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FOREWORD

The thesis is submitted in the form of original papers for journal publication.
The first two sections comprise a general introduction and a literature review presenting
the theory and previous knowledge on this topic. The next five sections contain the
body of the thesis;each chapter represents a complete manuscript. The last section is a
summary of the major conclusions. This format has been approved by the Facuity of
Graduate Studies and Research, McGill University, and follows the conditions outline;d
in the Guidelines for Thesis Preparation, Thesis Specification, sections 3 entitled

“Traditional and manuscript-based theses” which are as foliows:

“Candidates have the option of including, as part of the thesis, the text of a paper
(s) submitted, or to be submitted, for publication, or the clearly-duplicated text of

published paper(s). These texts must be bound together as an integral part of the thesis,

If this option is chosen, connecting texts that provide logical bridges between
the different papers are mandatory. The thesis must be written in such a way that it is
more than a mere collection of manuscripts; in other words, results of a series of papers

must be integrated.

The thesis must still conform to all other requirements of the "Guidelines for
~ Thesis Preparation.” The thesis must include: él table of contents, an abstract in English
and French, an introduction which clearly states the rationale and objectives of the
study, a comprehensi\)e review of the literature, a final conclusion and summary, and a

through bibliography of reference list.

Additional material must be provided where appropriate (e.g., in ‘a_ppendices)
and in sufficient detail to allow a clear and precise judgement to be made of the
importance and originality of the research reported in the thesis.
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In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to who contributed to
such work and to what extent. The supervisor must attest to the accuracy of this
statement at the doctoral oral defence. Since the task of the examiners is made more
~ difficult in these cases, it is in the candidate's interest to clearly specify the
responsibilities of all the authors of the co-authored papers. Under no circumstances can
a co-author of any component of such a thesis serve as an external examiner for that

thesis”.

Although all the work reported in this thesis is the responsibility of the
candidate, the project was supervised by Dr. Inteaz Alli, Department of Food Science

and Agricultural Chemistry, Macdonald Campus of McGiH University.
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ABSTRACT

In most food applications, whey proteins are used, rather than the individual
proteins and this -accounts for the-’high functional variability among commercially
available whey protein products, and limits their applications. The overall objective of
this study ‘was to investigate the structural and thermal properties of individual o-
lactalbumin (oc-Lac) and P-lactoglobulin ($-Lg) fractions isolated from different whey

protein sources.

A common non-chromatographic process that isolate a-Lac and B-Lg, with
relatively high purity and yield from liquid whey (LW), whey protein concentrate
(WPC) and whey protein isolate (WPI) uéing different chelating agents, was developed.
The use of sodium citrate (NaC) and sodium hexametaphosphate (SHMP) were more
- effective than other chelating agents. Yield results indicated that 47 to 69 % of B-Lg
originally present in the whey preparations was recovered, with purities ranging from 84
to 95%, and protein contents ranging from 40 to 99%, while the yields of a-Lac were 23
to 89 %, with purities ranging from 83 to 90%, and protein contents ranging from 65 to

96% depending on the source of whey protein preparations and type of chelating agents.

. Structural and thermal properties of B-Lg and o-Lac isolated fractions were
studied using polyacryl'arrﬁdk’e ’electrophoresis (native and SDS), RP-HéLC, diﬂ‘erential
scanniﬂg calotimetry (DSC), Fourier transform infrared spectroscopy (FTIR)‘ and
electrospray ibnization mass spectrometry (ESI-MS). Results showed that aﬂ B-Lgv and
- a-Lac isolated fractions exhibit increased thermal stability and reversibility  over
standard proteins and difference in thermal properties were dependent on protein source.
The relative intensity of the 1692 c¢cm™ band in the B-Lg isolated fractions was

dependent on the nature of the chelating agent, and disappearance of this band occurred
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at temperature higher than that of B-Lg standard, indicating increased thermal stability
of B-Lg isolated fractions. Denaturation of apo-a-Lac was related to the gradual
decrease in the a-helix band and accompanied by the gain in intensity of 1653 and 1641
cm’ bands, while denaturation of holo-¢-Lac was associated by breakdown of B-sheet

structure and increase in turns and unordered structures.

Changes in charge sfate distribution (CSD), as measured by ESI-MS of B-Lg
and a-Lac in response to pH and storage time, were only qualitative and were of
relatively low resolution at basicka. The hydrogen/deutertum (H/D) exchange results
demonstrated that the conformation of holo-a-Lac was more stable than that of apo-o-
Lac and conformation of -Lg variant B was more stable £han B-Lg variant A. Kinetics
of H/D exchange indicated that ¢-Lac and B-Lg fractions isolated from different whey
protein sources have the same or impfoved- conforfnational stabilities compared to that
of a-Lac and p-Lg standard. The covalent binding of 3 or more hexose residues to o~
Lac enhanced its conformational stability, but covalent binding of two hexose residues

to -Lg resulted in less stable conformation.



RESUME

Dans la majorité des applications alimentaires, les protéines de lactosérum
(concentré (WPC) ou isolat (WPI) de protéines) sont plus souvent utilisées que les
protéines individuelles. Ces protéines de lactosérum sont utilisées commercialement et
possedent des propriétés fonctionnelles trés variables, limitant ainsi leurs applications
industrielles. Les objectifs de cette recherche étaient d’évaluer les propriétés
fonctionnelles de deux protéines, soit le o~ lactalbumine (a-Lac) et le B-lactoglobuline
(B-Lg), présente dans trois différentes sources de lactosérum (lactosérum liquide brut,
WPC et WPI). Un procédé non chromatographique a été développé afin d’isoler le o
Lac et le B-Lg. L’isolation de PB-Lg a été possiblé griace a l’utilisaﬁon d’agents
chélateurs. Parmi les chélateurs étudiés, le citrate de sodium | (NaC) et
I’hexametaphosphate de sodium (SHMP) ont montré les meilleurs rendements
d’extraction. Cés agents chélateurs permettaient une récupération de 47-69 % du B-Lg.
avec un degré de pureté en protéines de 40-99%. Le taux de récupération de la brote’ine
a-Lac e’tait de 23-89%, avec un degré de pureté de 83-90 % et un contenu en proteines
de 65-96%, dépendamment de la source de protéines de lactosérum et du type d’agents

chélateurs utilisé.

Les propriétés structu‘relles thermales du B-Lg et du a-Lac ont été étudiées par
séparation sur gel d’électrophorése, en utilisant un gel de polyacrylamide pour séparer
les protéines natives et dénaturées. Une chromatographie liquide en phase inversé (RP-
HPLC) a aussi été réalisée. Les protéines ont également été soumises 5 des analyses de
calorimétrie différentielle (DSC), spectroscopie infra rouge de fourier (FT-IR) et de
spectrométrie de masse par ionisation «électron spray». Les résultats ont montré que les
protéines o-Lac ef le B-Lg, isolées du lactosérum ont une stabilité thermale réversible et
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supérieure aux protéines standards. Cette différence dépend également de la source de
protéines (lactosérum liquide, WPC ou WPI). Les analyses de infra-rouge de la $-Lg
montre une bande intense a 1692 et cette bande dépend de la nature de I’agent
chélateur utilisé. Une disparition de cette .bande est observée a une température plus
élevée que celle observée pour le standard de la protéine B-Lg. Ces résultats suggérent
Que la stabilit¢ thermale de la protéine B-Lg, isolée du lacfosémm est supérieure a la
protéine standard. La dénaturation de apo-o-Lac étair reliée a la réduction graduelle de
la bande oc4ﬁé1ice et a une augnﬁentation de I’intensité des bandes 1653 et 1641 cm™. La
dénaturation de holo-o-Lac était associée a la destruction de la structure des feuillers

et de ’augmentation du nombre de structures non ordonnées.

L’état de distribution des charges (CSD) de B-Lg et de a-Lac a été mesurée
qualitativement par ESI-MS en fonction du pH et du temps de rétention. Les résultats
ont montré une basse résolution a un pH basique. Les résultats obtenus aprés échange de
hydrogeéne/deuterium (H/D) ont montré que la conformation du holo-a-Lac était plus
stable que le apo-a-Lac. De plus, la conformation "du B-Lg variant B était plus stable
que le variant A du B-Lg.vLes cinétiques d’échanges ront montré qué la stabilité
structurelle des protéines isolées du lactosérum étaient la mérhe ou améliorée
comparativement aﬁx protéines standards. Des liaisons covalentes de 3 ou plus de
résidues hexose dans la protéine o-Lac améliorent sa stabilité structurelle, mais une
liaison covalente de résidue hexose dans la protéine de B-Lg résulte d’uné stabilité

structurelle moins stable.
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1.

PREFACE

CLAIMS TO ORIGINAL RESEARCH

This represents the first study to develop a common non-chromatographic process
that isolate [-lactoglobulin (B-Lg) and e-lactalbumin (e-Lac), with relatively high
purity and yield, from liquid whey, whey protein concentrate and whey protein

isolate using sodium citrate and sodium hexametaphosphate.

This 1s the first study to investigate the use of charge state distribution (CSD) and
hydrogen/deuterium (H/D) exchange rates by electrospray ionization mass
spectrometry for determining structural stability of whey proteins and for identifying
differences in conformation of -Lg and a-Laé fractions isolated from different

whey protein sources.

This study has shown that the conformation of holo-e-Lac was more stable than that
of apo-a-Lac and the conformation of P-Lg variant B was more stable than B-Lg
variant A by probing hydrogen-deuterium exchange rates as measured by

electrospray ionization mass spectrometry.
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CHAPTER 1

INTRODUCTION

1.0 GENERAL

Currently, a variety of proteins with desirable functional properties for food
pfoducts are available; these include gluten, albumin, gelatin, soyprotein, casein and
whey proteins. Whey proteins (WP) are well known for their nutritional value and
versatile functional properties and are widely utilized in the food industry. An estimate
of the worldwide production of whey indicates that approximately 700,000 tonnes (de
Wit, 1998) of true whey proteins are available annually as food ingredients; whey
contains about 20-24% of total milk protein depending on the source. WPs are available
commercially as whey protein isolates (WPI, 90-95 % protein) and whey protein
concentrates (WPC, 35-75% protein). These whey products can be produced from whey

by different methods and marketed more profitably than powder whole dry whey.

An understanding of the close structure-function relationship of protein is
essential to utilize all protein resources (plant or animal origin) completely in food
system. In other words, protein molecular weight (number of amino acids), type of
amino acid (hydrophobic and hydrophilic), disposition of amino acid in polypeptide,
protein shape (globular and fibre), structure diversity (native folded, intermediate,
nxisfolded and denatured proteins), conformation (secondary,y tertiary, quaternary) under
various environmental conditions (i.e., pH, temperature, ionic strength, moisture and
type of solvent) and processing treatments (i.e., mixing, centrifugation, time and
storage, protein content, distribution and interaction with other food components) will

control its properties (Zayas, 1997).



The heterogenous nature of WP is typical of many commercial food protein
preparations. For these protein preparations, fhe observed functionality of the complete
protein preparation is the sum of the functionality of individual proteiﬁs. The most
common ﬁlncfcional,properties attributed to WPs are solubility, viscosity, emulsification,
foaming, water absorption and gel formation. The main proteins in whey are: B-
~ lactoglobulin ($-Lg, comprising 50 % of the proteins of whey), a-lactalbumin (e-Lac,
21%) and immunoglobulins (10%); bovine serum albumin (BSA, 5%) and i)roteose—
peptones which represent rnindr components (Kinsella, 1984). Of these, B-Lg, a-Lac
and BSA are primarily responsible for the physicochemical properties of whey proteins

(Schmidt and Morris, 1984).

Although, there is a relative abundance of information in the literature on factors
affecting functional prbperties of WPI and WPC,’ there is relatively limited information
on the structural proper’ties'of the individual whey proteins and on the effects of these
conformational structure on the functionality of whole whey; this remains a subject for

future studies.

1.1 RATIONALE AND OBJECTIVES OF STUDY

In most food applications, WPs are used, rather thaﬁ the individual protein and
this accounts for the high functional variability among commercially available WP
products and limits their applications (Morr and Ha, 1993; Mate and Krochta, ‘1994).
This shortcoming could be addressed through the development of commercially
relevant whey processing technologies and for the preparation of whey protein isolated
- fractions, contain mainly individual whey proteins (Smithers et al., 1996). Therefore,

selective fractionation of whey major proteins may allow exploitation of their different
2



functional, nutritional and therapeutic properties (Bramaud et al., 1997) and may result
in better understanding of the close structure-function relationship of these proteins

which is essential to utilize whey protein products completely in food system.

