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ABSTRACT
EFFECT OF PH, SALT TYPE AND DENATURANTS ON THE DENATURATION
PROPERTIES, STORAGE MODULUS, SECONDARY STRUCTURE AND
MICROSTRUCTURE OF HEN EGG 8-OVALBUMIN HEAT-INDUCED GELS

BY

THOMAS JOSEPH HERALD

Changes in thermal properties, storage modulus,
secondary structure and microstructure of S-ovalbumin as a
function of pH (3.0, 7.0 or 9.0), salt type (NaCl, NaI or
Na,SO,), guanidine hydrochloride (0.5, 1.0 or 2.0M) or B8-
mercaptoethanol (0.5, 1.0, 2.0 and 3.0%) were studied using
differential scanning calorimetry (DSC), dynamic rheological
testing, Fourier transform infrared spectroscopy (FT-IR) and
electron microscopy.

The DSC onset temperature of ovalbumin denaturation (T,)
occurred 5.8°C - 7.5°C prior to structure development (Tg) as
measured by storage modulus. Enthalpy, T,, and T, increased
as pH increased. Denaturation temperature decreased in the
order of the Hoffmeister series, whereas Tg; decreased in
reverse order. Activation energies of ovalbumin denaturation
and structure development were dependent on pH and salt type.

Increasing GuHCl and B-ME decreased the denaturation

temperature 10°C and 9°C, respectively. Enthalpy did not



differ (P > 0.05) at any of the GuHCl concentrations but
decreased with increased B-ME (62.4-44.6 kJ/mol). Onset
temperature for ovalbumin structure formation decreased and
storage moduli increased with increased concentrations of
GuHCl and B-ME.

Solutions of hen egg S-ovalbumin at pD 3.0, 7.0 or 9.0
were heated at temperatures between 30°C to 90°C to study
changes in secondary structure by FT-IR. Second derivative
infrared spectra of native ovalbumin at pD 7.0 and 9.0
revealed protein absorption bands for B-sheet at 1626 cm™!,
3,0-helix at 1638 cm™!, a-helix at 1656 cm™l, and turn at 1682
cm~l. The B-sheet absorption band was not observed for S-
ovalbumin at pD 3.0. The quantity of a-helix and B-sheet
structure decreased as heating temperature was increased.

Changes in microstructure of heat-induced hen egg S-
ovalbumin gels influenced by pH, salt type and denaturants
(GuHCl1l and B-ME) were studied using low temperature scanning
electron microscopy (LTSEM) and chemical fixation procedures
with scanning electron microscopy (SEM). The LTSEM of 8% S-
ovalbumin gels were honey comb in appearance, while S-
ovalbumin gels prepared by chemical fixation exhibited a
microstructure of grape-like clusters. S-ovalbumin gels
prepared at pH 3.0 or in 0.5M Na,SO, exhibited the smallest
pore size as viewed using LTSEM. Using SEM the largest void
volumes exhibited by the S-ovalbumin gels were prepared at pH

3.0 or 0.5M NalI.
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I. INTRODUCTION

Hen eggs contain a variety of proteins that contribute
unique functional and nutritional properties to food
systems. When cooked, eggs form a gel that provides a
matrix for holding water, flavors, ingredients and provide
texture, a critical attribute in such foods as custards.
Ovalbumin is the major egg white protein and is
predominately responsible for egg white gelation. Ovalbumin
gels are made of a three dimensional matrix of cross-linked
polypeptides. Gelation of ovalbumin is an orderly
aggregation of protein. The protein may be partially or
completely denatured by heating or denaturants (Hermaﬁgson,
1979). Aggregation of the unfolded ovalbumin protein form
strands that interact to produce a network. Bonds giving
structure to the network may be electrostatic (Beveridge et
al., 1980), hydrophobic (Hayakawa and Nakai, 1985),
hydrogen, covalent (Beveridge et al., 1984), van der Waals
forces (Hatta et al., 1986) or a combination thereof.

From a nutritional standpoint, egg proteins are
considered the best source of high quality protein and are
used as a standard for protein quality determinations. Eggs
contain all of the essential fatty acids, large quantity of
unsaturated fatty acids, many of the minerals needed in our

diet and all vitamins except vitamin C (Froning, 1988).
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The present study used a multitechnique evaluation to
determine changes in secondary structure, rheological
properties and microstructural characteristics of ovalbumin
during heat-induced gelation. It is hypothesized that
perturbing the ovalbumin system by changing pH (3.0, 7.0,
and 9.0), salt type (0.5M Na,SO,, 0.5M NaCl and 0.5M NaI) or
by addition of chemical denaturants (0.5, 1.0, and 2.0M
guanidine hydrochloride and 0.5, 1.0, 2.0 and 3.0%
B-mercaptoethanol) will provide a better understanding of
the conditions needed to produce ovalbumin gels with the
desired functions.

Many studies have investigated the gelation behavior of
ovalbumin (van Kleef et al., 1978: Egelandsdal, 1980; Clark
and Lee-Tuffnell, 1986; Hatta et al., 1986) although none
have attempted to relate changes in secondary structure to
heat-induced gel properties. The objectives of the present
research include heating and perturbating ovalbumin (1) to
monitor the denaturation temperature and quantify the
enthalpy changes, (2) to characterize and quantify storage
modulus of ovalbumin, (3) to monitor the changes in
secondary structure and (4) to observe changes in the
microstructure.

This dissertation contains 5 chapters. The first
chapter is a review of the literature for the entire
dissertation. Chapters 2 through 5 are the four studies

which present the dissertation research. Each study was



3
organized using the format of the Journal of Food Science
and contains the following sections: Introduction,
Literature Review, Materials and Methods, Results and
Discussion. Chapters 7 and 8 are the overall conclusions of
the research and recommendations for future research,
respectively. The final chapter contains the references for

the entire dissertation.



II. LITERATURE REVIEW

Properties of Ovalbumin

Ovalbumin is a phosphoglycoprotein and makes up 54%
of the total proteins in the albumen. Ovalbumin has an
isoelectric point (pI) of 4.5 and a molecular weight of
45,000 (Powrie and Nakai, 1986). The complete amino acid
sequence of ovalbumin with 385 residues (Fig. 1) was
determined by Nisbet et al. (1981). The N-terminal amino
acid is acetylated glycine and the C-terminal amino acid is
proline. Stein et al. (1990) and Wright et al. (1990) have
determined the crystal structure of ovalbumin.

Ovalbumin contains a carbohydrate moiety attached to
asparagine residue 292 (Lee and Montgomery, 1962; Nisbet et
al., 1981). The carbohydrate moiety has a molecular weight
between 1560 and 1580 daltons (Lee et al., 1964; Montgomery
et al., 1965) and consists of a core of two
N-acetylglucosamine units and four mannose units.

Ovalbumin exists in three forms, A,, A,, and A5, which
differ in phosphorous content. A, has 2 phosphates per
molecule, A, has 1 phosphate per molecule and A; does not
contain phosphate (Longsworthe et al., 1940; Cann, 1949;
Perlman, 1952). The relative proportion of A,, A,, and A,
in ovalbumin is about 85:12:3, respectively. Phosphate
groups are attached to serine residues 68 and 344 (Nisbet et

al., 1981). Ovalbumin has been reported to contain four



H lo 15
AcGly-Ser-Ile-Gly-Ala-Ala-Ser-Met-G1u-Phe-{Cys-Phe-Asp-Yal-Phe-

20 2s 3
Lys-Glu-Leu-Lys-Val-His-His-Ala-Asn-Gl u-Asn-T1e-Phe-Tyr-ysh

72 | 119 | 3us
-------- GIn-Cys-Gly--- - GIn-Cys-Yal-----Ala-

iso 3sS 360
Glu-Ala-Gly-Val-Asp-Ala-Ala-Ser-Val-Ser-Glu-Glu-Phe-Arg-Ala-

365 370 . 37S
Asp-His-Pro-Phe-Leu-Phe-Cys}-I1e-Lys-His-I1e-Ala-Thr-Asn-Ala-

380
Val-Leu-Phe-Phe-Gly-Arg-{Cys-Yal-Ser-Pro

?ig. 1-Amino acid sequence of ovalbumin. Taken from Nisbet et
al. (1981). .
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sulfhydryl groups and one disulfide group. Three sulfhydryl
groups were observed in native ovalbumin and a fourth was
observed after denaturation (Fernandez-Diez, 1964).

Optical rotary dispersion studies have indicated that
ovalbumin secondary structure may be composed of 25% a-helix
and 25% p-sheet (Cho, 1970). Kato and Takagi (1988) using
circular dichroism (CD) determined the secondary structure
of 0.1% ovalbumin solution (67 mM sodium phosphate buffer,

PH 7.0 and 0.1M NaCl) to be 49% a-helix and 13% B-sheet.

