata, 1982 ).
3) Addition Reactions

The alkali mediated scission of disulphide bonds and
subsequent (3-elimination of unsaturated products can lead to
further reaction with a number of the nucleophiliCc groups on
proteins and other compounds leading to the formation of new
interchain crosslinks ( Nashef, 1977 ). The main products of

serine, cystine or threonine are dehydroalanine and

methyldehydroalanine ( Fig 2.21 ).
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R-NH—CH—CO——R —>3-elimination —> R—NH—C— CO—R"’

glycoprotein - dehydroalanine
R———NH-—-—?H-——-CO—-—R' —R—SS"~ —R—S—S—O0"~
(|:H2-—s R—NH—-(le— CO—R’
R—NH—CH—CO—R"’ oxidation CHZ—?
disulphide CHy—S—0

|

R—NH—CH—CO—R~

Figure 2.21 Dehydroalanine formation ( Finley, 1983 ).

The most reactive nucleophile found on a protein 1is the
amino group of 1lysine, reactions of this group wilth
dehydroalanine lead to the formation of a crosslinked amino
acid, 1lysinoalanine ( LAL ). Reaction of <cysteine with

dehydroalanine may also take place which results 1n the

formation of lanthionine ( LAT ).
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R-NH—~—CH—CO—R"~ R—NH—CH—CO—R"’

| |

? (?H2)4
THZ lanthionine lysinoalanine NH
|
R~-NH—CH—CO—R" : CH -
I

R—NH—CH—CO—R"
+ cysteine CH o + lysine
R—NH—C~—CO—R
dehydroalanine

Figure 2.22 Lanthionine and lysinoalanine formation

( Finley, 1983 ).

The formation of these <crosslinks 1is rapid, for

instance in 0.1 M NaOH DeRham etal ( 1977 ) suggest that the

majority of easily formed LAL is present within 1 hour.
Increasing the pH 1ncreases the rate of LAL formation
( Hayashi & Kemeda, 1980 ). The formation of LAL 1is
competitively 1nhibited by the presence of carbohydrate
which will 1nvolve the g—=amino groups of lysine 1in browning
reactions ( Friedman, 1982 ).

The work of Bohak ( 1964 ) and Patchornik & Sokolovsky
( 1964 ) suggests that LAL formation 1is purely an
intramolecular event within a single polypeptide chain, but
later work by Nashef et al . ( 1977 ) and Sen et al.( 1977 )

does not agree.

LAL and LAT have been found in many alkali treated
proteins ( Bohak, 1964 ) but casein, soya protein and egdg
albumen have been found to be particularly susceptible to

LAL formation ( Dworschak, 1980: Walsh etal., 1979 and
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Friedman, 1982 ).

2.3.3 Heat treatment of proteins

As well as the denaturant effects described earlier
proteins may undergo specific chemical changes following
heat treatment. The type and severity of these changes

depends upon the intensity of exposure.

In a pure protein the following changes are to be

expected:
TEMP / C Change / Degradation
70 - 80 Disulphide bond splitting
80 - 100 Losses 1n disulphides
100 - 150 Lysine decomposition
Serine and threonine Jloss
Isopeptide formation
Lysinoalanine formation
200 - 250 Pyrolysis of all amino acids
> 300 Formation of carcinogenic

pyrolysis products

Table 2.1 Effects of heat treatment on protein.

This can only be a general scheme as the presence of other

constituents, such as carbohydrate or lipid, will
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drastically affect the course of the reactions.

The type of heat treatment is also very 1mportant,

moist heat has been shown to lead to more complex effects

than dry heat ( Neucer & Cherry, 1982 ).

In this study temperatures greater than 473 K ({ 200Y¢ )

were rarely wused. Thus reactions occuring above this
temperature will not be consid<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>