Currently, there is growing interest in studying protein stability-function
relations (PSFR) rather than traditional structure-function relations (Apenten and
Galani, 1999). This is because stability is easier to quantify than structure. Although,
there is a relative abundance of information in the literature on factors aﬁécting
structural stability of standard B-Lg and a-Lac, there is relatively limited information on
the structural stability of new whey protein isolated fractions, contain mainly 3-Lg and
a-Lac, obtained from different whey protein preparation and on the effect of these $-Lg
and o-Lac isolated fractions conformational structufe on the functionality of whole

whey.

The overall objective of this study was to investigate the structural and thermal
properties of a-Lac and B-Lg fractions isolated from different whey protein sources
(liquid whey (LW), whey protein concentrates (WPC) and whey protein isolates (WPI))

| using different chelating agehts. The specific objectives of the research were:

1. To investigate mass spectrometry in general and charge state distribution (CSD) and
hydrogen/deuterium (H/D) exchange using ESI-MS in particular, to the study of

fobd proteins and peptides.

2. To develop a common non-chromatographic process for isolating ﬁ-Lg and o-Lac in
relatively pure forms from liquid whey (LW), whey protein concentrates (WPC) and

whey protein isolates (WPI) using different chelating agents.



3. To investigate the thermal properties and the secondary structure of B-Lg and a-Lac
fractions isolated from different whey protein sources using differential scanning

calorimetry and Fourier transform infrared spectroscopy.

4. To invéstigate the usé of charge state distribution (CSD) and hydrogen/deuterium
(H/D) exchange rates by electrospray ionization mass spectrometry for determining
structural stability of B-Lg and a-Lac proteins and for identifying differences in
conformation of B-Lg and a-Lac fractions isolated from different whey protein

sources.



CHAPTER 2

LITERATURE REVIEW

2.0 INTRODUCTION

Proteins exhibit a broad spectrum of functional properties due to their structural
heterogeneity and ability to interact with other food components. The hydrophilic-
hydrophobic character of proteins play a significant role in the functional properties of
- proteins in food, hydrqphilicity is associated’ with protein solubility, water holding
capacity and gelling capacity. Hydrophilic-hydrophobic l;alances are associated »with
emulsifying and foaming and hydrophobicity is associated with fat bihding properties -
(Zayas, 1997). The molecular basis of hydrophilicity-hydrophobicity and therefore of
functional propeﬁies are related to the structure of the protein.’ Protein molecular weight
(number of amino acids), type of amino acids (hydrophilic and hydrophobic),
disposition of amino acids in polypeptides, protein shape, structure diversity all play a
role in protein functibnality (Zayas, 1997). Protein functional properties are also related
to protein stability as particular functional proberty of a protein is often go{/emed by a
specific protein conformation state and alteration of that state affect protein

functionality.

2.1 PROTEIN STRUCTURE-FUNCTIONAL RELATIONSHIPS

The interrelationship between the molecular and functional properties of
proteins is generally understood in a qualitative manner, quantitative prediction of the

functional behavior of protein in food systems from knowledge of their molecular
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properties has not been achieved and it remains a subject for investigation (Damodaran,
1994). Studies on whey protein functionality in model systems can provide valuable
information. Results do not always generate data applicable in actual food systems
(Zayas, 1997). Limitations associated with model system experiments can be attributed
to diversity of chemical and physical properties of the protein, interactions between
protein and non protein corhponents, variation in protein content- and the absencev of

standardized method for assessing protein functionality (Zayas, 1997).

Factors which are known to contribute to protein functionality can be classified
into intrinsic and extrinsic factors. Intrinsic factors are related to hydrodynamic (e.g.,
protein shape and size) and thermodynamic (e. g energy required to expose reactive site
during unfolding) properties of individual proteins which are related to the amino acid
sequence (Boye, 1995). Therefore, the préponion of polar, non-polar, positively and
negatively charged amino acids and their distribution along the chain can determine
certain properties such as solubility, surface hydrophobicity and the ability to stabilize
foam and emuision (Hall, ’k1996). They also determine the favored (or native)' folded
secondary structure of protein by determining the rotation of the amino acid about the
single-bonded backbone of protein until the side chains reach fhermodynamically stable
distribution (Hall, 1996). Three-dimensional twisting of the linear chains of primary and
secondary structures forms the tertiary structure while association of two or more
protein chains into an oligomeric unit forms the quaternary structure. These complex
levels of structure give proteins a great variety of forms and functions, and retention or
loss of this structure will determine food functional application. It has been recognized
that determination of protein hydrodynamic and thermodynamic properties do not

necessarily mean that a positive correlation with protein functionality can be
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established, but rather provide an indication of potential functionality (Patel and Fry,

1982).

Extrinsic factors can be divided into two areas of influence, those which aré
related to environmental conditions and processing treatments. Temperature, pH, ionic
strength, moisture and type of solvent are examples of enyironmental conditions.
Mixing, centrifugation, time and storage, protein content and amounts of distribution
and interactions with other food components are examples of processing treatments.

These extrinsic factors affect protein structure and behavior.

2.1.1 Physicochemical and Conformational Properties of B-L.g

Table 2.2 shows the composition and some physicochemical properties of whey
proteins. B—Lg is well characterized with respect to its molecular and physicochemical
properties. Characterization of B-Lg by amino acid composition, secjuencing and
isoelectric focussing have demonstrated the existence of seven genetic polymorphs
referred as the A, B, C, D, E, F and G forms, the most prevalent being the A and B
forms (Ng-Kwai-Hang and Grosclaude, 1992). Comparison of the sequences of the
purified B-Lg from milks of several different animal species have revealed an average of
55 amino acid residues common to all members suggesting that these residues are
decisive to the structure and conformation of the pfotein (Godovac-Zimmermann et al.,
1988). ’The amino acid sequence in the 3-Lg family has revealed that the }ﬁghost degreé
of sequence homology among the proteins occurs in the amino terminal region of each
protein molecule and that the position of disulfide bonds formed between Cys160-
Cys66, Cys’119-CySIO6 and the free thiol group on Cys121 are consistent (Godovac-

Zimmermann and Shaw, 1987; Godovac- Zimmermann et al., 1988).



B-Lg contains 6% a-helix, 43.8% B-sheet, 12.3% [-turns and the remaining
37.7% represent amino acid residues in random coil arrangement (Papiz et al., 1986;
Creamer et al., 1983). X-ray crystallography studies indicated that B-Lg (Figure 2.1) is
made up of 9 antiparallel B-strands, eight of which wrap round to create B-barrel, with
an helix at the external face, that has the ability of binding and transporting apolar,

lipophilic or labile compounds (Papiz et al., 1986; Sawyer, 1987).

2.1.2 Physicochemical and Conformational Properties of a-Lac

a-Lac is the second major protein component in the whey of milks from various
mammalian species, constituting 20% of the proteins in bovine whey, and serves as
lactose synthase regulatory protein. The primary structure of this globular protein
consists of 123 amino acid residues with MW of 14,147 Da for genetic variant A and
14,175 Da for variant B both contaih four intramolecular disulfide bonds and contain no
free thiol groups (Table 2.1). This macromolecular structure of e-Lac has a high degree
of homology with lysozyme. Out of a total of 123 residues in a-Lac, 54 are identical to
corrgsponding residues in lysozyme and a further 23 residues are structurally similar
(e.g. Ser/Thr, Asp/Glu) (Fox and McSweeney, 1998). Crystallographic studies reported
that the secondary structure of a-Lac coﬁsist of an a-helical content of 30%, a 30
helices content of 20% with B-structure content of 6% and the remaining 44% represent
amino acid ’residues in a random coil arrangement while the tertiary structure a-Lac is
madé up of a large a~-domain which consists of four a-helices and two short 3 helices
and of a small B-domain which consists of a ‘tﬁple-;trandéd antiparallel B-sheet, a 310

helix and series of loops (Figure 2.2) (Acharya et al., 1989; Pike et al., 1996). a-Lac



Table 2.1: Composition and some physicochemical properties of major whey
proteins.

Properties B-Lg (B) a-Lac(B) BSA. IgG
Concentration (/L of milk) 32 12 04 08
Approximate % of total 45 20 5 - 10
whey protein
MW (Da) 18,363 14,176 66,267  150,000-1,000,000
Amino acids/mol 162 123 582 >1000
Genetic Variants 7 3 1 -
Cysteine/mol 5 8 35 -
Disulfide bonds/mol 2 4 17 -

% Charge residues/mol 30 28 34 -

Isoelectric point (P/) 53-54 42-45 5.1 5.5-8.3

Average hydrophobicity 5.1 4.7 43 46
~ (kJ/residue)

- Modified from Cayot and Loriént, 1997; de Wit, 1998; Fox and McSweeney, 1998;
Belitz and Grosch, 1999.
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Figure 2.1: A general view of B-lactoglobulin. The binding site (filled atoms is
shown in the central calyx, and the putative binding site (open atoms) is
indicated on the outer service of the protein (Wu et al., 1999).
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contains a single tightly bound calcium (Ca®"), the binding site being essentially
identical in all the known a-Lac crystal structure (Pike et al., 1996). The binding site for
the Ca*" is located in a loop between the 3o helix (B-domain) and an o-helix (-
domain). The Ca*" is co-ordinated by the side chain B-carbdxylate groups of three
aspartic acid residues (Asp 82, Asp 87, Asp 88), two backbone carbonyl oxygen atoms
(Lys 79 and Asp 84) and two water molecules, which contribute two oxygen ligands

(Pike et al., 1996).

The binding of Ca** stabilizes the structure of native a-Lac (Hiraoka et al,
1980). The apo-form (Ca®’-free) and holo-form (Ca.2+ -bound) of a-Lac has peak
temperature (7'q) at 35 and 64 °C corresponding to the denaturation, respec;cively (Boye
et al., 1997a; Boye and Alli, 2000). Although the apo-form is less stable than the holo-
form and its refolding is much slower (Hiraoka and Sugai, 1984; Kuwajima et al., 1989;
Forge et alg, 1999), the folded conformation of the two native forms aré similar
(Kuwajima et al., 1986, 1989; Forge et al., 1999); these CD and proton NMR studies
demonstrated that the stability of molten globule (native-like structure in partially folded
protein) formed under refolding conditions is | enhanced by Ca®" Wheﬁ a-Lac is
subjected to various physicochemical conditions such as low pH values, temperature
above 50 °C and binding of ions, the native state (N) of a-Lac can undergo various
conformational transition to form the molten globule state (A), which is a stable,
pérfially folded state (Kronman, 1989). Under these conditions the protein will

aggregate and precipitate.
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Figure 2.2: Structure of holo-a-lactalbumin with the Ca*'-binding region
highlighted. The C-helix, the 3,0 helix and the loop linking them are shown in
dark blue. The Ca’*-binding residues, Lys79, Asp82, Asp84, Asp87 and
Asp88, are shown in a ball-and-stick representation in green. The Ca®" is
shown in red and the four disulphide bonds are in yellow. The four a-helices
are labeled (Pike et al., 1996).
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2.1.3 Effect of Extrinsic Factors on the Structure and Function of p-
Lg and a-Lac
B-Lg and oz‘-Lac structures are profoundly influenced by environmental factors.
Minor changes in pH, ionic strength, temperature and the presence of denaturants often
result in alteration of B-Lg and a-Lac conformation and functional behavior. Thus,
changes in pH, ionic strength, or the addition of othef solutes generally influences -Lg
and o-Lac unfolding and resulting in changes in solubility, heat denaturation profile,

aggregation behavior and spectral properties (Paulsson et al., 1985, Phillips et al., 1994).

2.1.3.1 Effect of pH

B-Lg is one of relatively few globular proteins which remains in solution near its
isoelectric point (p/). The fact that B-Lg is soluble even when electrostatic repulsion is
ldw or absent suggest that othér solution forces are more dominant under these -
conditions (Phillips et al., 1994). Hydrophobic interactions can affect solubility and
therefore, the protein structure at.various pH values. Although B-Lg is a relatively
hydrophobic protein, the relative absence of nonpolar groups, particularly aromatic
aminor acids, on the molecular surface of -Lg explains Why this protein remain soluble

in aqueous solution, even when electrostatic. repulsive forces are low or absent

(Swaisgood, 1982; Hayakawa and Nakai, 1985).