8-Ovalbumin

Smith (1964) and Smith and Back (1965) have shown that
ovalbumin was converted to S-ovalbumin, a more heat-stable
protein, during storage of eggs and ovalbumin solutions. 1In
the latter case, the rate of conversion to S-ovalbumin
increased with pH and temperature. Freeze dried ovalbumin
stored in the cold for 20 years showed partial conversion to
an intermediate form, but not to S-ovalbumin (Smith and
Back, 1968). There are two additional ionizable carboxyl
groups in S-ovalbumin that are reactive compared to
ovalbumin (Nakamura et al. 1980). Kato et al. (1986)
reported that one of the carboxly groups was involved in
electrostatic cross-linkage with a positively charged amino
acid residue in the interior of the molecule, leading to the
formation of S-ovalbumin. S-ovalbumin has a slightly lower

molecular weight and was more resistant to heat denaturation



7
and to denaturation with urea and guanidine hydrochloride
(GuHCl) (Smith and Back, 1965).

Smith and Back (1964) suggested sulfhydryl-disulfide
interaction may be involved in the ovalbumin to S-ovalbumin
transition. However, this hypothesis was rejected by
analysis of peptides from tryptic and peptic digests, that
showed no differences between cystine peptides from either
protein (Smith and Back, 1968).

Donovan and Mapes (1976) studied the conversion of
ovalbumin to S-ovalbumin in eggs using differential scanning
calorimetry (DSC). The denaturation temperature (T4) of
évalbumin and S-ovalbumin was 84.5°C and 92.5°C,
respectively at pH 9.0 and a heating rate of 10°C/min.
Shitamori et al. (1984) reported that heat-induced gel
strength of S-ovalbumin was less than ovalbumin.

Kint and Tomimatsu (1979) using Raman spectroscopy
observed that 3% to 4% of a-helix changed to B-sheet
configuration upon conversion from ovalbumin to

S-ovalbumin.

The Effect of Heat on Ovalbumin
Heat treatment causes denaturation and aggregation of
proteins and Ferry (1948) described this mechanism as a two-
step process:
native----> denatured protein ---->aggregated protein

(long chains) (associated network)
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Heat denaturation is the process of native protein
conformation changing to an unfolded conformation.
Aggregation is the intermolecular protein interactions
leading to higher molecular weight molecules. Kato and
Takagi (1988) described that heat-induced gelation of
ovalbumin is a thermally irreverisble process as measured by
circular dichrosim (CD).

Knowing the rate of reaction between denaturation and
aggregation help to determine gel characteristics (Gossett
et al., 1984). Ferry (1948) reported a gel network occurs
if the aggregation step takes place slower than the
denaturation step giving the denatured protein time to
orient before aggregation. Gels of this nature are higher
in elasticity. If denaturation and aggregation occur
simultaneously a less elastic gel results.

Tombs (1974) proposed globular protein form gels as a
result of aggregation forming a "string of beads" followed
by interactions of the beads to form a mesh. Koseki et al.
(1989) developed a model (Fig. 2) showing high molecular
weight ovalbumin linear aggregates or "string of beads"
based on sedimentation analysis, viscometry and transmission
microscopy. Kato et al. (1983) reported that ovalbumin
aggregates were formed by hydrophobic interaction due to the
presence of surface hydrophobicity of heat-denaturatured

ovalbumin.



Frig. 2-A proposed model for the thermal denaturation and
aggregation behavior of ovalbumin molecules. 8Shadows and O
indicate hydrophobic areas exposed by thermal denaturation and
minus charges on the surface of ovalbumin molecules,
respectively. Taken from Doi et al. (1987).
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presence of surface hydrophobicity of heat-denaturatured
ovalbumin.

Protein solubility decreases with time and temperature
of heat treatment. Evidence of conformational changes in
protein structure as measured by CD has been related to
changes in protein solubility (Neucera and Cherry, 1982).
Protein functionality has been associated with protein
solubility. Kato et al. (1981) reported protein
functionality can improve with denaturation as long as a
decrease in solubility does not occur. Surface tension
decreases with denaturation as exposure of hydrophobic
molecule become exposed to the surface of the protein.
Surface hydrophobicity increases as denaturation procedes
increasing emulsion and foam stability (Kilara and Sharkasi,
1986) . The increase in surface hydrophobicity due to
denaturation causes proteins to be amphiphilic. The
amphiphillic nature adsorbed at the interface between oil
and water or air causes reduction of surface free energy
that facilitates emulsification and foaming (Kato et al.,
1981).

Polyacrylamide gel electrophoresis (PAGE) showed no
change in ovalbumin solubility with pasteurization
temperatures of 60°C, 64°C or 68°C for 3.5 min (Herald,
1987). Heat stability of ovalbumin varies with pH. Less

than 1.0% of ovalbumin was denatured at pH 6.5-7.0 when
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heated at 65°C for 30 min (Li-Chan and Nakai, 1989).
Hegg et al. (1979) found that ovalbumin had maximum thermal
stability between pH 6.0 and 10.0. The addition of 170 mM
NaCl did not affect denaturation temperature while 17 mM
CaCl, caused a 2-3°C decrease in denaturation temperature.

Shimada and Matsushita (1980b) used absorbance at
340 nm to determine the effect of protein concentration on
coagulation by observing turbidity changes.
Ma and Holme (1982) reported that turbidity is related to an

increase in hydrophobic residue exposure.

Bffects of pH on Ovalbumin

In theory, as solution pH approaches the pI of
ovalbumin, the charge on the protein is neutralized. This
results in attractive forces and protein-protein
interactions with minimal protein unfolding (Seideman et
al., 1963; Arntfield et al., 1989).

Koseki et al. (1990) reported that ovalbumin was
unstable and susceptible to denaturation at pH below the pI.
The researcher reported that ovalbumin existed in a "molten
globular state". The molten-globule state exists when a
molecule is in a compact globular (native state) state, but
the tertiary structure slowly fluctuates.

At high pH, most egg albumen proteins are negatively
charged and the ability of proteins to cross-link through

sulfhydryl-disulfide exchange is enhanced, possibly
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contributing to the structural integrity of gels (Shimada
and Matsushita, 1980). At high pH the high net charge may
inhibit thermal coagulation due to repulsive forces, whereas
high protein concentration may overcome electrostatic forces
to form networks through hydrophobic interactions (Shimada
and Matsushita, 1981).

Slosberg et al. (1948) reported a greater heat
stability for egg albumen at pH 6.5 than at 8.5 using whip
time and angel cake volume to evaluate stability. Seideman
et al. (1963) concurred using gelation scores as stability
criteria.

Koseki et al. (1990) used DSC to monitor denaturation
temperature (T4) of ovalbumin. The researchers reported
that as pH was decreased, the endothermic peak and
cooperativity declined suggesting changes in ovalbumin
conformation. Arntfield and Murray (1981) reported that
acidic pH reduced T4 and enthalpy of ovalbumin as measured
by DSC. The researchers suggested a weakening of
intermolecular interactions due to an increase in positive
charges was responsible for the decrease in T4. The
decrease in enthalpy was due to an increase in the stability
of the hydrophobic interactions.

Holt et al. (1984) reported that maximum strength and
elasticity of ovalbumin gels were observed at pH 9.0

wherxreas no gel structure was evident at acid pH. At pH 9.0,
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the ability of the proteins to crosslink through
sulfhydryl-disulfide contributed to gel formation.

Beveridge et al. (1980) measured the effect of pH
between 5.5 to 9.0 on egg gel firmness using a shear press.
They suggested the major mechanism responsible for ovalbumin
gel strength was sulfhdryl-disulfide interchange reactions
at alkaline pH. As pH decreased to 6.0, these reactions
were inhibited because concentration of S~ was reduced.

Arntfield et al. (1990 a) suggested 10% ovalbumin in
150 mM NaCl at pH 3.0 was denatured as indicated by T4 and
enthalpy. Enthalpy decreased from 15 J/g to 3.3 J/g at pH
7.0 and 3.0, respectively. Thermal denaturation temperature

decreased from 83.9°C to 63.9°C at pH 7.0 and 3.0,

respectively.