B-Lg (MW 18, 300 Da) exists as a dimer (36, 700 Da) between pHS and 6.5 as
a result of electrostatic interactions between Asp 130 and Glu 134 of one monomer with
Lys 135, Lys 138 and Lys 141 of another monomer (Creamer et al., 1983). Above pH

6.5, the dimer dissociates due to excessive electrostatic repulsion (Brown and Farrell,
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1978). At pH 4 to 5 and above 8, the dimer self-associate to form an octamer (Pessen et |
al., 1985). It has been speculated that B-Lg undergoes specific structural transitions
characterized by a tighter, less elastic conformation at acidic pH, compared with highly
flexible, more hydrophobic ’molecules at values above 7.5 (Kella and Kinsella, 1988b).
The conformation stability and flexibility of B-Lg at various pH values was assessed by
stﬁdying the equilibr’ium thermal unfolding curve of the protein in the temperature range
of 64 °C to 84 °C (Kella and Kinsella, 1988a). The transition temperature progressively
increased with a decrease in pH from 7.5 to 6.5 and 3.0 to 1.5, indicating an increase in
protein stability. The more stable conformation’ of B-Lg at acidic pH can be attributed to
its ability to carry approximately 18 positive charges; protonation of certain carboxylic

groups can contribute to extra hydrogen’ bonding (Kella and Kinsella, 1988a). The
decrease in temperature of denaturation as the pH is raised is indicative of the B-Lg
molecules béc’oming more thermolabile and is consistent with exposure of non polar
groups to the solvent during the heat induced transition from native to the unfolded state

(Waissbluth and Grieger, 1974).

At pH around 4, o-Lac loses the bound Ca®’; resulting in conformational
change;s that make‘ the protein more sensitive to heat dénaturation' and enzymatic
treatment’ (Cayot and Lorient, 1997). Heating é.t pH 7 or 9 increases the foaming
capacity and stability of e-Lac. However, heating at pH 2 (apo-form) or at pH 5 (near
p/) has; a negative effect‘ony foaming properties of a-Lac, by inducing hydrophobic
aggregation which is detrimental to stability of foams (Cayot énd Lorient, 1997). In

solution, o-Lac undergoes a rapid reversible association at acidic pH, very little
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association between pH 6 and 8.5 and expansion without aggregation at pH above 9.5

(Boye et al., 1997a).

2.1.3.2 Effect of lons

The type and concentration of ions in the medium greatly influence protein
solubility and thermal stability. Salts at low to moderate concentration generally
counteract the effect of the electric double layer that surrounds protein moleéules in
solution. Increasing the ionic strength of the protein solution masks charged groups that
becomes accessible through heat—induced conformational rearrangements, thus
enhancing hydrophobic interactions (Sawyer and Puckeridge, 1973). B-Lg in solqtion
(0.05t0 0.1 M NaCl), heated to 90 °C for varying lengths of time (0 to 60 min) unfold,
yet remain soluble (Harwalkar and Kalab, 1985). However, ét higher ionic strengths (>
0.15M NaCl), B-Lg in solﬁtion becomes turbid after 5 to 10 min of heating (Harwalkar |
énd Kalab, 1985). Differential scanning calorimetry ’(DSC) studies on the effect of NaCl
and CaCl, on the thermal trz’msitionr characteristics of B-Lg showed that both salts
incréased temperature of denaturation whereas the enthalpy was not sigrﬁﬁcantly

affected (Harwalkar and Ma, 1987).

a-Lac shows high affinity for Ca ** (K=2.5X108) and a number of other cationic
metal ions, including Mg **, Na”, K+ and Zn ', (Permyakov and Berliner, 2000). DSC
data showed that the apo-form (Ca**-free) and holo-form (Ca®*" -bound) of e-Lac has
peak temperature (7'4) at 35 and 64 °C corresponding to the denaturation, respectively
(Boye et al., 1997a; Boye and Alli, 2000). In the absence of Ca >, binding of Mg **, Na"

and K" increases the thermal stability of ¢-Lac but binding of Zn ** ions to holo-a-Lac
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decreases the thermal stability of the protein, causing aggregation and increases its

susceptibility to enzymatic treatments (Permyakov and Berliner, 2000).

2.1.3.3 Effect of Denaturants

Urea, ‘guanidine hydrochloride and alcohol are common denaturing agents
“employed to study transitions between native and unfolded states of proteins. Alcohols
denature proteins by diminishing hydrophobic interaction while enhancing hydrogen
bonding and electrostatics; that is, the balance of forces is shifted in favor of hydrogen
bonding and helix formation with increasing mole fraction of alcohol (Philips, 1994). In
contrast, urea and guanidine hydrochloride induce denaturation by . weakening
hydrophobic interaction, without appreciable alteration of hydrogen bonding (Edelhoch
and Osborne, 1976). CD spectral analysis showed that a-helical structure increased in 3-
Lg suspended in alcohol solution (1% W/V) (Mattarella et al., '1983). The denaturation
of B-Lgin6 M urea at pH 3.0 is completely reversible (Pace and Tanford, 1968). Philips
(1992) showed that under extreme denaturation ‘conditions (6M urea, pH 7 ahd 14 mM
DTT) a portion of the globular structure of B-Lg remained intact. In the presence of
guanidine hydrochloride, o-Lac conformation undergoes a three—stage denaturation

mechanism (N==A—D) which include destruction of tertiary structure (transition A) that

can be restored by binding of monovalent cations (Na” and K"), followed by destruction
of secondary structure (transition D) and complete unfolding of the protein (Wong et al.,

1996).
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2.1.3.4 Effect of Temperature:

Globular proteins display a wide range of heat-induced behavior, which reflect
their inherent differences in molecular and physiéal structures and intermolecular
interactions (Philips et al., 1994). Thermal denaturation of B-Lg follows a series of
unfolding and association steps as indicated by a significant increase in the amounf of B-
structure as the temperature is progressively increased from 60 to 80 °C. Irfeversible
conformation changes of B-Lg éccur at a temperature around 70 °C. At this temperature,
B-Lg aggregates due to spontaneous interaction arising from partial unfolding of the
molecule; which releases previously committed hydrogen bonded protein groups for
alternative interaction, although the specific structure of aggregates is unknown (Sawyer
et al., 1971). FTIR experiments demonstrated the effect of elevated temperature on the
secondary structure of §-Lg (Boye, 1995). On denaturation, the major changes were a
decrease in a-helical structufe and an increase iﬁ B-sheet structure. On aggregation, the
major changes observed were, an increase in intermolecular hydrogen-bonded f-sheet
structure, slight decrease in number of turns and further’loss of a-helical structure

(Boye, 1995).

Heating of a-Lac (0.7%) in phosphate buffer (0.1 M, pH 7) for 10 min at 100 °C
results in no gel forfnation whiéh is not the case for B-Lg and BSA (Relkin, 1996). The
absence of gel formation in a-Lac is due to the absence of a free sulthydryl group that
can induc‘e‘thiol—thiol or thiol-disulfide interchange upon heating (Gezimati et al., 1997).
The binding of Ca** increases the thermal stability and reversibility of a-Lac (Boye et
al., 1997a) and heating in ’the presence of B-Lg, increases the thefmal stability of apo-o-

Lac (Boye and Alli, 2000).
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2.2 PROTEIN FOLDING AND STABILITY

The thermodynamic hypothesis proposed by Anfinsen (1973) indicated that in
order for proteins to fold 'Spontaneously into their native state, the native state must
. assumes the globalr minimum in Gibbs energy and native and unfolded states are in
equilibrium. The equilibrium between native (N) and unfolded (U) states is defined by

the equilibrium constant, K, as:
K = [UV/IN] (Eqn 1)

The stability of a protein molecule is described by the difference in free energy (AG)

between the unfolded and folded states and can be expressed as:
-RTInK=AG=AH-TAS (Egn 2)

Where R is the universal gas constant, T is the absolute temperature (in Kelvin), AH is
the enthalpy change and AS is the entropy upon unfolding. From equation (2), it can be
observed that protein stability result from a balanee between large and opposing
entropic and enthalpic effect, both of which are highly temperature dependent. Dill
(1990) hypothesized that folding of a protein is driven by hydrophobicity which iS
defined in terms of the transfer of nonpolar‘ amino acids from HZO into a medium that is
nonpolar and preferébly capable of hydrogen bonding. Nevertheless, steric constraints
in compact chain are also supposed to be resp.onsible for their considerable internal
architecture (Dill, 1990). The folded states of proteins are only »myarginally more stable
than the fully unfolded state, even under optimal conditions, with a net stability about
21-63 kJ/mol equivalent to few hydrogen bendé (Phillips et al., 1994). This explains
why slight changes in environmental conditions can cause a protein to undergo

conformational changes (Bryant and McClements, 1998). In native protein
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~ conformation, the stabilizing contributions that arise from various molecular
iﬂteractions which inoludes steric interactions (overlap of electron clouds); Van der
Waals forces (interactions between fixed and induced dipoles); electrostatic interactions
(charges); hydrogen bonding (resulting from the sharing of a hydrogen between
electronegative atoms); hydrophobic effect; disulfide bridges and are largely offset by
the destabilizing configurational (local and non-local) entropy (Damodaran, 1997,
Murphy,- 2001). The general characteristics of the molecular interactions between

protein molecules are summarized in Table 2.2.

2.3 TECHNIQUES FOR STUDYING CONFORMATIONAL
CHANGES

Various analytical techniques including, optical rotation spectrophotometry,
viscosimetry, fluorescence, circular dichroism, infrared absorption and nuclear magnetic
resonance (NMR) of hydrogen/deuterium (H/D) exchange are commonly employed to

monitor conformational changes of food proteins.

‘A change of state of a substance is accomparﬁed by changes in energy level.
Thormodynanﬁc propefties of proteins can be studied by differential scanning
calofimotry (DSC). DSC can provide data for roeasuring sample purity, reaction kinetics
and transition témperature (Kilara arid Harwalkar, 1996). Howe\}er, due to the relatively
low‘k seositivity of commercially available DSC instruments, together with fhe fact that
proteins usually exist in low concentration in many foods and have small denaturation
enthalpy values, the use of DSC for studying food proteins has been somewhat limited

(Kilara and Harwalkar, 1996).
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Table 2.2: General characteristics of molecular interactions between two similar protein molecules in aqueous solution. (Bryant and
McClements, 1998) ' '

Type ~ Sign Strength Range pH LS. Temperature
Hydrophobic Attractive Strong Long No - No Increase
Electrostatic Repulsive =~ Weak — Strong®  Short — Long® Yes Decreases Increase
Hydrogen bonding Attractive Weak Short No No Decrease
Hydration Repulsive ~ Strong Short No” No” Decrease
Van der Waals Attractive Weak Short No No -

Steric repulsion Repulsive Strong Short No No -
Disulfide bonds Attractive Very Strong Short Yes No -

“Depends on pH and ionic strength (1.S.).
® Indirectly depends on pH and LS. because these factors influence the degree of protein hydration.



Visible and ultraviolet spectroscopic techniques are based on absorption of light
and emission of radiation, by tryptophan, tyrosine and to some extent phenylalanine and
cystine (i.e. disulfide bond) in the UV range (250-300 nm). Although changes in
absorption spectra in UV range are useful to observe structural changes, many
difficulties are associated with this technique; these include the presence of prosthetic
groups, spectral sensitivity to type and accessibility of solvent and the presence of acid
and alkali. Nevertheless, there are studies that have reported the use of UV spectroscopy
to monitor food protein conformational changes (Matsuda et al. 1981a, b; Hermansson,

1979; Ma and Harwalkar, 1988).

Circular dichroism (CD) and optical rotation dispersion (ORD) are two thical
activity techniques which are used to monitor conformational changes in proteins. They
are ’based on the abil'ity of the protein to rotate a plane polarized light. CD bands
originate from the differences of an absorption‘of left and right handed circular’ly
polarized light. This result from optically active asymmetric molecules at far UV/ amide
regions (170-250 nm) due to peptide'bonds’and at near UV (250-300 nm) du‘e to
immobilized aromatic amino acids. The CD technique is useful for studying the
secondary structure of proteins and to determine the relative properties of a-helicity, -
sheet and random coil (Wagnef and Anderegg, 1994). However, this technique has
limited appliéations in monitoring conformational changes in food proteins. (Bembers

and'Satterlee, 1975; Matsuda et al., 1981a, b; Kato et al., 1981).

Fluorescence emission 1s observed when excited electrons return from the first
excited state back to the ground state. Fluorescence emission originates from the

aromatic amino acids. Fluorescence is an excellent tool to investigate conformational
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changes of proteins; however, it is aﬁ'ecfed by the nature and concentration of the
buffer, presence of fluorescence impurities and dust (Schmid, 1997). Although
structural changes of protein have been studied by trypiophan ﬂuorescenc,;e (Lin et al.,
1994), localized structural changes may not be detected since tryptophan exist less
commonly in many préteins. Examples of 'the application of fluorescence techniques to

food proteins are illustrated by Yamagishi ét al. (1982) and Ma and Harwalkar (1988).

Fourier transform infrared (FTIR) spectroscopy technique has becorﬁe widely
accepted for studying protein structure. This technique is based primarily on the
examination of C=0 stretching vibrations of amide groups in the region between
approximately 1600 and 1700 cm™. Many studies have used FTIR to monitor changes
in secondary structure of food proteins under various physicochemical factors in -
lactoglobulin (Boye et al., 1996b), in BSA (Boye et al., 1996a) and in a-lactalbumin
(Boye et al., 1997a). IR spéctroscopy has proved useful for 1) assessment of protein-
- polypeptide secondary structure from the analysis of amide bonds (I and II), 2)
mechanistic information about protein function/structure and protein-ligand interaction
and 3) determining the éccéssibility of entire protein backbone to hydrogen-deuterium
(H/D) (Surewicz and Mantsch, 1996). However, IR provides little information about the
levels of H/D cont.e.nt in a specific region of a protein (Osborne and Nabedryk-Viala,
1982) and whether H/D exchange is complete or not (Surewicz and Mantéch, 1996).
Moreover, IR spectroscopy provides little information on the tertiary struc;cure of a
protein and requires relatively high protein concentration (Havel, 1996). The absorption
of side chains can also affect the spectral properties, since almost 20% of the protein

absorption in the amide region is caused by the side chains (Rahmelow et al., 1998).
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More detailed insight into the kinetics Qf structure formation may be gained
from nuclear magnetic resonance-deuterium exchange technique. Deuterium exchange
studies have been used in combination with NMR to determine protein conformation
(Englander and Mayne, 1992), to characterize the fluctuations between <different protein
conformation (Rohl et al., 1992) and to monitor the changes in protein conformation
- due to ligand binding (Mayne et al., 1992). However, obtaining these information is
restricted to highly soluble proteins with molecular weight of less than 20 kDa (Zhang
et al., 1996). Moreover, many amide ’hydrogens are not included in hydrogen exchange
studies. NMR is not capable of measuring the exchange rate of the surface amide
hydrogen because either their resonances have not been assigned or they exchange too
qﬁickly, before the analysis is complete and consequently cannot be determined
(Marmorino et al., 1993). Although much useful information has been obtained through -
numeroué applications of these methods, they give little information about specific
regions undefgoing structural or dynamic changes and require relatively high

concentration and large quantities of purified protein.

2.4 DETECTION OF PROTEIN CONFORMATIONAL
CHANGES USING ESI-MS

2.4.1 Charge State Distribution

The utility of electrospray ionization mass spectrometry (ESI-MS) lies in its
ability to generate multiply charged gas phase ions from protein molecules in solution.
The number of basic residues (Arg, Lys and His) plus the N-terminal amino group in a

protein was reported by Loo et al. (1988 and 1990) and Covey et al. (1988) to be
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directly related to the charge state of the analyte species observed in ESI mass spectra.
However, the shape and placement of this distribution of charge state along the m/z axis
of mass spectrum depend on the accessibility of these basic sites (Wang and Cole,
- 1997). Changes in protein conformation from folded, native‘ structure ’to extended
denatured one, make charge sites more accessible (Wang and Cole, 1997). Many reports
have appeared on monitoring conformational changes in chicken egg lysozyme induced
by altering the pH (Loo et al., 1991), temperature (Le Blance et al., 1991; Mirza et al.,
1993) and disulfide bridges (Loo et al., 1990). However, CSD is sensitive to tuning
conditions in the mass spectrometer, to slight variation in pH and to counter-ion effect
(Robinson, 1996). Therefore, more reliable methods for detecting protein

conformational stability are required.

2.4.2 Hydrogen-Deuterium Exchange

The rate at which deuterium exchanges with hydrogen located on the peptide
bond has been used to detect structural changes in protein for over thirty years and often
measured by'NMR and FTIR (Smith et al., 1997). Hence, amide hydrogen exchange
rate can be a sensitive probe for detecting changes in protein conformation. Increased or
decreased rates of isotopic change can contribute to loosening and tightening of folded
structu-re. Intereét in amide hydrogen change as a tool for investigating protein sfructure,
accelerated dramatically with the Qse of electrospray mass spectrometry }(ESI-MS)
- because of its accurate determination of deuterium levels in peptide and proteins (Smith
et al., 1997). The technique is based oﬁ'the mass spectrometric measurement of the
extent of H/D exchange that occurs in different protein conformers over defined periods

of time (Katta and Chait, 1991, 1993). This technique is relatively easy to execute, can
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monitor exchange simultaneously of global or local regions of protein molecules, and

has little or no effect on protein conformation (Sivaraman and Robertson, 2001).

2.4.2.1 Amide Hydrogen Exchange Rates: influencing Factors and
Kinetics
Exchange rates of pfotein and peptide amide hydrogens are sensitive to pH,
neighboring side—chain and conformation; detailed studies (Smith et al., 1997) have
indicated that amide hydrogen exchange rate (4.x) is catalyzed by acid and base, and can
be qxpressed as the sum of rate constant for acid (ku) and base (kon), as indicated in the

following equation:
kex=ku [H'] + kon [OH] (Eqn 3)

Bai et al. (1993) measured the isotopic exéhange rate (k.x) 1n polyalanine model as a
function of pH (Figure 2.3). They concluded that isotopic exchange must be preformed
under pH control. Sensitivity of isotopic exchange of protein and peptide amide
hydrogens’ to neighbouring side-chains has been quantitatively assessed using model

dipeptides of the naturally occurring side-chain (Bai et al., 1993).

Higher order structural (2°; 3°) features of proteins and peptides can afféct amide
hydrogen exchange rate dfasﬁically, thereby forming the basis for estimating, dete(;ting
’ and locating conformational changes. Various kinetic models have been developed to
describe isotopic exchange of amide hydrogen in proteins and peptides (Miller and Dill
1995); most of the results fof amide hydrogen exchange in folded protein can be

explained by the following equations:
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k op k re
NH@ = NHepy — ND (Eqn 4)
k cl

Where ko and kg are the rate constants for structural opening and closing, respectively,
and NH (p) is the open form that exchange with solvent at intrinsic rate constant A,
where rc stands for random coil (Huyghues-Despointes et al., 2001). The measurable

rate constant for isotopic exchange k. is given by:

keex = (kop * kat)/ (kop + kot + k) (Eqn 5)

If the protein is present mainly in the open form (ko >> kq), the isotopic exchange rate

constant, k.xis measured as follow:
kex = ke (Eqn 6)

The rate constant for isotopic exchange (k) in the process described by equation (6) 1s
desighated for folded ’proteins. In this process, isotopic exchange of many. amide
hydrogen occurred without large structural changes of the native protein (Smith et al,
1997). Isotopic exchange of amide hydrogen located on the surface of folded proteins
and peptides; or near open channels, dominates this process. However, unfolding, which
include breaking intermolecular hydrogen bonds, is required for isotopic exchange of
amide hydrogen that are involved in the secondary structure (e.g., in a-helix and B-

sheets).

If the protein is present mainly in the closed form (native), one can usually assume that

kg >> kop, in ' Which case equation (5) simplified as follows:
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log (k ,.)

Figure 2.3: Rate constant for isotopic exchange of hydrogen located on peptide
amide linkage in polyalanine. (Bai et al., 1993).
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kex = (kop : kcl)/ (kcl + krc) (Eqn 7)

From equation (7), two mechanisms could potentially occur, depending on conditions,
. either as two distinct processes or in combination (Huyghues-Despointes et al., 2001).
For most proteins at neutral pH, and in the absence of denaturants, & >> k. and thus the

measured rate constant for isotopic exchange is given by:
kex = (kop/ kcl) ke = ch Ko (Eqn 8)

Where K. is equilibrium constant describing the opening process; this kinetic
mechanism is often referred as EX2 (uncorrelated exchange or biomolecular reaction)
(Miller and Dill, 1995; Huyghues-Despointes et al.,, 2001; Sivaraman and Robertson,
2001). Furthermore, for most proteins at extreme pH and temperature, and in the
presence of denaturants, k.. >> kg, the isotopic exchange rate constant, k. is measured

as follows:r
kee=kop ' (Eqn 9)

This kinetic mechanism 1s often referred as EX1 (correlated exchange or
rmohémolecular) (Miller and Dill, 1995; Huyghues—Desp_ointes et al., 2001; Sivaraman
and Robertson, 2001). For both EX2 and EXI type exchange, apparent first-order
kinetics are expected. The value of ke can thus be derived by fitting the experimental
proton occupancy as a function of time to a simple exponential funétion (Sivaraman and

- Robertson, 2001).
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CHAPTER 3

APPLICATIONS OF MASS SPECTROMETRY TO FOOD
PROTEINS AND PEPTIDES

3.0 CONNECTING STATEMENT

Mass spectrometry (MS) has become an importaht analytical tool in biological
and biochemical research with the development of electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) techniques. Their speed, accuracy
and sensitivity are unmatched by conventional analytical techniques. Characterization of
food of proteins and peptides is a rapidly growing field in food chemistry. The work
described in this chapter addresses the contributiens of MS to determination of the
structure of proteins and peptides in some common protein foods such as milk and dairy
products, meat and ﬁsh products, eggs, legumes, cereal and cereal products and
addresses the first objective discussed in the “Ratiohale aﬁd Objectives of Study”

seciion of Chapter 1.
Note: This chapter is the text of a paper which has been published as follows:

Alomirah, H. F.; Alli, I; Konishi, Y. Applications of Mass Spectrometry to

Food Proteins and Peptides. J. Chromatogr A. 2000, 893, 1-21.

Contribution of co-authors: Alli, 1. (thesis supervisor); Konishi, Y. (provided

expertiSe in MS data interpretation).
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3.1 ABSTRACT

The application of mass spectrometry (MS) to large biomolecules has
revolutionized in the past decade with the development of electrospray ionization (ESI}
* and matrix-assisted laser desorption/ ionization (MALDI) techniques. ESI and MALDI
permit' solvent evaporation and sublimation of large biomolecules into the 'gaseous
phase, respectively. The coupling of ESI or MALDI to an appropriate mass
spectrometer has allowed determination of accurate molecular mass and detection of
chemical modification at high sensitivity (picomole to femtomole). The interface of
mass spectrometry hardware with computers and new extended mass spectrometric
methods has resulted in the use of MS for protein 'sequencing, post-translational
modifications, protein conformations (native, denatured, folding intermediates), protein
folding/unfolding, and protein-protein or protein-ligand interactions. In this review,
épplications of mass spectrometry, particularly electrospray ionization mass
spectrometry (ESI-MS) and matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry (MALDI-TOF-MS), to food proteins and peptides are described.
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3.2 INTRODUCTION

Until the middle of 1980's, tﬁe analysis of proteins and large polypeptides by
mass spectrometry (MS) could not be accomplished because of their polarity and their
non-volatile nature (Mann and Wilm, 1995; Siuzdak, 1994). Initially, electron impact
(EI) (Biemann and Vetter, 1960) and chemical ionizétion (CD) (Munson and Field,r
1966) were used for small molecules which could be vaporized without decomposition.
In‘ these ionization techniques, fragments and ions other than‘ intact molecular ions,
appeared in the mass spectra. The developrhent of desorption techniques represented the
first méjor breakthrough for the formation of gaseous protein or large peptide ions
without fragmentatioh. These desorption techniques include field desorption (FD)
" (Beckey, 1977), plasma desorption (PD) (Bueler et al., 1974; Torgerson et al., 1974),
laser deSorption (LD) (Karas et al, 1985), secondary ion (SI) and fast atom
bombardment (FAB) (Barber et al., 1982). However, experimental difficulties and
limited range of moleculaf masses (M,), together with low sensitivity at high molecular
mass (high-M,), limited the‘application of these desorption techniques (Fenn et al,
1989; Smith et al., 1990). Subsequently, atmospheric pressure chemical ionization
(APCI) (Horning et al.? 1974) and thermospray ionization (TSP) (Blalkley and Vestal,
1983)‘techniques were introduced primarily for on-line coupling of MS to separation
techniques like high—performance liquid chromatography (HPLC). Although'APCI.and
~ TSP advanced the analysis‘of proteins and peptides, experimental difficulties, such as
low sensitivity and limited mass range due to non-volatility and polarity of the samples
were still encountered (Gaskell, 1997). Therefore, there was a need of new ionization

methods with improved sensitivity and a wider range of applications.