Effects of Neutral Salts on Ovalbumin

Salts of the lyotropic (Hofmeister) series include F~,
CH;C00™, SO4., C17, Br~, ClO,_, I and SCN. Chloride salts
at the same ionic strength exhibit neither salting-in or
salting-out properties (Damodaran and Kinsella, 1982) and
therefore, does not affect protein conformation. Protein
solubility in NaCl solutions can be regarded as a reference
point for comparisons with solubility in other salt
solutions of equal ionic strength (Kakalis and Regenstein,
1986) . The chaotropic (structure-disrupting) thiocyanate,

iodide and chlorate reduce the free energy of entropy
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associated with the exposure of apolar residues. Chaotropic
anions can reduce interprotein hydrophobic interactions and
disrupt or unfold the compact native structure of proteins
(Preston, 1989). Increasing concentrations of nonchaotropic
anions, such as F-, increase the free energy of entropy
associated with the exposure of apolar residues and increase
inter- and intraprotein hydrophobic interactions and
stabilize native protein structure (Preston, 1989).

Salts in the lyotropic series have been used to probe
hydrophobic interactions in network formation. At ionic
concentrations sufficient to minimize electrostatic
interactions, changes in protein properties due to anion
concentration and salt type can be attributed to hydrophobic
interactions (von Hippel and Schleich, 1969; Melander and
Horvath, 1977). Hydrophobic interactions between amino acid
side chains are recognized as the major force responsible
for the stability of protein structure. The driving force
for such interactions arise from the energetically
unfavorable effect hydrophobic interactions have on the
structure of water molecules (Damodaran and Kinsella, 1982).
The reseachers suggested that chaotropic ions altered the
water structure, decreasing hydrophobic interactions of the
protein molecules. This action disrupted the compact native
structure of the protein, favoring unfolding and destabilize
water structure. Preston (1989) observed that increasing

Cl™ from 0.05 to 0.1M increased the free energy of entropy
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associated with exposure of apolar residues. The author
suggested increased interprotein and intraprotein
hydrophobic interactions tended to stabilize native protein
structure. Protein structure can be manipulated by
decreasing hydrophobic interaction by changing solvent
conditioné using chaotropic ions (Tanford, 1979).

Babajimopoulos et al. (1983) observed supression of
electrostatic repulsive interaction between soy protein
molecules at 0.5M ionic strength. Decreased electrostatic
interaction allowed association and formation of hydrogen
bonds and other interactions on the surface of native
protein molecules. There is an optimum salt concentration
for network formation. It has been suggested that low salt
concentrations aid in protein solubilization before heating
and provide a cross-link in the network (Kohnhorst and
Mangino, 1985; Mulvihill and Kinsella, 1988). At high
levels of salt concentration the net repulsive charge on the
protein is masked; any further salt addition promotes
aggregation. Maximum gel strength for B-lactoglobulin is
between 75-300 mM NaCl (Mulvihill and Kinsella, 1988), while
maximum gel strength for ovalbumin is between 50-100 mM NaCl
(Egelandsdal, 1984; Holt et al., 1984; Hayakawa and
Nakamura, 1986).

Salts inhibit interactions between water molecules and
hydrophilic groups in protein molecules. Bull and Bresse

(1970) observed that ions of higher order lyotropic series
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can dehydrate proteins enhancing protein-protein
interaction.

Arntfield et al. (1990 b) observed that the storage
modulus (G') of ovalbumin in 0.5M NaSCN increased compared
to other anionic salts because of the high negative charge
on the protein causing unfolding and subsequent cross-
linking. 1Inclusion of 0.5M Na,SO, decreased G' suggesting
increased intramolecular hydrophobic interactions. The
hydrophobic interaction decreased the tendency for ovalbumin

to unfold and interact to form a cross-linked structure.

Effect of Denaturants on Ovalbumin

Guanidine hydrochloride weakens hydrophobic
interactions and inhibits hydrogen bonds and ionic
attractions in proteins (Nandi and Robinson, 1972). Pace
(1975) used optical rotation to follow changes in
conformation of proteins in 6.0-8.0M GuHCl at room
temperature. Globular proteins were randomly coiled with
the addition of 6.0M GuHCl without residual ordered
structure. High concentrations of GuHCl eliminated protein
electrostatic interactions (Bismuto and Irace, 1988).

Strambini and Gonnelli (1986) worked with liver alcohol
dehydrogenase and hypothesized that at predenaturational
concentrations, GuHCl penetrates the protein interior. The
GuHCl decreased intramolecular interactions that resulted in

an increased fluidity in the interior region of the
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macromolecule. The researchers suggested structural
organization was destroyed and decreased denaturation
cooperativity.

Heertje and van Kleff (1986) observed the effect of
urea on ovalbumin solutions to distinguish between formation
of covalent and non-covalent cross-links during gelation.
Ovalbumin gels prepared at pH 10.0 and in urea formed
networks by protein unfolding, whereas at pH 5.0, the
network formed by aggregation as the protein conformation
was stabilized by hydrogen bonds and hydrophobic
interactions. (Clark et al., 1981 a).

Ovalbumin in 6.0M GuHCl and 0.1M B-mercaptoethanol
(B-ME) was completely unfolded as determined by intrinsic
viscosity (Ansari et al., 1972; Ahmad and Salahuddin, 1974).
The inclusion of 6.0M GuHCl increased protein solubility and
prevented the formation of strong ovalbumin gels by reducing
interactions between polypeptide chains (Egelandsdal, 1984).

Katsuta and Kinsella (1990) observed éhat 10%
B-lactoglobulin formed gels in 6.0M urea and 6.0M GuHCl.

The G' of B-lactoglobulin increased with time at 25°C
indicating gel formation. Thiol groups and disulfide bonds
play an important role in the heat-induced gelation of whey
proteins (Hillier et al., 1980; Zirbel and Kinsella, 1989).
Covalent cross-linking of protein molecules by disulfide
bonds can be induced by thiol oxidation or by a

thiol-induced disulfide interchange reaction that were
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enhanced at alkaline pH. Matsudomi et al. (1991) observed a
decrease in gel hardness with bovine serum albumin (BSA) and
f-lactoglobulin with increasing concentrations of
N-ethylmaleimide (0-50 mM) confirming that thiol disulfide
links were important in gel formation.
Hirose et al. (1986) observed the addition of up to

70 mM B-ME induced egg white gelation at room temperature.
Gel hardness increased until a concentration of 70 mM B-ME
then remained constant suggesting that the cleavage of the
S-S bond might induce association of egg white protein

molecules assisting to stabilizing the protein network.

Differential Scanning Calorimetry

Differential scanning calorimetry is a practical
technique for studying thermal behavior of food proteins.
The DSC can be used to simulate denaturation of proteins
during cooking by providing comparable thermal conditions
(Wright, 1982). The effects of variables such as storage,
pH or stabilizing treatments on the thermolability of
proteins can be monitored using DSC (Donovan et al., 1975).
Differential scanning calorimetry is used to measure the
heat absorbed or liberated as a material changes in state
(Skoog, 1985). In this technique, a sample and an inert
reference are maintained at the same temperature while the
temperature of both are gradually increased. Thermally

induced changes occurring in the sample are recorded as a
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differential heat flow displayed as a peak in a thermogram.
Intergration of heat flow with respect to temperature yields
a value for the enthalpy change associated with the process
(Skoog, 1985).

Donovan (1984) suggested the heat absorbed by the
protein can be of two kinds. The first is the heat capacity
(Cp) that produces vibrational and rotational motion of the
molecules. The energy is stored in molecules pushing it to
the next energy level. The second is heat that is absorbed
by the molecule when it undergoes denaturation.

Based on Ferry's (1948) investigation, unfolding of a
single domain protein is a two-state phenomenon in which
half the molecules are folded while the other half are
unfolded in a protein solution. This indicated that folding
is a cooperative phenomenon, in which disruption of the
folded structure leads to complete unfolding of the
molecule. Therefore, the stability of each part of the
protein was dependent upon the stability of all the parts.
Partially folded protein must be unstable relative to being
folded or unfolded (Creighton, 1984). The unfolding step
was usually highly cooperative and was seen as an
endothermic peak in a DSC thermogram (Kitabatake et al.,
1990).

Denaturation enthalpy is associated with the amount of
heat absorbed by the protein molecule that breaks hydrogen

bonds and leads to unfolding of the protein (Privalov and



20
Khechinashvili, 1974). The denaturation enthalpy can be
calculated from DSC data (Delben and Crescenzi, 1969; Delben
et al., 1969). The thermogram for protein denaturation is
endothermic. Arntfield and Murray, (1981) reported that
differences in protein Ty and enthalpy were due to

hydrophobic interactions and intramolecular chemical bonds.

Differential Scanning Calorimetry of Egg Proteins

Three transitions (Fig. 3) were identifed in the DSC
thermogram of egg white at pH 7.0 corresponding to
denaturation of conalbumin, lysozyme and ovalbumin (65°C,
73°C and 85°C, respectively) (Donovan et al, 1975).
Analysis of isolated egg-white proteins indicated that other
minor protein constituents (ovomucoid, globulin and avidin)
also contributed to the total thermogram, but were masked by
the ovalbumin transition. Agreement was obtained between
the observed enthalpy of denaturation for total egg white
and that calculated from the enthalpies and relative amounts
of the individual proteins (Donovan et al., 1975).
Ovomucin, comprises about 5% of egg white proteins, exists
in a random coil configuration in the native state and
exhibits no denaturation transition when analyzed by DSC
(Donovan et al., 1975).

Arntfield et al. (1989) observed T4 for 10% ovalbumin

solution of 71.2°C and 83.8°C at pH 3.0 and pH 5.0,
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Fig. 3-Differential scanning calorimetry thermogram of egg
white at pH 7.0 heated at 10°C/min. Adapted from Donovan et

al. (1975).
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respectively. No significant differences in T4 of 10%
ovalbumin at pH 5.0 or pH 9.0 were reported. The Ty for 10%
ovalbumin in 0.5M NaCl and 0.5M Na,SO, were 89.6°C and
92.2°C, respectively. Ovalbumin displayed optimum thermal
stability in the pH range 6-10 with a T4 of approximately
79°C and a denaturation enthalpy of 3.64 cal/g (Donovan et
al., 1975). The T4 decreased to 62°C at pH 3.0 and 73°C at
PH 11.0. Because of charge shielding by cations (Na or Ca)
to ovalbumin solutions the temperature at which aggregation
occurred is effected. Addition of 0.17M NaCl had little
effect on T,, compared to 17 mM CaCl, that resulted in a
2-3°C decrease in Ty at pH values above the pI. Comparison
of Ty (measured with DSC at the pI) with the observed
aggregation temperature (temperature at which 10% ovalbumin
aggregated evaluated by a decrease in absorbance at 280 nm)
indicated that precipitation, rather than gelation, took
place when the temperature of aggregation was significantly
lower than that of denaturation (Hegg et al., 1979). The
reseachers suggested that by manipulating pH and salt
concentration to reduce protein-protein interaction,
gelation rather than aggregation was predominate.

Thermograms of ovalbumin and S-ovalbumin at pH 7.0
exhibited T4 of 84.5°C and 92.0°C, respectively heated at
10°C/min. Therefore, the quality of stored or processed egg

white can be monitored using DSC (Donovan and Mapes, 1976).
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Factors such as concentration and heating rate have
been reported to influence T4 and denaturation enthalpy.
Increasing soy protein solution from 6% to 70% increased the
T4 80°C (Kitabatake et al., 1989). Not all proteins have
exhibited different T4 as a function of concentration.
Heating rate has been shown to influenced T4 and enthalpy in
myoglobin and whey protein solutions (Hagerdal and Martens,
1976; Ruegg et al., 1977). In these cases, T4 and enthalpy

decreased as the heating rate decreased.

Rheological Properties of Ovalbumin

Food systems exhibit solid (elasticity) and fluid
(viscosity) properties, know as viscoelasticity. A key
difference in the properties of elastic versus viscous
material is the response to an applied stress (force). For
an elastic material, the amount of strain (deformation) is
proportional to the applied stress. For a viscous material,
the rate of strain is proportional to the applied stress
(Ngo and Taranto, 1986).

Dynamic testing is a rheological method to measure
viscous and elastic properties of a fluid. Dynamic testing
is based on different fundamental responses of the loss
modulus (G"), a measure of energy dissipated as heat due to
viscous flow within the sample and storage modulus (G'), a
measure of energy stored due to elastic deformation of the

sample (Beveridge et al., 1984 b). In dynamic testing,
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oscillatory movements and a pre-determined frequency between
oscillation are used.

Dynamic testing does not alter the structure of the
material (Ferry, 1970). Continuous measurement of
rheological properties during heating gives insight into
structure development in gel-forming proteins. This
information contributes to an understanding of the mechanism
of protein gelation and provides the basis for selecting
adequate conditions for using proteins as texture building
components in heat-processed foods (Tung, 1978).

van Kleef et al. (1978) used the rubbery elastic theory
(Ferry, 1970) to describe gel structure in terms of the
number of cross-links per molecule. The researchers
reported 10% ovalbumin had 3.5 cross-links per molecule and
a G' of 2,240 Pa whereas 30% ovalbumin exhibited 11.8 cross
links/molecule and a G' of 133,000 Pa. Higher G' values are
expected for gels made at a solution pH near the pI of
ovalbumin since attractive ionic interaction will be
greatest at that pH (van Kleff, 1986).

Egg protein gels are viscoelastic. When an egg protein
is heated, it changes from a fluid to a gel with solid-like
properties. van Kleef (1986) reported factors such as pH
and ionic strength influenced G'. The G' for 25% ovalbumin
solutions were higher at pH 6.1 than at pH 10. The
researcher suggested that as ovalbumin moved away from it's

pPI the interaction between molecules decreased as was
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measured by a decrease in G'. Beveridge et al. (1985b)
observed the Ty of egg white from DSC data and G' from small
amplitude oscillatory testing coincided (approximately
80°C). They concluded the formation of three-dimensional
network responsible for typical gel structures of egg white
did not form until ovalbumin was denatured.

Arntfield et al. (1990b) reported the G' of 10%
ovalbumin decreased with increased concentration of NaCl or
Na,SO, (from 0.1 to 0.5M). Temperature of structure
development (T;) as determined by changes in G' decreased as
pH decreased. The reseachers attributed the decrease in G'

to an increase in hydrophobic interaction.

Determination of Activation Energy

Time temperature superpositioning (TTS) was developed
for use in the polymer industry. It has been demonstrated
in polymers (Ferry, 1980) that viscoelastic data collected
at one temperature can be superimposed upon data obtained at
a different temperature by shifting of curves. The
superposition principle is that the processes involved in
molecular relaxation or rearrangements occur at greater
rates at higher temperatures. The time over which these
processes occur can be reduced by conducting the measurement
at elevated temperatures and transposing the data to lower
temperatures. Thus, viscoelastic changes that occur quickly

at higher temperatures can be made to appear as if they
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occurred at longer times simply by shifting the data with
respect to time (Ferry, 1980; Sichina, 1988). The degree of
horizontal shifting (i.e., time) required to superimpose a
given set of data upon a reference can be mathematically
described as a function of temperature.

Two models are commonly used in time temperature
superpositioning. The first of these relations is the
Williams-Landel-Ferry (WLF) equation. The WLF equation is
used to describe time-temperature behavior of polymers in
the glass transition region (the change in an amorphorous
region of a partially crystalline polymer from a viscous
condition to a brittle one). The other model uses the
Arrhenius relationship that measures a time dependent

process at several temperatures.

The Arrhenius equation is as follows:

(1) log ap = __=E,
R (T-T,)

Where, Ea is the activation energy associated with the
relaxation transition, R is the gas constant
(R =8.314 J/mol K), T is the measurement tempera£ure, T, is
the reference temperature and a, is the time base shift
factor. Patel et al. (1990) developed a method for

calculating denaturation E, of proteins from a DSC



27
endotherm. This method is unique as the calculation is
based on ramping temperature (increasing the temperature at
constant rate) rather than an isothermal temperature over a

specified time. The equation, reduced to linear form is:

(2) 1n (da/dt) = 1ln K, - E,/RT + n [1ln (1l-a)]

Here, the reaction rate (da/dt) at any temperature T is
calculated as the ratio of peak height to total area, and
the fraction of denatured protein (a) is calculated as the
ratio of partial area to total peak area. Values of K,, E,
and n were obtained by multilinear regression using
1ln (da/dt) as dependent variable and 1/T and 1ln (1-a) as two
independent variables.

Various methods have been used to determine activation
energies resulting in different values for egg albumen.
Donovan and Mapes (1976) using curve fitting analysis
determine the Ea to be 73.3 kJ/mol, Goldsmith and Toledo
(1985) used NMR data to calculate Ea in the range of 183.7
to 188.4 kJ/mol and Harte (1989) determined the denaturation
Ea for 5% egg white protein (0.50M NaCl, pH7) was 158
kJ/mole using a time temperature history model.

Time temperature superposition can be used in the food
industry to assist in predicting the quality of gels in
foods. The ability to predict the effects of time and

temperature is becoming increasingly important as lower cost
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proteins are being substituted into food systems. Time
temperature superposition supplies a means to monitor and
mathematically compare performance of protein under

different processing conditions.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is used
for the qualitative and quantitative estimation of protein
secondary structure (Surewicz and Mantsch, 1988).

FTIR provides structural information about the effect of
environmental conditions on bond types such as C=0, N-H and
S-S.