31



In the early 1980s, two ionization techniques, electrospray ionization mass
spectrometry (ESI-MS) and matrix-assisted laser desorplcion/ioﬁization time-of-flight
mass spectrometry (MALDI-TOF-MS) were almost simultaneously emerged for the
analysis of large biomolecules. Although the concepts associated with these ionization
techniques dated back at least two decades (Bailey, 1988), it was Yamashita and Fenn
(Yamashita and Fenn, 1984a, b) and Aleksandrov et al. (Aleksandrov et al., 1984a, b)
who successfully coupled an electroSpray ion source to a quadrupole and a magnetic
sector mass analyzer, respectively. Karas and Hillenkamp developed the MALDI-TOF-
~ MS technique in which relatively large numbers of intact prptein ions were generated by
laser desorption of a matrix containing protein molecules (Kéras and Hillenkamp,
1988). Both ESI-MS and MALDI-TOF-MS now extensively support research of
proteins and peptides, each having unique.capébilities, as well as some fundamental
-similarities (Siuzdak, 1994). Their common features include idnization without
fragmentation, accurate' mass determination, picomole-to-femtomole sensitivity, and
broad applicability (Mann and Wilm, 1995; Siuzdak, 1994; Zaluzec et al., 1994; Chait
and Kent, 1992); however, induced fragmentaﬁon during MS analysis is desirable for
sequence analysis of peptides. They are the foundation of the new field of biological
MS, a tool that can determine M, (Alli et al, 1994), conformation changes
(Chowdhuray et al., 1990, »Kétta'arnd Chait,A 1991), ﬁolecular interaction (Loo and
Ogorzalek Loo, 1997), sequence N-terminally blocked protein (Biemann, 1988), define
N and C terminals sequence héterogeneity (Loo et al., 1990), locate and correct errors in
DNA (Nordhoff et al., 1996), identify sites of deamination and isoasparty formation

(Siuzdak, 1994), of phosphorylation (Liao et al., 1994), of oxidation, of disulfide bone
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formation (Zaluzec et al., 1994), and glycosylation (Alli et al.,, 1994; Morgan et al,,

1997).

While the principles of MS of proteins are broadly applicable, the focus of this
review paper is primarily on applications to foed proteins and peptides. During the past
two decades, considerable effort has been devoted to structural characterization of food
proteins and peptides. Although much useful information khasvbeen obtained through
numerous spectroscopic methods, they give no information abour specific regions
undergoing structural or dynamic changes and require relatively high concentration and
large quantities of purified protein and long analysis time. In contrast, MS can
accurately and precisely probe the conformational changes of large protein M; in
relatively short analysis time (10-90 min). Food proteins whose M, have been
determined by MS are shown in Table 3.1. Comprehensive reviews of the recent theory,
insfru‘ments and applications of ESI and MALDI have appeared in the literatnre
(Gaskell, 1997; Nordhoff et al., 1996; Nguyen et al., 1995; Kaufmann, 1995; Sporns
and Abell, 1996; Gross and Strupta, 1998). This review addresses the contributions of
MS to determination of the structure of proteins and peptides in some common protein
foods such as milk and dairy products, meat and fish products, eggs, legumes, cereal

and cereal products, although the pn'ncipleé applies to other proteins as well.
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Table 3.1: Report of Some Food Proteins and Peptides Molecular Mass by ESI and

Casein Subunits Bovine

Casein Subunits Buffalo

Ovine (os1)
Variant A

Variant C

Variant D

as phosphorylated
as dephosphorylated
og-CN

B-CN

x-CN

71-CN

YZ'CN

1-CN

ags-CN

p-CN

k-CN

71-CN

1-CN

Yz'CN

9P (199 amino acid)
9P (191 amino acid)
8P (199 amino acid)
8P (191 amino acid)
4P (199 amino acid)

23725-23682

23005

25241

24085
19125

20085

11856

- 11591

23406
24066
19192
20090
11850
11588

23478
22467
23412
22390
23188

MALDI-MS

Proteins/Peptides Note ?I?:; References

Animal Proteins

Egg Proteins o

Lysozyme Hen eggs 14305 Mirzaet al., 1993

Ovotrasferrn Hen eggs 77500 Smith et al., 1990

Ovalbumin Hen eggs 43300-44585  Smith et al., 1989
Hen eggs 44630 Deighton et al., 1995

Conalbumin Turkey eggs 77500-77650  Loo et al., 1989

, ~ Hen eggs 77790 Deighton et al., 1995

Milk Proteins ' '

Bovine serum albumin Monomer 66646 Looetal, 1991
Dimer 133460 deFrutos et al., 1998
Trimer 200188 deFrutos et al., 1998
Tetramer 266329 deFrutos et al., 1998
Pentamer 332800 deFrutos et al.; 1998

B-lactoglobulin B variant (Bovine) 18277 Morgan et al., 1997
A variant (Bovine) 18363 Leonil et al., 1997
Buffalo 18306 Angeletti et al., 1998
Ewe 18102 Fantonet al., 1998

o-lactalbumin Bovine 14175 Smith et al., 1990
Buffalo 14270 Angeletti et al., 1998
Ewe 14139 Fanton et al., 1998

Allietal, 1998
Allietal., 1998
Allietal,, 1998
Allietal., 1998
Allietal, 1998
Alli et al., 1998
Alli et al., 1998
Allret al,, 1998
Angeletti et al., 1998
Angeletti et al., 1998
Angeletti et al., 1998
Angeletti et al., 1998
Angeletti et al., 1998
Angeletti et al., 1998

Ferranti et al., 1995
Ferranti et al., 1995
Ferrant et al., 1995
Ferranti et al., 1995
Ferranti et al., 1995
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Proteins/Peptides Note (Da) References
, 4P (191 amino acid) 22194 Ferranti et al;; 1995
Caprine (ats1) ‘
Variant A 8P (199 amino acid) 23362 Ferranti et al., 1997a
8P (198 amino acid) 23239 Ferranti et al., 1997a
8P (191 amino acid) 22351 Ferranti et al., 1997a
Variant B 8P (199 amino acid) 23345 Ferranti et al., 1997a
8P (198 amino acid) 23215 Ferrantietal., 1997a
8P (191 amino acid) 22333 Ferranti et al., 1997a
Variant C 8P (199 amino acid) 23267 Ferranti et al., 1997a
8P (198 amino acid) 23141 Ferrantietal., 1997a
8P (191 amino acid) 22252 Ferranti et al., 1997a
: dephosphorylated 21770 Ferrantiet al., 1997a
Proteoso peptone p.p.8.1 Bovine 9170 Angeletti et al., 1998
Buffalo 8670 Angeletti et al., 1998
Meat Proteins
Pepsin Porcine 34584 Looetal., 1992
Rennin Bovine 35646 Looetal, 1992
Actin 42000 Smith et al., 1990
Plant Proteins ‘
Legume Proteins
Trypsin inhibitor Soybean 20097 Mann et al., 1989
P. vulgaris 8406 Bergeron and
8957 Nielsen, 1993
a-Amylase Bacterial source - 54700 Fennetal., 1989
: Kidney beans 54857 Gibbs and Alli, 1998
Concanavalin'A Jack bean' 25573 Looetal., 1992
Al fragment 12937 Looetal, 1992
: A2 fragment 12653 Looetal, 1992
Phaseolin polypeptides P. vulgaris ;
Fraction 1 49615 Allretal, 1993
, Fraction 2 48075 Allietal,, 1993
Phaseolin polypeptides P. lunatus
' ~ Fraction 1 26240 Allietal., 1994
Fraction 2 26113 Alli et al., 1994
Fraction 3 24249 Alli et al., 1994
Soybean Agglutinin (SBA) Glycoprotein
SBAI B subunit 28000 Mandal et-al., 1994
o subunit 29437 Tang etal., 1994
SBAI B subunit 28000 Mandal et al., 1994
y subunit 28327 Tang et al., 1994
y subunit 28627 Mandal et al., 1994
o subunit 29325 Tang et al., 1994
o subunit 29437 Mandal et al., 1994
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MW

Proteins/Peptides Note (Da) References
SBATI - subunit 28000 Tang et al., 1994
v subunit 28327 Mandal et al., 1994
o subunit 29325 Tang et al., 1994
o subunit 29437 Mandal et al., 1994
Coconut Proteins ,
Coconut milk Fraction 1 46640 Sumual, 1994
Fraction 2 50359-51209 Sumual, 1994
Fraction 3 35574 & 4769~ Sumual, 1994
Insoluble solids Fraction 1 46640-46861 Sumual, 1994
: Fraction 2 50376-51100 Sumual, 1994
: Fraction 3 49040 Sumual, 1994
Acid precipitate Fraction 3 48861-49142 Sumual, 1994
Cereal Proteins
Glutenin (HMW Subunits) :
Sicco isogéne 1Ax1 87500 Hickman et al., 1995
Chinese spring 1Dx2 88379 Hickman et al, 1995
Cheyenne 1Dx%5 88930 Iﬁckman etal, 1995
Cheyenne 1Bx7 83500 chkman etal, 1995
Cheyenne 1By9 72500 Iﬁckman etal, 1995
Cheyenne ID}’]O 68360 chkman etal, 1995
Chinese spring 1Dy12 69520 Hickman et al., 1995
Katepwa Subunit 2 86202 & 87936 ~ Dworschak ctal, 1998
Katepwa Subumt 7 82279 Dworschak et al., 1998
Katepwa Subunit 9 73308 Dworschak et al., 1998
) Dworschak et al., 1998
Katepwa Subunit 10 67280
Agglutinin Wheat Germ 17090 Yamashita and Fenn,

1994a
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3.3 ANIMAL PROTEINS AND PEPTIDES

3.3.1 Eggs

MS has established the heterogeneity of proteins from eggs and determined the

M; of the various egg protein bcomponents without puriﬁcation; The principal proteins of
egg, ovalbumin, conalbumin and lysozyme have all been characterized by ESI-MS; M,
have been determined for ovalbumin (44 300), conalbumin (77 500) and lysozyme (14
305) (Deighton et al., 1995). ESI-MS has also shown that irradiation of egg white
resulted in an increase in the M; of ovalbumin to 44 630 and conalbumin to 77 790
while the M, of rlysozyme was not aﬂécted (Deighton et al., 1995). Lysozymé, in
particular, has been the subject of numerous MS studies on protein conformational
changes and changes in charge-state distribution. Loo et al. observed that the chargek
state of lysozyme was shifted from 12+ to 14+ by changing pH from 3.3 to 1.6,
- reflecting the conformational change from compact native state to disordered state (Loo
et al., 1991). A similar shift was observed in thermal denaturation of lysozyme (Le
Blanc et al., 1991; Mirza et al., 1993). A further shift from 15+ of denatured lysozyme
~ to 20+ was observéd by reducing four disulfide bridges (Loo et al., 1990). Konermann
and Douglas similarly observed more net negative charge upon unfolding of lysozyme
in negative mode (Konermann and Douglas, 1998). The results indicated that the protejn

was charged, positively or negatively depending on the positive or negative ionization

mode, respectively, and the number of net charge predominantly reflected the protein

conformation.
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The ability of ESI-MS to resolve mass differences as small as a single proton
was used by Katta and Chait to study conformational changes in egg lysozyme by
- hydrogen/deuterium (H/D) exchange ESI-MS as each deuteration increases the protein
mass by 1 u (Katta and Chait, 1991, 1993). The extent of H/D exchange occurred in
different protein conformers over defined time periods differed widely depending on the
conformation (Katta and Chait, 1991). Katta and Chait demonstrated, on the basis Qf
both the changes in charge state distribution and H/D exchange rates, that reduced
lysozyme exists in an unfolded state (Kafta and Chait, 1993). The mechanism of folding
in egg lysozyme was investigated using H/D exchange technique both with MS and

NMR (Miranker et al., 1993).