Fourier transform infrared spectrometers are
nondispersive and differ from the conventional dispersive
infrared instruments (IR). Conventional IR instruments uses
a grating or prism to disperse a collimated beam onto a slit
that blocks out all but the desired frequeny range from
reaching the detector. The entire spectrum is scanned one
interval at a time by continuously changing the grating
angle based on the incident light beam. The FTIR instrument
uses an interferometer that simultaneously collects data
from the entire spectrum (Byler and Susi, 1986). The FTIR
has higher resolution, sensitivity, signal-to-noise ratio
(S/N) and frequency accuracy compared to the dispersive IR

instrument (Susi and Byler, 1986).
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Krimm and Bandekar (1986) reported that bond types
exhibited discrete vibrations and their changes can be
monitored during molecular geometry variations. Therefore,
different folding patterns of the polypetide backbone are
assigned discrete frequencies within the mid-IR range that
describe protein secondary structure.

In the mid IR region nine absorption bands characterize
polypeptides and proteins. These are termed the Amide A,
Amide B, and Amide I-VII bands (Table 1). The Amide A and
Amide B vibrations (in solid sample) are associated with N-H
stretching vibrations of hydrogen bonded groups. The Amide
I band of proteins represents the vibrations of amide
carbonyl groups coupled to the in-plane N-H bending and C-N
stretching modes (Byler and Susi, 1986; Surewicz and
Mantsch, 1988; Havel, 1989). The Amide II band is not well
established for the polypeptide backbone but includes both
C-N stretching and N-H bending. The Amide III band of
polypeptides produce a weak IR signal. Amide III band
includes C-C stretching, C=0 stretching, C-N stretching, and
N-H bending. The Amide III band produces a weak IR signal
that can be detected by Raman spectroscopy. The amide IV
vibration is complex and involves bending of the OCN angle.
Little information is available on Amide V, VI and VII
(Susi, 1969).

Table 2 compares Raman, FTIR and x-ray analysis for

estimating protein secondary structure. Immunoglobulin G
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Table 1-Frequency Range for characteristic
absorption bands of secondary amides in the
crystalline state (based on model compounds)1

In-plane modes Out-of-plane modes
Amide A, = 3300 cm™! Amide V, 640-800 cm™!
Amide B, = 3100 cm™! Amide VI, 537-606 cm™1
Amide I, 1620-1700 cm™l Amide VII, = 200 cm™l

Amide II, 1480-1575 cm™!
Amide III, 1229-1301 cm™!

Amide IV, 625-767 cm!

1 pdapted from Susi (1969)

Table 2 compares Raman, FTIR and x-ray analysis for
estimating protein secondary structure. Immunoglobulin G
exhibited variation between FTIR and X-ray studies for all
structures. B-lactoglobulin A showed a 10% difference in
% other between Raman and x-ray studies. The overall
results of the studied showed little variation between the
three methods.

Protein bands assignments were established based upon
model system studies using proteins with a large proportion
of helix, sheet, turns or unordered structure. Hemoglobin
is 80% helix (Susi and Byler, 1983), whereas immunoglobulin
G (IgG) and concanavalin A are classified as all P-structure

by X-ray studies (Dong et al., 1990). Unordered structure
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Table 2-Estimated protein conformation by

three independent methods 1

Protein % a-Helix % B-Structure | $ Other?

R} |PFTP- | X5- |R |[FT- [X- |R FT- | X-

IR® ray IR ray IR ray

Bovine serum | 39 | 47 - 132 | 28 - 29 | 25 -
albumin
Carbonic 11 13 16 51 49 45 38 38 39
anhydrase
Immuno- 8 9 3 67 76 67 27 15 30
globulin G
a- 31 33 - 36 41 - 33 26 -
Lactalbumin
B- Lacto 10 10 7 54 50 47 36 40 46
globulin A
iysozyme 43 41 45 25 21 19 32 38 36
Ribo- 21 21 22 50 50 46 31 29 32
nuclease A
Cytochrome - 51 49 - 34 10 - 15 41
C
; Taken from Byler and Susi (1988).

b w

turns and undefined segments
Raman spectroscopy
Fourier transform infrared spectroscopy
x-ray crystallography
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contains neither a-helix, P-sheet, nor turns (Richardson,
1981). Crystallography studies of a-lactalbumin (Acharya et
al., 1989) support the assigned band at 1640 cm~! to 310-
helix (Byler and Susi, 1986; Halloway and Mantsch, 1988).
Table 3 shows band assignments based up the studies of 17
proteins (Byler and Susi, 1988).

Aqueous analysis of protein structure using FTIR is
difficult because of highly absorbing bands such as the 0O-H
stretch of water (1645 cm‘l) tend to obscure the weaker
conformation sensitive amide I band. Subtraction of this
water band, although possible in principle, is associated
with numerous problems. First, because of protein water
interaction the shape of the water band is changed so
adequate substraction is not always achieved. Second,
signal-noise ratio is decreased in the difference spectra if
a strong water band is subtracted. Finally, no criteria has
been established for determining the scaling factor applied
to the water spectrum that is subtracted from the solution
spectrum (Surewicz and Mantsch, 1988).

Deuterium oxide has been substituted for water in
protein solution preparation (Susi and Byler, 1983) to avoid
the problem of highly absorbing water bands. Olinger et al.
(1986) concluded that D,0 solutions produce more consistent
results than water. If D,0 is used as a solvent, one must

ensure that complete H--> D exchange has taken place in
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Table 3-Characteristic infrared frequencies and
assignments for amide I band components (1700-1620 cm‘l)
for 19 globular proteins in D,0 solutionl

Mean frequency (cm™1) Assignment
1623 + 3 B-structure
1630 t 4 B-structure
1637 * 3 3,0-helix
1645 * 4 unordered
1653 + 4 a-helix
1670 + 2 turns

1675 + 2 turns

1683 + 2 turns

1 Taken from Byler and Susi (1988).

the backbone amide groups. This is done by following the
decrease in the intensity of the amide II band near 1550
cm™! as progressive deuteration shifts it to lower
frequencies (approximately 1450 cm™l) (Timasheff et al.
1967; Susi et al. 1967). Mathematical procedures, termed
resolution-enhancement techniques, are required to resolve
the component absorption bands (a-helix, p-sheet, turns and
unordered structure). Derivative spectroscopy and Fourier
self-deconvolution are two such resolution-enhancement

methods (Prestrelski et al., 1991 a).

Secondary Structure of Proteins
Byler and Purcell (1989) investigated effects of heat
on the secondary structure of B-lactoglobulin, bovine serum

albumin (BSA) and a-lactalbumin. All three proteins changed
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conformation during heating as compared to their native
structure at 30°C. All proteins exhibited decreased
a-helix and P-sheet contents as observed by changes in peak
intensity, although, a-lactalbumin retained more native
structure than p-lactoglobulin or BSA.

Clark et al. (1981 b) used IR spectroscopy to study the
secondary structure of a 10% BSA solution (pD 6.7, no added
electrolytes) heated from 25°C to 90°C then cooled to 25°C
(Fig. 4). A peak at 1650 cm™! and a shoulder at 1620 cm™?!
representing a-helix and p-sheet, respectively were present
during heating. Peak intensity of the shoulder at 1620 cm™}
decreased when cooled to 25°C.

Surewicz and Mantsch (1988) examined the conformation
of native P-lactoglobulin in aqueous solution at neutral pH
and that of the protein denatured by alkaline solution or
acidic methanol. The native structure contained mostly
B-structure. In the spectrum of the alkali-denatured
protein, all the fine structure had disappeared and the only

1 was assigned to an unordered

broad band around 1640 cm™
structure. The spectrum of B-lactoglobulin in acidic
methanol depicted a strong band at 1647 cm~! and weaker
bands at 1687 cm™! and 1618 cm™l.

Chen et al. (1990) observed changes in secondary
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structure of soy 11S globulin during heating and shearing.
During heating of 11S globulin from 25° to 90°C a-helix
increased, random coil decreased and P-sheet did not change.
During shearing (25°C and 384 sec™!) random coil increased,
f-sheet decreased and a-helix remained the same as compared
to the non-sheared sample.

Raman spectroscopy is another method to study
conformational changes in thermally denatured proteins. The
Ramam spectrum of whole egg white is similar to that of
ovalbumin because ovotransferrin, the other major egg
albumen, is a "poor Raman scatterer" (Painter and Koenig,
1976) . Thermal denaturation of egg albumen reveals an amide
III line at 1236 cm™! and a shift in the amide I line from
1667 to 1672 cm™}. These changes indicate formation of
regions of antiparallel p-sheet between ovalbumin molecules.
Thermal denaturation of isolated ovalbumin and
ovotransferrin caused formation of intermolecular P-sheet
structures when monitored using Raman spectroscopy. The
formation of intermolecular disulfide bridges was suggested
to play only a secondary role since no new disulfide bridge
formation was indicated at 500 cm™! in the Raman spectrum
upon heating.

Circular Dichroism (CD) is an optical technique used
to monitor unequal absorption of left and right circularly

polarized light with chiral molecules (Yang et al., 1986).
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The conformation of the protein (asymmetric and periodic
arrangement of peptide units in space) gives rise to
characteristic CD spectra (Alder et al. 1973). Chin et al.
(1987) suggested that CD was complementary to other methods
for evaluating the secondary structure of proteins. From
proteins of known three-dimensional structure it was found
that the helical structure gives minima in CD spectra at 222
nm and 208 nm and the P-sheet structure gives a minimum at
218 nm (Johnson, 1988). A negative CD value at 222 nm is
characteristic of order structure. Therefore, the presence
of disorder structure can be determned by checking for
positive ellipticity at 222nm. Figure 5 shows CD spectra of
native and denatured ovalbumin heated to 80°C. Native
ovalbumin shows a minimum and a shoulder at 222 nm and 210
nm, respectively. Secondary structure of native and heat
denatured ovalbumin has been calculated from (Table 4) CD
spectra. Kato and Takagi (1988) reported that when
ovalbumin was heated to 80°C, the amplitude at 222 nm
decreased and the shoulder at 210 nm increased. Therefore,
changes in CD spectra of ovalbumin during heat denaturation
suggest that the p-sheet structure increased. The increase
in p-sheet was due to the irreversible decrease in helical
structure.

Kato and Takagi (1988) investigated the effects of

salt concentration (20 to 160 mM NaCl, pH 7.0) on secondary
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Fig. S5-Circular dichroism spectra of native ovalbumin and
ovalbumin denatured by heat or guanidine hydrochloride. Taken
from Doi et al. (1987).



39

Table 4-Secondary structure of native, heat-denatured
and cooled ovalbumin calculated from CD spectral

act s e S
ovalbumin helix B-sheet turn unordered
native 0.49 0.13 0.14 0.24
heat-denatured 0.16 0.36 0.15 0.33
cooled 0.14 0.46 0.09 0.31

1 Taken from Doi et al., 1987.

structure of ovalbumin. They reported that increasing salt
concentration decreased the amount of a-helix and p-sheet.
Egelandsdal (1986) reported that for salt free solutions
(<10 mg/mL) of ovalbumin the a-helix content was independent
of protein concentration. Clark and Lee-Tuffnell (1986)
reported that the a-helixical content of BSA decreased at
the expense of P-structure with increasing protein

concentration up to 20 mg/mL (no salt added, pH 8.0).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a tool for
evaluating the microstructure of protein gels at nanomeric
distances (Clark et al., 1981). The greatest advantage of
SEM is the large depth of focus that is about 300 times that
of the light microscope (Lewis, 1979). Microstructure can
provide information on the effect of attractive and

repulsive molecular forces on the formation of the protein
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gel network (Heertje and Van Kleef, 1986). Microstructural
information can assist in interpreting textural
characteristics of food systems (Stanley and Tung, 1976).

Clark et al. (1981) concluded that the electron
microscope can contribute to structural investigation of
globular protein gels by giving a qualitative impression of
prevailing distributions of pore size, strand thickness and
shape. Information about how much unfolding has occurred
during gel formation is not detected using an electron
microscope.

van Kleef (1986) reported that 20% ovalbumin gels
prepared at pH 5.0 showed a granular inhomogeneous
microstructure. van Kleef (1986) suggested that at pH 5.0
network formation occurred via folded aggregates of globular
protein chains. Clumps of aggregated protein were observed
but without the fibrillar and sheetlike structures observed
for ovalbumin/urea gels at pH 10.0 Ovalbumin gel structure
at pH 5.0 is composed of individual protein aggregates (with
a diameter of about 0.1 um). These aggregates form large
particles (of about 0.3 um diameter), which eventually form
the network (van Kleef, 1986).

At optimal pH, a fine, uniform gel matrix was formed
with high gel strength. Pores are small and water-binding
was improved as free water was entrapped. The key to
formation of a gel with fine structure and optimum

water-binding properties is the balancing of attractive and
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repulsive forces (Ferry, 1948). The effect of charge on
microstructure is related to the net charge of the proteins
in solution (Hermansson and Lucisano, 1982). Proteins tend
to aggregate when heated at their pI, forming a coarse
network with large pores, low gel strength and minimal water
binding. Beyond the optimal pH, repulsive forces may be too
strong so that fewer protein interactions are possible, and
a weaker gel results (Egelandsdal, 1980). Beveridge et al.
(1980) attributed increased firmness of ovalbumin gel at
PH 9.0 to sulfhydryl-disulfide exchange that is accelerated
at alkaline conditions.

Woodward and Cotterill (1986) evaluated the
microstructure of 11% egg white gels at pH 5.0, 6.0 and 9.0
in 1.0M NaCl. At pH 5.0 and 6.0 the microstructure was in
spherical clusters that were aggregated leaving large
irregular void spaces. The egg white gel at pH 9.0
exhibited a uniform structure with pores being small and
evenly distributed throughout the gel matrix.

Heertje and van Kleef (1986) reported that ovalbumin
gels prepared at pH 10.0 in urea solution (6.0M or 8.0M)
showed a uniform, homogeneous microstructure. The
reseachers used NMR measurements to show protein unfolding
at pH 10.0 verus partially unfolding followed by aggregation
at pH 5.0. The studied concluded that complete ovalbumin
unfolding at pH 10.0 occurred before network formation.

Harte (1989) reported that 5% ovalbumin gels adjusted



42

to pH 6.0 and 7.0 before heat setting produced
non-homogeneous, grape-like, aggregated protein clusters.
It was suggested by Montejano et al. (1984) the spherical
particles in micrographs of low pH ovalbumin gels may be
caused by random aggregation that resulted in non-homogenous
structure. At pH 7.0, Harte (1989) and Egelandsdal (1980)
reported a smooth ovalbumin network and attributed it to the
balancing of attractive and repulsive forces. The addition
of salt shielded repulsive charges, thus promoting protein
aggregation (Hegg et al., 1979; Hatta et al., 1986).

Low temperature scanning electron microscopy (LTSEM) is
a superior method for determining ultrastructure of food
products (Freeman and Shelton, 1991). The LTSEM procedure
is less time-consuming, decreases induced artefacts
associated with chemicals and reduces speciment shrinkage
(Sargent, 1988). Harte (1989) used LTSEM for examining 5%
ovalbumin gels at pH 5.0 in 3.0% NacCl. The ovalbumin gel
ultrastructure showed an increase in the quantity of
aggregated protein under these conditions. The reseacher
observed differences between the LTSEM and a chemical
fixation method (osmium-thiocarbohydraxide-osmium). The
researcher reported that ovalbumin gels prepared by LTSEM
exhibited a web-like appearance whereas the gels prepared by
the chemical fixation method showed a grape-like cluster

appearance. Other researchers (Sargent, 1988; Freeman and



43
Shelton, 1991) have used LTSEM for viewing a variety of food
mircostructures.

Arntfield et al. (1990 a) used light microscopy to
follow the formation of two dimensional network of ovalbumin
at pH 8.5 in 150 mM NaCl. The investigators observed that
as the concentration of ovalbumin increased from 5.5% to
15%, the intensity of the network also increased. Arntfield
et al. (1990 b) reported that 10% ovalbumin gel at pH 8.5 in
0.5M NaCl formed well cross-linked strands, while 10%
ovalbumin at pH 8.5 in 0.5M Na,SO, exhibited little evidence
of cross-linking. The authors also reported that increased
G' and destabilizing salts correlated with decreased
hydrophobic interaction in heat-induced ovalbumin gels.

Sone et al. (1983) reported 11% whey protein
concentrate gels in 0.3% Na;SO, showed higher G' and denser
microstructure than gels containing 0.3% CaCl,. The
researchers suggested the dense microstructure was due to
strong protein-water interaction, leading to less randomness
and elastic gels. The Na,SO, increases hydrophobic
interaction stabilizing the protein molecule. Therefore,
there is more protein-water interaction enhancing gel

elasticity.



III. 8tudy 1

Denaturation and Structure Development of Ovalbumin as
Influenced by pH and Salt Type

ABSTRACT

Changes in the denaturation and gelation properties of
ovalbumin as a function of pH (3.0, 7.0, and 9.0) or salt
type (NaCl, NaI, Na,SO,) were studied using differential
scanning calorimetry (DSC) and dynamic rheological testing.
The DSC onset temperature of ovalbumin denaturation (T,)
occurred 5.8°C - 7.5°C prior to structure development (T;)
as measured by storage modulus. Enthalpy, T, and Tg
increased as pH increased. Denaturation temperature
decreased in the order of the Hoffmeister series, whereas T,
decreased in reverse order. Activation energies of
ovalbumin denaturation and structure development were

dependent on pH and salt type.