3.3.2 Milk and Dairy Products

The proteins of milk and dairy products have been the subjected of numerous
MS investigations; these include identification of milk protein variants and glycoforms,
fingerprinting, degree of glycoforms, detection of milk adulteration and identification of

peptides in dairy products.

3.3.2.1 Whey Proteins

ESI-MS studies with purified B-lactoglobulin (B-Lg) from bovine milk revealed
the presenbe of multiple M; species of B-Lg (A, B and C variants) (Burr et al., 1996). In
addition, the existence of multiple glycosylation of these bovine -Lg vériant have been
identified by several ESI-MS studies (Morgan et al., 1997, Leonil et al., 1997; Morgan
et al., 1998; Jones et al, 1998; Slangen and Visser, 1999); the results indicated that

nonenzymatic lactosylation of $-Lg occurs under mild heat treatment. ESI-MS has also
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been used to rapidly characterize the complex mixture of glycoforms of a-lactalbumin
(a-Lac) without the need of further pun'ﬁcaﬁon of these forms (Slangen and Visser,
1999). Alli et al. used ESI-MS to detect the presence of glycoforms in both B-Lg
(Figure 3.1a) and~o-Lac (Figure 3.1b), in whey protein concentrate (WPC) and in
lyophilized whey; the presence of at least three glycoforms of -Lg and one glycoforms
of o-Lac was detected (Alli et al., 1999). MALDI-TOF-MS has also been used.to detect
nonenzymatic glycosylation of several peptides; these researchers concluded that
MALDI-TOF-MS was helpful in conforming that amino acid residues, other than

lysine, are glycosylated. (Kim et al., 1997).

Two-dimensional electrophoresis coupled to MALDI-TOF-MS were used to
detect the C-terminal of truncated forms of B-Lg in whey from Romagnola cow’s milk
(Zappacosta et al,, 1998). The result clearly shows that two of minor components were
related to f-Lg A variant and two to P-Lg B variant. Hu et al. used ESI-MS to
determine calcium-binding stoichiometry for calcium-binding proteins (Hu et al., 1994).
They found that bovine a-Lac’binds specifically to one Ca’"ion and suggested that ESI-

MS can be used to determine the number and type of metal ions that bind to protein.

MALDI-TOF-MS was used to study the effect of different chromatographic
conditions on the .elution of bovine serum albumin (BSA) in reversed-phase high-
performance liquid chromatography (RP-HPLC) system (deFrutos et al., 1998);
multiple peaks of BSA were observed when shallow gradients were used for elution.
MALDI-TOF-MS revealed that these RP-HPLC multiple peaks were aggregated forms

of BSA (deFrutos et al., 1998).
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Figure 3.1: (A) Interpreted mass spectra of (I) fraction §-F1 (x= 18 279, m= 18
606) and (IT) fraction B-F2 (x= 18 366; 0= 18 464; = 18 692) from RP-HPLC
of commercial B-Lg and (B) interpreted mass spectrum of fraction «-F from
RP-HPLC of commercial a-Lac (x= 14 181; 0= 14 278; m= 14 504). Reprinted
with permission from (Alli et al., 1999).
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RP-HPLC of acid hydrolysates of whey protein concentrate (WPC) identified
three fractions in the unhydrolyzed WPC and three other fractions after 18 h hydrolysis
(Pasdar, 1995). Each fraction was a mixture of a few to several peptides and their M,
was determined by ESI-MS. The results confirmed that organic acid hydrolysis of WPC

resulted in peptides that were smaller than those in unhydrolyzed WPC (Pasdar, 1995).

3.3.2.2 Casein proteins

MS has established the heterogeneity of proteins from casein (CN) and
determined the M, of the various casein protein components. Casein is made up of
several components; the main molecular subunits are og;-, €s2-, B-, k- and y-CN (Table

3.1).

Combined use of ESI-MS and FAB-MS confirmed the primary structure of
maﬁxre ovine ts;-CN as well as the amino acid substitutions in variants A, C and D, and
identified the phosphorylation sites (Ferranti et al., 1995). The mature protein of each
variant was found to be mixture of two subunits, both with multiple phosphorylated
torms of the same protein; one subunit was full-length (199 amino acid residués), which
accounted for about 80%, the other was the deleted form which lacked segment 141-148
| of the mature protein and represented about 20% of the as;-CN (Ferranti et al., 1995).
MS analysis also revealed tﬁat the diﬂ'erences among the three genetic variants (A, C,
and D) were simple silent substitutions, which involved the degree to which the pfotein
was phosphorylated (Ferranti et al., 1995). Similarly, MS study revealed that mature
goat 0is;-CN exists as a mixture of at least four variants (A, B, C and D) which differ in
peptide chain length and in the number of phosphorylated serine residues (F erranfi etal.,

1997a). Variant A is the main component (48%) corresponds to full-length of as;-CN
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(199 amino acid). The three short forms of the protein are variant B (198 amino acid,
29%) missing Gln 78, variant C (191 amino acid, 16%) missing residues 141-148 and

subunit D (191 amino acid, 7%) missing residues 110-117 (Ferranti et al., 1997a).

MS was used to resolve the heterogeneity of caseinomacropeptide (CMP), a
polypeptide of 64 amino acids which is released from bovine k-casein by the action of
chymosin during the primary phase of milk clotting (Mollé and Léonil, 1995). This
study described the ability of RP-HPLC coupled with ESI-MS to characterize a
complex mixture like CMP. MS was also used to identify the preferential cleavage sites
of recombinant chymosin on purified k-CN (A variant) over the pH range 6.6-2.6; the
rate and extent of hydrolysis of k-CN and its macropeptide moiety increased with

décreasing the pH to a maximum at 3.6 (Reid et al., 1997).

3.3.2.3 Dairy products application

MALDI-TOF-MS was used to detect thermal degradation and to determine the
protein content of milk sarhples obtained with different conditions of paStéurization (70-
90 °C for 10-30 s) and sterilization (140-150 °C for 2-5 s) (Catinella et al., 1996a; b).
The capability of MALDI-TOF-MS to characterize protein profile from several cow
milks waS also studied (Catinella et al., 1996b); it was found that the protein ﬁngerprint
of milk from four different breeds of cows at the same lactation stage and under the
same feeding system were different in their MALDI spectra (Catinella et al., 1996b).
MALDI-TOF-MS was also used to evaluate the protein profile of cow’s milk after
different enzymatic and/or thermal treatments of eleven infant milk formulas; the results
demonstrated the degree of hydrolysis of different protein hydrolysate formulas

(Sabbadin et al., 1999). Similarly MALDI-TOF-MS was used to evaluate the effect of
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diet and pathological states on the protein proﬁle of human milk (Catinella et al., 1999).
MALDI-TOF-MS has also been used to rdetermine the effects of Lactobacillus
delbrueckii subsp. bulgaricus and Streptococcus thermophilus, on milk proteins during
yogurt preparation(Fedele et al., 1999a); kt'he results indicated that fermentation with the
former bacteria resulted in the breakdown of high molecular mass (high-M,) casein with
the production of a low molecular mass (low-M;) peptide (3' 850) while the latter
bacteria did not exhibit any proteolytic activity. Proteolysis was enhanced whén milk is
incubated with a mixture of the two bacteria (Fedele et al,, 1999a). Furthermore,
MALDI mass spectra of different strains of the same bacteria species indicated

differences in proteolytic activity (Fedele et al., 1999a, b).

Angeletti et al. examined the capabilities of MALDI-TOF-MS for the
characterization of water-buffalo milk and mozzarella cheese to detect possible
fraudulence in mozzarella cheese production (Angeletti et al., 1998); results indicated
that buffalo milk proteosb peptone p.p. 81 and «5;-CN had lower M; (8 670 and 23 406,
respectively) than that of bovine milk (9 170 and 23 682, respectively)(Figure 3.2)’
(Angeletti et al., 1998). Furthermore, it was determined that (a) the relative abundance
~ of peaks due to ¢s5;-CN and B-Lg was lbwer in buffalo milk than in bovine milk (Figure
3.2) and (b) a peak of M; 15 790 (protein X), which is commonly found in buffalo milk,
wa’s still detected in water buffalo mozzarella cheese, indicating that this protein is
resisfant to thermal and enzymatic processes (Angeletti et al., 1998). MALDI-TOF-MS
was used to detect adulteration of ewe’s cheese with bovine milk (Fahtbn et al., 1998);
the mass spectrum of the ewe’s milk indicated that B-Lg, ¥,-CN and a-Lac have M, of
18 102, 11 827 and 14 139 respectively, which are all lower than those of the same

proteins in bovine milk. Furthermore, the relative abundance of (a) peak at m/z 11 325
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(due to y3-CN) from ewe cheese and (b) peak at m/z 11 869 (due to y,-CN) from bovine
cheese, can be used to determine the percentage of bovine milk fraudulently added to

ewe’s milk; in the production of ewe’s cheese (Fanton et al., 1998).

Both MALDI-TOF-MS and ESI-MS have been used to identify peptides in
cheese (Gouldsworthy et al., 1996; Alli et al., 1998). MALDI-TOF-MS revealed that
eight peptides in cheddar cheese were derived from s;-CN, seven from $-CN and one
from ag-CN (Gouldsworthy et al., 1996). ESI-MS and electrospray ionization tandem
mass spectrometry (ESI-MS/MS) identified a total of twenty-five peptides in mild,
medium and old cheddar cheese and a commercial éheddar cheese flavor (Alli et al,,
1998). Thirteen peptides were found to be derived form as;-CN, seven from B-CN and
five from k-CN. Figure 3.3 (A) and (B) shows the mass spectra of a single M; specie
(M; 1 052) and two or more molecular species, respectively, while Figure 3.4 (A) and
(B) shows the ESI-MS/MS of a singly charged specie of M; 1 052 and a doubly charged
specie of M, of 1 366, respectively (Alli‘ et al, 1998). MS results also revealed the
presence of N-terminal segments of [3-, as1- and og-CN and e-Lac in water-soluble
fractions of chéddar cheese; this was explained on the basis of known specificities of
lactococcal cell envelope proteinases; such as chymosin, plasmin and phosphatase

(Singh et al., 1997).

The relationship between the degrees of hydrolysis (DH) of CN using trypsin
and pancreatin independently, and the release of casein phosphopeptide (CPP) has been
studied by MALDI-TOF-MS (Adamson and Reynolds, 1997). Highest yields of CPP
were obtained at casein DH of 17% and 19-23 % for trypsin and ’pancreatin’,

respectively. The relationship between CPP production in Grana Padano cheese and
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Figure 3.2: MALDI mass spectrum of bulk bovine (A) and water buffalo (B)
milk. Protonated molecules of (1) proteoso peptone p.p. 8.1, (2) y3-CN, (3) ya2-
CN, (4) a-Lac, (5) B-Lg, (6) x-CN, (7) y1-CN, (8) es1-CN, (9) 3-CN and (10)
0:52-CN. Reprinted with permission from (Angeletti et al., 1998)
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Figure 3.3: Interpreted mass spectra of a fraction containing a single M, specie

(A) and Multiple species (B). Reprinted with permission from (Alli et al.,
1998). |
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Figure 3.4: ESI-MS/MS spectra of specie (A) M= 1 052 (singly-charged) and

(B) M= 1 366 (doubly-charged). Reprinted with permission from (Alli et al.,
1998).
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ripening (4-38 months) was also studied using FAB-MS; forty-five phosphopeptides (24
from B-CN, 16 from og;-CN and 5 ¢g,-CN) were identified (Ferranti et al., 1997b).
Moreover, CPP interaction with colloidal calcium phosphate (CCP) isolatéd by tryptic
hydrolysis wés characterized by RP-HPLC-ESI-MS (Gagnaire et al,, 1996). It was
shown that among the peptides produced, fourteen phosphopeptides were identified (8
(xsj -CN and 6 B-CN) and half of SerP cluster from [3-CN and all vSerP from eg;-CN can

interact with CCP (Gagnaire et al., 1996).