44
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INTRODUCTION

Ovalbumin is the major egg white protein responsible
for egg white gelation. Ovalbumin is a phosphoglycoprotein
making up 54% of total proteins in the albumen. Ovalbumin
has a molecular weight of 45,000 daltons and it's
isoelectric point (pI) is 4.5. The complete amino acid
sequence of ovalbumin includes 385 residues that have been
determined by Nisbet et al. (1981).

Gelation is an important functional property of egg
white proteins. Protein gels provide a matrix for holding
water, flavors, ingredients and provide texture. Protein
gels are made of a three-dimensional matrix of cross-linked
polypeptides. Bonds giving structure to ovalbumin network
may be electrostatic (Egelansdal, 1980) hydrophobic
(Hayakawa and Nakai, 1985), hydrogen (Hata et al., 1986)
covalent (Beveridge et al., 1984), van der Waals forces
(Hatta et al., 1986) or a combination thereof. At pH's
below the pI ovalbumin dissociates and unfolds at a lower
temperature compared to pH 7.0 and 9.0 (Arntfield, 1989).
Koseki et al. (1990) observed that the native compact
globular molecule of ovalbumin remained intact while the
tertiary structure fluctuated at pH conditions below the pI.
At high pH ovalbumin is negatively charged and cross-links
through sulfhdryl-disulfied exchange, contributing to the
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structural integrity of the gel (Shimada and Matsushita,
1980; 1981)

Ferry (1948) explained the protein gelation theory as a
two step process:

Native ---->denatured protein----- > aggregated protein

(long chains) (associated network)

Comparison of the rate of the denaturation step verus that
of the aggregation step helps determine gel characteristics
(Gossett et al., 1984). Hermansson (1979) suggested a gel
network with a certain degree of order can be attained if
aggregation occurs slower than denaturation; giving
denatured protein molecules time to orient themselves before
aggregation.

Ferry (1948) suggested that unfolding of a single
domain protein in solution contain two species of molecules;
those that are folded and those that are unfolded. There
are no intermediate species found in a pure co-operative
process. Therefore, disruption of part of the molecule
leads to unfolding of the entire molecule (Creighton, 1984).

Koseki et al. (1989) developed a model showing high
molecular weight ovalbumin aggregates as a "string of
beads". Ovalbumin linear aggregates were formed by
hydrophobic interaction forming a gel (Tung, 1974; Kato et
al. 1983).

Salts in the lyotropic series were used to probe the

importance of hydrophobic interactions to protein network
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formation (von Hippel and Schleich, 1969; Melander and
Horvath, 1977). The driving force for such interactions
arise from the specific effect each salt exerts on structure
of the water molecules around them (Damodaran and Kinsella,
1982). By manipulating solvent conditions the structure of
the protein will change due to decreasing hydrophobic
interaction (Tanford, 1979).

Measurement of the rate of heat flow by differential
scanning calorimetry (DSC) can determine effects of storage,
pPH or stabilizing treatments on protein thermolability
(Donovan et al., 1975). Ovalbumin displayed optimum thermal
stability in the pH range 6 to 10 with a denaturation
temperature of 79°C and denaturation enthalpy of 3.64 cal/g
at pH 7.0 (Donovan et al., 1975). Addition of 170 mM NacCl
had little effect on denaturation temperature, but 17 mM
CaCl, decreased denaturation temperature 2-3°C at pH values
above the pI.

Nondestructive dynamic fheological testing is used to
measure viscous and elastic properties of a protein solution
during heating and gives information about structure
development in gel-forming proteins (Tung, 1978). Dynamic
rheological analysis was used to observe structure
development measured by an increase in storage modulus (G')
in ovalbumin during heating from 30°C to 95°C at 2°C/min
(Arntfield et al., 1990 c). The researchers reported the G'

of a 10% ovalbumin solution decreased with increased salt
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concentration (NaCl and Na,SO, at 1.0M and 0.5M).
Temperature of structure development as determined by
changes in G' decreased with lower pH. The decrease in G'
was attributed to increased intramolecular hydrophobic
interaction.

The objectives of this project were to influence the
heat-induced gelation mechanism of hen egg ovalbumin by
changing the pH or salt type then (1) to investigate the
relationship between denaturation and structure formation
with DSC and dynamic rheological testing and (2) determine
thermodynamic and rheological properties of the gelation

process.

Materials and Methods

Material

Ovalbumin (Grade V, lot 19F 8105) was purchased from
Sigma Chemical Co. (St. Louis, MO) and used without further
purification. Moisture content was determined using AOAC
(1984) 17.006-17.007. Solutions of 80 mg\ml ovalbumim were
prepared in (1) 0.5M NaCl at pH 3.0, 7.0 and 9.0 or
(2) 0.5M NaI, 0.5M NaCl and 0.5M Na,SO, at pH 7.0. Samples
were equilibrated for 30 min before testing. All solutions

were prepared and tested in duplicate.

Electrophoresis

Ovalbumin was checked for purity by sodium dodecyl
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sulfate polyarcylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970) using a Mini-Protean II Dual slab cell
(BIO-RAD, Richmond, CA) and power supply (BIO-RAD model
1000/500, Richmond, CA). A running gel of 12% acrylamide
and a stacking gel 4% acrylamide were used. The protein
samples were run at a constant voltage of 200. Proteins
were stained with Coomassie Brilliant Blue R-250 (Bio-Rad)
in 40% ethanol and 7% acetic acid and then destained in 7%

acetic acid.

Differential Scanning Calorimetry

A Dupont 990 Thermoanalyzer equipped with a Dupont 910
Cell Base and standard DSC cell were used to determine onset
denaturation temperature (T,), thermal denaturation
temperature (Ty) and enthalpy (H.,,) of ovalbumin.
Approximately 15 mg of ovalbumin solution was sealed in a
Dupont aluminium hermetic pan (part 900793-901) and 1lid
(part 900794-903). Samples were heated from 30°C to 110°C
at 10°C/min. Temperature calibration and calibration
coefficient E for the DSC cell were determined using weighed
samples of indium over a scanning range of 25-200°C. The
reference pan contained an identical ovalbumin solution that
was previously heat-denatured in the same temperature range
as suggested by de Witt (1981 a). Rescanning the cooled
ovalbumin (Patel et al., 1990) sample showed no denaturation

peak, suggesting irreversible denaturation. The cell was
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flushed with nitrogen at 50 mL min~! to maintain an inert
environment for all experiments. All scans showed an
endothermic heat flow.

Onset denaturation temperature (T,) was the temperature
at which a change in slope of the curve occurred as
determined by DuPont 9900 General V 2.2A software program.
Ovalbumin T4 was defined as the endothermic peak temperatufe
and corresponded to 50% unfolding of ovalbumin as determined
by the DuPont 9900 General V 2.2A software program. The
apparent enthalpy of calorimetry (H.,;) was calculated using
DuPont 9900 General V 2.2A software as follows:

(1) H,,, = A/M (60BEgs)
where A is the area (cmz), M is the mass of the sample (mg),
B is the time base (min cm™!), E is the cell calibration
coefficient, and gs is the Y axis range (mW/cm). Peak area
baselines were constructed as a single straight line from
the begining to the end of the endotherm. The beginning of
the endotherm was determined as the initial increase in the
integrating curve and endotherm termination was the
integrating curve plateau.

Activation energy of ovalbumin denaturation was
calculated by a method developed by Patel et al. (1990) for
whey protein using DSC. The equation, reduced to linear
form, was:

(2) 1n (da/dt) = ln K, - E,/RT + n [1n (1-a)]
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The reaction rate (da/dt), at any temperature, T, is
calculated as the ratio of peak height to total area. The
fraction of denatured protein (a) was calculated as the
ratio of partial area to total peak area. Values of the
preexponential factor (K,), activation energy (E,), and
reaction order (n) are obtained from multilinear regression
(Eisensmith, 1989) performed using 1ln (da/dt) as dependent
variable and 1/T and 1ln (1-a) as two independent variables.

The gas constant is R.

Thermodynamic Calculations

The following two thermodynamic terms were calculated
by the methods defined by Bertazzon and Tsong (1990 a).
The van't Hoff enthalpy is defined as follows:

(3) Hyy = 4R’l‘2€p(max) / Heay

where R is the gas constant, T is the temperature (K),
Cp (max) is the maximum heat capacity of the DSC excess heat
capacity curve.

The cooperativity ratio is defined by:

(4) HVH / Hcal

Dynamic Rheological Testing

Storage moduli of ovalbumin solutions
during heating from 60°C to 100°C at 2°C/min and 15 min
isothermal experiments were monitored using a Rheometrics

Fluids Spectrometer Model 8400 (Piscataway, NJ), equipped
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with a 1-100 g-cm torque transducer and a silicon oil
circulation system controlled by a Nelsprit Temperature
Programmer. One and a half milliliters of ovalbumin
solution was placed between the cone and plate geometry
(radius 12.5 mm, 0.02 cone angle and 50 um gap) and
equilibrated for 5 min before heating. The G' was recorded
continuously at a fixed frequency of 1 rad/sec and strain of
1.0%. Limits of constant viscoelasticity were determined by
conducting frequency (0.1 to 100 rad/sec) and strain sweeps
(0.1 to 100 %) in preliminary experiments.

Significant rheological structure was designated when
G' reached 10 Pa since it was a common point of comparison
for all treatments in preliminary studies. Temperatures for
isothermal heating experiments were selected based on
temperatures at which G' reached at least 10 Pa between 0.1
and 15 min heating period.

Thermal scanning experiments (heating from 60°C to
100°C at 2°C/min) were used to determine the temperature at
which G' equalled 10 Pa. This temperature was defined as
the onset temperature for structure development (T,).

Activation energy of structure formation (Ea,) was
calculated from isothermal heating experiments at different
temperatures using time-temperature superpositioning (Ferry,
1980). Values for time (t) were taken directly from the
curve of G' versus time in which the time needed to reach a

G' of 10 Pa was used. The Arrenhius equation was used to
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calculate the activation energy of structure formation:
(5) 1In t = 1nA -Ea/RT
where t is the time needed to reach 10 Pa, A is the
preexponential factor (s7!), E, is the activation energy
(J mol™l), R is the gas constant and T is the temperature
(K). Activation energy was calculated from the slope of the

plot 1n t versus 1/T.

Statistics Analysis
MSTATC software (version c, East Lansing, MI) was used

for basic statistics and two way analysis of variance
(replication x treatment) on a complete randomized design
experiment. Tukey's honestly significant difference test

(P < 0.05) and standard error of the means were used to
evaluate the significant differences between means.
Multilinear regression analysis for determining Eay and
reaction order was conducted using Plotit (Eisensmith,

1985). All tests were performed in duplicate.

RESULTS AND DISCUSSION
Proximate Analysis
Grade V ovalbumin had a moisture content of 0.35% and
the electrophoregram exhibited one band at 45,000 (Powrie
and Nakai, 1986) which is the MW of ovalbumin. Donovan and
Mapes (1976) observed different T, for ovalbumin and

S-ovalbumin at pH 9.0 of 84.5°C and 92.5°C, respectively. In
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this research the T4 at pH 9.0 was 90.6°C. Based on this

information, S-ovalbumin was used in this experiment.

Bffect of pH on Thermal Denaturation

The T, and Ty of S-ovalbumin denaturation was lower at
PH 3.0 compared to pH 7.0 or 9.0 (Table 5). The decrease in
Tq at pH 3.0 may be explained by an increase in number of
positive charges that increases repulsive forces within the
molecules causing S-ovalbumin to unfold.

Luescher et al. (1974) showed that T4 of ovalbumin
determined by DSC was lower at pH 3.0 (63°C) than at pH 7.0

(78°C) . Donovan et al. (1975) observed that ovalbumin T4

Table 5 - Influence of pH on thermal denaturation
of 8% (w/v) S-ovalbumin in 0.5M NaCl using
differential scanning calorimetry

pH T, Ty Ea n *Ea,
3c) (<¢) (k3 /mol) (k3 /mol)

3 68.02 80.52 97.12  1.22 16.72

7 83.6P 90.6P 304.0P 1.32 61.1P

9 82.4P 90. 6P 278.5P 1.92 51.3°

T onset temperature

T: thermal denaturation temperature
Eay activation energy of denaturation

n reaction order
*Eay activation energy of denaturation calculated
when n=1

Column values with different superscripts
are significantly different (P < 0.05).
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was the same at pH 7.0 and 9.0. Arntfield et al. (1981)
observed lowering pH from 7.0 to 3.0 decreased the Ty from
84°C to 64°C.

S-ovalbumin Eay was lowest at pH 3.0 and not different

(P > 0.05) between pH 7.0 and 9.0 (Table 5). The lower S-
ovalbumin Eay at pH 3.0 indicated the energy needed to drive
the reaction from native to denatured state and temperature
dependence of the reaction were decreased. Donovan and Mapes
(1976) assumed denaturation of ovalbumin was irreversible and
reported an activation energy of 73.3 kJ/mol at pH 9.0 and
37°cC. The apparent reason for the discrepancy between
calculated Ea was due to the method of calculation. While
Donovan and Mapes (1976) used a reaction order of one; this
research used a reaction order depending on the fit of the
data to the computer analysis program. Therefore, Ea was
dependent on reaction order.

S-ovalbumin reaction order for denaturation was not
different (P > 0.05) (Table 5). Cheftel et al. (1985)
reported denaturation of proteins was a first order reaction.
Dwek and Navon (1972) estimated the E, for denaturation of
egg albumen based on thermal data to be 103 kJ/mol. Patel et
al. (1990) reported reaction order of denatured whey protein
(10%) at pH 6.34 to 6.38 ranged from 1.35 to 1.5. calculated
using a multilinear regression equation. Dannenberg and
Kessler (1988) calculated the reaction order for denaturation

of a-lactalbumen and f-lactoglobulin at pH 6.6 to be 1.1 and
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1.5, respectively. A reaction order greater than suggested
more than one molecular event occurring such as unfolding of
a-helix and B-sheet. Kokini (1991) suggested that gelation
might be considered to have two reaction orders, one for
denaturation and another for aggregation.

The *Ea, decreased with decreased pH (Table 5)
suggesting that pH 3.0 required less thermal energy to drive
the native protein to denaturation compared to pH 7.0 or
PH 9.0. The *Ea, and Eay were 5 fold different from each
other indicating the concentration of S-ovalbumin may
contributed to the calculation. Using a reaction order of
one for the Ea calculation decreased the error due to
concentration that might include aggregation. The presence
of high S-ovalbumin concentration during heat-induced
gelation may cause aggregation without denaturation causing
inaccurate Ea calculation.

S-ovalbumin enthalpy decreased with decreased pH
(Table 6). At pH 3.0 ovalbumin enthalpy was lower compared
to pH 7.0 or pH 9.0. The decrease in enthalpy might be due
to partially unfolded and aggregated molecules compared to
completely unfolded molecules at pH 7.0 or 9.0. Because
aggregation occurred without denaturation S-ovalbumin did not
totally unfolded therefore, decreasing the potential heat
energy absorption. Privalov and Khechinashvilli (1974)

feported that aggregation is a exothermic process that will
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Table 6- Effect of pH on the enthalpic contribution
to the stability of 8% (w/v) S-ovalbumin in 0.5M NacCl

calorimetric van't Hoff

pH enthalpy enthalpy CR
(kJ/mol) (kJ/mol)

3 41.22 16.62 0.402

7 62.2P 52.1P 0.83°

9 77.6€ 50.4P 0.65°

CR-cooperative ratio

Column values with different superscripts are
significantly different (P < 0.05).

decrease enthalpic values. Ma et al. (1988) and Patel et
al. (1990) reported a decrease in enthalpy in whey protein
due to thermal denaturation at acidic pH as measured by DSC.
Ovalbumin denaturation enthalpies have been reported ranging
from 706.5 kJ/mol (Donovan and Mapes, 1976) to 392.9 kJ/mol
(Fujita and Noda, 1981). Some variation in the calculation
and instrument sensitivity might account for difference in
reported values.

The unfolding step of ovalbumin is usually highly
cooperative, and requires heat, which is seen as an
endothermic peak in DSC thermograms (Kitabatake et al.,
1990). No endothermic peak suggests a fully denatured
molecule (de Wit, 1980). A cooperativity ratio (CR) below
one suggests the presence of domains or intermediate steps

in the melting process. A value higher than one indicates
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an increased cooperativity of structure and aggregation
(Bertazzon and Tsong, 1990 b). The CR for S-ovalbumin was
lowest at pH 3.0 and differred (P< 0.05) compared to pH 7.0
or 9.0 (Fig. 6). The sharpest endothermic peaks was
exhibited at pH 7.0. Ovalbumin has not been identified as
containing domains, therefore an intermediate form might be

present.

Bttoc£ of pH on S8tructure Development

The G' in Tables 7-9 were determined after 15 min
isothermal heating. The highest isothermal temperature in
which G' was me<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>