3.3.2.4 Meat and fish

In comparison with the proteins of milk and egg, there have been relatively
fewer MS studies on proteins of meat and fish. FAB-MS has shown that the tryptric
hydrolysate of calciprotein from crayfish contains at least eight peptides with M,
ranging from 375 to 1 455 with close agreement in sequence information obtained by
FAB-MS and from arrﬁno acid analysis (Aubagnac et al., 1988). ESI-MS revealed the
presence of at least twenty-five polypeptides with M; ranging from 2 000 to 42 800 in
the soluble nitrogen extract of fresh carp fish (Alomirah, 1996; Alomirah and Allj,
"1996); a typical interpreted ESI-MS mass spectra of fish polypeptide with M, of 16 751
| is illustrated in Figﬁre 3.5. RP-HPLC-ESI-MS demonstrated that the sarcoplasmic
protein extracted from ground and whole meat contained at least twelve polypeptides
with M; ranging from 11 000 to 42 000 (Alomirah et al., 1998). The relativé peak area
of 35 700 protein shown in Figure 3.6 .decreased during storage of meat; this protein

could be investigated as an indicator of freshness (Alomirah et al., 1998).
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Figure 3.5: A typical interpretedESI—MS mass spectra of carp fish polypeptide
with M; of 16 751. Reprinted with permission from (Alomirah, 1996).
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Figure 3.6: Interpreted mass spectra of sarcoplasmic protein extracted from
meat with M, of 35 740. Reprinted with permission from (Alomirah et al,
1998).
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3.4 PLANT PROTEINS AND PEPTIDES

Over the years plant storage proteins have become important functional
ingredients in many prepared foods. Concurrently, there has been increased interest in
understanding the structure-functional relationships of these storage proteins to explain
and even predict certain desired characteristics; this requires elucidation of the
molecular characteristic of the proteins. To date, the use of MS for characterizing plant

storage protein has been somewhat limited.

3.4.1 Cereals

Cereal grains contain complex mixtures of proteins with structurally diﬁ‘erent
molecular characteristics. The classification of these proteins as globulins, albumins,
glutenins and prolamins is widely accepted; each of these groups in turn, represent a
complex mixture of proteins. MALDI-TOF-MS has been used in several studies to
characterize the/subunits of glutenin (Hickman et al., 1995; Dworschak et al., 1998). A
total of seven high-M; subunits with a M; of 87 500, 88 379, 88 930, 83 500, 72 500, 68
360 and 69 520 have been identified (Hickman et al., 1995). In general, the M; of these
subunits are close to those calculated from gene sequence and within the range of
~ analytical error; this study demonstrated that the high-M, subunits are not exfensively
glycosylated, as previously reported (Hickman et al., 1995). Dworschak et al. reported
the use of MALDI-TOF-MS for assessing the composition and mass distribution of
crude and partially purified wheat gluten prolamins (gliadin) and reduced high-M; and
low-M; glutenin subunit fractions from common and durum wheat varieties without

prior separation by HPLC (Dworschak et al., 1998). Gliadins and low-M, glutenin
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subunits showed complex MALDI mass spectra with M; ranging from 30 000 to 40 000,
while the mass spectra of high-Mr glutenin subunits were fairly simple with M, ranging
from 87 936 to 71 520. The results indicated the feasibility of using MALDI-TOF-MS
in wheat breeding programs for the rapid and routine identification of specific high-M;

subunits associated with superior quality (Dworschak et al., 1998).

MALDI-TOF-MS has also been used to quantify gluten gliadins in both
processed and unprocessed foods (Camafeita et al., 1997a, b); the procedure is rapid and
sensitive with good correlation with data from an immunological assay method.
MALDI-TOF-MS can be used as a rapid screening technique for (a) the presence of
gliadins in foods by monitoring the occurrence of the protonated gliadin mass pattern in
the mass range from 25 000 to 40 000 and (b) the presence of other toxic gluten cereal
prolamins fractions, such as barley hordeiﬁs, rye secalins and oat avenins (Camafeita

and Mendez, 1998; Camafeita et al., 1998).

The major wheat flour immunoreactive proteins that are responsible for baker’s
asthma has been identified as a member of the a-amylase family using MS and the N-

terminal amino acid sequence (Amano et al., 1998).

3.4.2 Legume Seeds

ESI-MS has been used to characterize the quaternary structure of the three
isoléptins of 'Soybean’ agglutinin (SBA), a tetrameric glycoprotein previously reported to
consist of two subunits (Mandal et al., 1994). The ESI-MS results showed that‘ the
quaternary structure compoksition of the three isolectins of SBA (SBA 1, SBA 11, and

SBA III) were approximately «2B2, o2Py (and a2Py’) and «2y2, respectively.
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Similarty, ESI coupled with time-of-flight (TOF) has been used to investigate

noncovalent protein-protein interactions in SBA (Tang, 1994).

A wide range of M;s (8 000-23 000) have been reported for trypsin inhibitors
(TIs) of | dry beans depending on the method used for estimating the M, (ie,
ultracentrifugation, size exclusion chromatography, SDS-polyacrylamidé gel
electrophoresis and amino acid composition). Plasma desorption mass spectrometry
(PDMS), using >2Cf as the ioniiing source, was used in the partial characterization of
TIs of great northern beans (Phaseolus vulgaris) (Bergeron and Nielsen, 1993). The PD-
MS of TIs revealed two peaks of M, 8 406 and 8 957, corresponding to T1 chain lengths

of 76 and 81 amino acid residues, respectively (Bergeron and Nielsen, 1993).

ESI-MS and ESI-MS/MS were used to investigate the extent to which the
polypeptide subunits 1n a crystalline protein isolated by citric acid from dried seeds of
white kidney beans (PhaséoZus vulgaris) were similar to the subunits of native phaseolin
through the identification and characterization of the phaseolin polypeptides (Al et al.,
1993); the isolated crystalline proteins were shown to contain polypeptides with average
M; of 49 615 and 48 075 which were similar to those reported for a-type and B-type
phaseolin precursors, respéctively (Alli et al., 1993). Using the same techniques (ESI-
MS and ESI-MS/MS) for characterizing a crystalline protein isolated from large lima
beans (P. lunatus), it was shown that a glycosylated phaseolin polypeptide fragment of
M; 26 240 was similar to a C-terminal segment of the phaseoklin polypeptides of P.
vulgaris, while a glycosylated subunit of M; 26 113 and its non-glycosylated variant of
M; 24 249 were similar to an N-termihéﬂ segment of phaséolin polypeptides of

P.vulgaris. (Alli et al., 1994) (Figure 3.7).
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o-Amylase inhibitors which can effect the response of blood glucose insulin or
gehera’l starch digestion and :absorption in mammals has studied by RP-HPLC-ESI—M’S
(Gibbs and Alli, 1998). It was shown that in a crude extract prepared from white kidney
beans (P wvulgaris), a high a-amylase inhibitor activity was ass'ociated with a
glycoprotein whose deglycosylated M; was estimated as 54 857 by ESI-MS. Figure 3.8
shows the mass spectra of the purified deglycosylatéd (A) and glycosylated (B)
inhibitors.
ESI-MS and ESI-MS/MS were used to investigate the differences in the tryptic
digestion of crystalline and amorphous (non cryétallihe) proteins isolated from
Phaseolus beans by comparing the peptides which resulted from the hydrolysis (Yeboah
| et al., 1999); the results suggested that trypsin specific peptide bonds located in the B-
structure region of B-type phaseolin was resistant to trypsin hydrolysis while the most
accessible region to tryptic cleavage were located within a-hehx structures and in:
regions of interconnectihg s’econdary Strﬁcture. MS has also been used to study the
proteolytic changes associated with Rhizopus oligosporus ferméntation of soybean to
produce tempe from soybeans (Ismoyo, 1995). ESI-MS showed several tempe peptides

~ with M; ranging from 569 to 16 688.

3.4.3 Other Plants

Proteins isolafed from other plant sources ‘such as coconut have been
characterized by MS (Sumual, 1994). By use of RP-HPLC and ESI-MS proteins with
M; of 51 209, 50 359, 49 142, 49 040, 48 861, 47 679, 46 640 and 3 5 574 were
separated and idenﬁﬁed (Sumual, 1994). Figure 3.9. shows mass spectrum of the protein

compdnent with M; of 46 640.
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Figure 3.7: (A) Interpreted mass spectra of unfractionated crystalline protein -

from large lima bean and interpreted mass spectra of fractions F1 (B), F2 (C),
and F3 (D) obtained from crystalline protein of large lima beans. Repnnted
with permission from (Alli et al., 1994),
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Figure 3.8: Mass spectrum of deglycosylated (A) and glycosylated (B) o-
amylase inhibitor from white kidney beans. Reprinted with permission from
(Gibbs and Alli, 1998).
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3.5 OTHER PROTEINS

In addition to study of food proteins, MS is used increasingly to .identify and
characterize other proteins which are not considered food proteins but which vare of
interest to food scientists. MALDI-TOF-MS has been used effectively to detect
bacteriocins in the culture supernatant of producer organisms (Rdse et al., 1999a), while
ESI-MS has been used to determine the M, of a bacteriocin (Reutericin 6, M; 2 406)
- produced by Lactobacillus reutéri LA6 (Kabuki et al, i997). Both ESI-MS and
MALDI-TOF-MS were used to assess the purity and stability of nisin and its
degradation products (Cruz’ et al, 1996). In another study, nisin, its variants and
degradation products were characterized and quantified using ESI-FTICRV-MS‘
(Lavanant et al., 1998); it was shown that the [nisin + 18 u] molecules present as a
minor component in the mixture, was a species formed predominantly via hydration of
nisin at position 33. In addition, the fate of nisin in meat products was monitored by
MALDI—TOF’—MS’ (Rose et al., 1999b). The results indicated that nisin was inactivated
in raw meat, but not in cooked meat, due to enzymatic reaction with glutathione (307 u)

present in raw meat (Rose et al., 1999b).

MALDI—TQF-MS analysis of whole cells haé been’ investigated as a technique
- for bacterial chemotaxonomy (classification based on biochemical composition)
(Holylandket al.,, 1996), mass spectra of bacterial strains showed a few ¢hafacteristic
high-mass ions which are thought to be derived from specific bacterial proteins
(Holland et al., 1996). MALDI-TOF-MS has also been used to study cellular proteins as
biomarkers from proteins isolated from the whole cells of bacteria; the observed

biomarkers facilitate the distinction between pathogenic and non-pathogenic bacteria
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(Krishnamurthy et al., 1996) and between grani positive and gram negative bacteria
(Krishnamurthy and Ross, 1996; Welham et al., 1998) and therefore allows for rapid
chemotaxonomic classification of microorganisms. Furthermore, differentiation
between gram positive and gram negative bacteria was also accomplished by vRP—
HPLC-ESI-MS (Krishnamurthy et al., 1999); the advantages of this technique over
- MALDI-TOF-MS technique include analysis of liquid samples, short analysis time,
reproducibility and identification of the individual microorganism present in crude

bacterial mixtures (Krishnamurthy et al., 1999).

Recently, the spectra reproducibility of direct analysis of cellular proteins as
biomarkers has been investigated by MALDI-TOF-MS (Wang et al., 1998). It was
' demonstrated that although minor deviations in sample/matrix preparation procedures
for MALDI resulted in significant changes in observed spectra, a number of pe‘aks are
conserved for the same bacteria and these conserved peaks are potentially biomarkers
for bacterial identification (Wang et al., 1998). MALDI-TOF-MS was used to locate
five family specific biomarkers for the family Enterobacteriaceae; these biomarkers
have spectral peaks at m/z 4 364, 5 380, 6 384, 6 856 and 9 540 while mass peaks at m/z
7 324,. 7 724, 9 136 and 9 253 were assigned as genus-specific: biomarkgrs for
Salmonella (Lynn et al., 1999). MALDI-TOF-MS énd ESI-MS _have also facilitated the
identification éf biomarkers for specific bacteria including Lscherichia coli spp.. (E.
| coli) (Welham et al., 1998, Wang et al., 1998; Lynn et al., 1999; Dai et al., 1999, Domin
~etal, 1999; Demirev et al., 1999; Chong et al., 1997, Arnold and Reilly, 1998; Saehz et
al., 1999; Arnold et al., 1999), Bacillus ssp. (Krishnamurthy et al., 1996; Krishnamurthy
et al., 1999; Wang et al., 1998; Demirev et al., 1999; Saenz et al., 1999; Binhingham et

al., 1999), He‘lico‘bacter pylori (Nilsson, 1999), Haemophilus spp. (Haag et al., 1998),
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Clostridium difficile (Mauri et al., 1999), Brucella melitensis (Krishnamurthy et al.,
1996; Krishnamurthy and Ross, 1996; Krishnamurthy et al, 1999), Francisella
tularensis (Krishnamurthy and Ross, 1996; Krishnamurthy et al., 1999), Yersinia pestis
(Krishnamurthy et al., 1996; Krishnamurthy and Ross, 1996; Krishnamurthy et al.,
1999), Staphylococcus aureus (Welham et al., 1998), Klebsiella aerogenes (Welham et

al., 1998) and Proteus mirabilis (Welham et al., 1998).

3.6 CONCLUSIONS

This article reviews the rapidly increasing use of MS for the characterization and
identification of food proteins and peptides. The published work demonstrate clear
advantages of ESI-MS and MALDI-TOF-MS in terms of accuracy, sensitivity,
reproducibility and short analysis time forlobtaining structural information. MS now
serves a central role in many applications including the determination of M,, peptide
sequencing, identification of post-translational modifications (phosphorylation and
glycosylation), characterization of non-covalent protein-protein or ligand complexes,
identification of brotein degradation products (enzymétically and chemically hydrolyzed

proteins), investigation of protein folding.
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CHAPTER 4

SEPARATION  AND CHARACTERIZATION  OF B-

LACTOGLOBULIN AND «-LACTALBUMIN FROM WHEY
AND WHEY PROTEIN PREPARATIONS

4.0 CONNECTING STATEMENT
| ‘The functional properties observed for whole whey proteins (WPs) is the sum pf
the functionality of individual WPs. The use of whole WPs, rather than the i.ndividual
proteins can account for the high functional Variability among commercially available
WP products and limits their applications. This shortcoming could be addressed through
the development of novel and commercially relevant whey vprocessing technologies that
separate enriched fractions, containing mainly individual WPs. This may result in better
understanding of the close structure-function relationship of WPs, which is essential for

their utilization in food system. The work descfibéd in this chapter is the development
of a process for separating bovine -Lg and a-Lac from LW, WPI, and WPC using
different chelating agents and addresses the second objecti{/e discussedin the “Rationale

and Objectives of Study” section of Chapter 1.

Note: This chapter is the text of a paper which has been submitted for

publication as follows:

Alomirah, H. F.; Alli, I. Separation and Characterization of B-lactoglobulin and
a-lactalbumin from Whey and Whey Protein Preparations. /nt. Dairy J. (Submitted

March, 2002)

Contribution of co-authors: Alli, 1. (thesis supervisor).
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4.1 ABSTRACT

An improved process for separating bovine B-lactoglobulin (B-Lg) and -
lactalbumin (c¢-Lac) from liquid whey (LW), whey protein isolate (WPI), and whey
protein concentrate (WPC) was develbped. The method is based on B-Lg solubility at
low pH (3.9) and high salt concentration, on the weak calcium Binding capacity of -
Lac below pH 3.9, and on the ease of chelating calcium with calcium sequestrates,
causing destabilization and precipitation of calcium free a-Lac. The results indicate that
the use of sodium citrate (NaC) and sodium hexametaphosphate (SHMP) were more
effective in the separation $-Lg and a-Lac than the other tested chelating agents. Yield
results indicated that 47-69 % of -Lg originally present in the whey preparations was
recovered, with purities ranging from 84-95%, and protein contents ranging from 40-
99%, dependipg on the source of whey protein preparations and type of chelating
agents. The yields of ¢-Lac in a-Lac enriched fractions> obtained without pH adjustment
were 23-89 %, with purities ranging from 83-90%, and protein contents ranging from
65—96%; the yields of e-Lac in a-Lac enriched fractions obtained with pH adjustment
were 11-43 %, with purities ranging from 68-73%, and protein contents ranging from
44-81%. The method can be investigated further as a means to obtain commercial

quantities of $-Lg and a-Lac for food industry application.
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4.2 INTRODUCTION

Whey proteins (WP) are well known for their nutritional value and versatile
functional properties and are widely utilized in the food industfy. The main proteins in
whey are [-lactoglobulin (B-Lg, 50%), a-lactalbumin (a-Lac, 21%) and
immunoglobulins (10%), bovine serum albumins (BSA, 5%) and proteose-peptone
represent minor components (Kinsella and Whitehead, 1989). 3-Lg, a-Lac and BSA are
primarily responsible for the physicochemical properties of commercial whey proteins.
Native B-Lg and o-Lac are compact globular proteins with monomeric molecular
weight of about 18300 and 14200 Da, respectively. Each -Lg molecule has two
disulfide bonds and one free thiol group, which exhibit increased reactivity above pH 7,
while each a-Lac molecule has four disulfide bonds and one calcium ion which stabilize

the molecule against irreversible thermal denaturation (Kinsella and Whitehead, 1989).

The heterogenous nature of WP is typical of many commercial food protein
preparations. For these protein preparations, the observed functionality of the complete
protein preparation is the sum of the functionality of individuél proteins. a-Lac has
relativeiy low solubility and low gelation ability, but good water absorption
characteristics after heating; and good emulsifying properties, and it is well suited in
bakery products, meats, yogurt and processed cheese, B-Lg and BSA,’because of their
gelling properties through S-S bond formation, and emulsion and foaming properties, is
well suited for soups, gravies, salad dressing, sausages and baked goods. In many food
applications, WP are used, rather than the individual protein; this contributes to the
functional yariability among commercially available WP and can limit their appﬁcations

(Morr and Ha, 1993; Mate and Krochta, 1994). The use of whey proteins in infant -
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protein-based foods, is limited by the allergenicity to infants to $-Lg (Gryboski, 1991);
this allergenicity can be reduced substantially if the protein is hydrolysed with pepsin,

trypsin or using combination of proteolytic enzymes (Ena et al., 1995).

Several techniques have been proposed for laboratory scale separation of WP;
these include salting-out (Aschaffenburg and Drewry, 1957), selective precipitation
(Amundson et al., 1982; Mailliart and Ribadeau-Dumas 1988; Mate and Krochta, 1994;
Bramaud et al., 1995 and 1997), trichloroacetic acid precipitétion (Fox et al., 1967),
heating at low pH (Pearce, 1983), affinity chromatography (Blackberg and Hernell,
1980), anion exchange chromatography (Skudder, 1985; Manyji et al., 1985; Gerberding
and Byers, 1998), cation exchange chromatography using conventional resins (Uchida
et al, 1996) or cation membranes (Chiu and Etzel, 1997), size exclusion
chromatbgraphy (Hill et al., 1986), hydrophobic chromatography (Chaplin, 1986) and
combination of enzymatic treatment and membrane filtration (Kinekawa and Kitabatake
1996; Pouliot et al., 1999; Sannier et al., 2000). Although these whey fractionation
techniques can provide effective protein puriﬁcation at the laboratory scale, many have
not been widely implemented for commercial scale because éf their high cost,
complexity, low productivity, poor selectivity and/or unacceptable denatured products
~(Zydney, 1998). On the other hand, some processes have been patented with the
capability of being operated on a commercial scale. In some processes (Pearce, 1995;
Stack et al., 1995), the mineral content, especially calcium ions, in whey 1is reduced
using electrodialysis and ’cation exchanger at around pH 3.8, and in other processes (de
Wit and Bronts, 1995) whey solution is incubated with strong calcium binding ionic

exchange resin to initiate the destabilization of o-Lac.
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Our objective was to investigate the use of a combination of techniques reported
by Bramaud et al. (1995), Mailliart and Ribadeau;Dumas (1988) and Mate and Krochta
(1994) with modification, for the separation of B-Lg and a-Lac enriched fractions from
whey and whey protein preparations. Bramaud et al. (1995) purified only a-Lac from
only whey protein concentrates (WPC) by increasing the apparent molecular size and
destabilization of a-Lac at pH 3.9 using only citric acid as chelating agent while
Mailliart and Ribadeau-Dumas (1988) and Mate and Krochta (1994) used high salt
concentration and low pH adjustments to purify only f-Lg from liquid whey (LW) and
whey protein isolates (WPI), respectively. ’In the present work, both B-Lg and a-Lac
were separated from WPI, WPC and LW using the combinational effects of high salt

concentration and chelating agents at low pH.

4.3 MATERIALS AND METHODS

4.3.1 Materials

Liquid whey (LW) obtained from mozzarella cheese preparation, was képt
frozen at -20 °C until it was used. Commercial WPC (>75% protein)k and WPI (>90%
protein) were obtained from Amcan Ingredients (Lachine, Quebec, Canada) and René
Rivet Inc. Ingredients (Laval, Quebec, Canada), respectively. Sodium citrate (NaC),
sodium hexametaphosphate (SHMP) and citric acid were purchased from Fisher
Scientific (Montreal, Canada). Ethylene diamine tetra acetic acid (EbTA), ethylene
glycol tétra ‘acetic acid (EGTA), B-Lg (containing variant A and B; 1.-0130), a¢-Lac (L-
6010) and BSA (B-4503) were purchased from the Sigma Chemical Co. (St. Louis,

MO). All chemicals were of analytical grade.
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4.3.2 Separation of a-Lac and p-Lg

In a preliminary experiment, only LW was used with four chelating agents:
sodium-citrate (NaC), sodium hexametaphbsphate (SHMP), ethylene diamine tetra
acetic acid (EDTA) and ethylene glycol tetra acetic acid (EGTA), each used
individually at a concentration of 0.1 M. On the basis of the results from is preliﬁﬁnary
experimént, only NaC and SHMP were used in the remainder of the study. The flow
diagram used for separation of a-Lac and -Lg from liquid whey (LW), whey pfotein
isolate (WPI) and whey protein concentrate (WPC) is shown in Figure 4.1. LW was
used as is, while WPI and WPC were dispersed in water to provide dispersions of 60
gL', based on previous work (Bramaud et al., 1995, 1997; Gésan et al., 1999). LW and
the dispersions of WPI and WPC were each treated with NaC and SHMP (150 x 107
mol L™"). The mixtures were acidiﬁed to pH 3.9 using 6 N citric acid, incubated at 35 °C
for 45 min, then centrifuged (5,000 x g, 30 min, 4 °C) (Figure 4.1, step 1).’ Both the
Supematant and the précipitate from step 1 were washed twice with 7% NaCl and
centrifuged (10,000 x g, 20 min, 4 °C) (Figure 4.1, step 2B and 2A). The supernafant
from step 2B (designated as -Lg enriched fraction) was dialyzed and lyophilized. The
precipitéte from step 2A was resolubilized in 0.1 M CaCl, and centrifuged (I0,000‘x g,
20 min, 4 °C); the supernatant (designated as a-Lac enrich‘ed fraction obtained without
pH adjustment) was dialyzed and 1yophilized while the precipitaté (step 3) was again
resolubilized in 0.1 M CaCl,, adjusted to pH 7.5 and centrifuged (10,000 x g, 20 min, 4
°C). The supernatant (designated as‘ a-Lac enriched fraction obtained with pH

adjustment) was dialyzed and lyophilized.
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Figure 4.1: Flow diagram showing separation procedure of B-lactoglobulin
(B-Lg) and o-lactalbumin (a-Lac) from liquid whey (LW), whey protein
concentrates (WPC) and whey protein isolates (WPI); NaC, sodium citrate;
SHMP, sodium-hexametaphosphate

69 -



4.3.3 Electrophoresis

',,Thke identification of ,separéted f-Lg and a-Lac proteins in the lyophilized
fractions was carried dut by polyacrylamide gel electrophoresis (PAGE) bdthrunder
native conditions (Davis, 1964) and in the presénce of sodium dodecyl sulfate (SDS)
(Laemmli, 1970), using a Bio-Rad Mini-Protean® II dual slab cell electrophoresis unit
(Richmond, CA); estimation of molecular weight was done using Bio-Rad
elecfrophoresis protein standard (Std-2522). The stacking gel and séparation gel were
4% and 10% acrylamide, respectively for native electrophoresis and 4% and 12%
acrylarﬁide, respectively for SDS-PAGE. Slab gels (0.75 mm thick) were run at constant
current of 6 and 15 mA/gel for native and SDS-PAGE, respectively. After
' eiectrophoresis, gels were fixed for 2 h in a mixture of methanol (20% v/v) and acetic
acid (10% v/v). Coomassie Brilliant Blue R250 (0.1% w/v in fixing solution) was used
to stain protein bands. Destaining was done by’ storing the gels in the fixing solution
until the background color was completely removed. The destained gels were stored in

7% acetic acid until they were photographed.

4.3.4 Glycoprotein Detection

" The B-Lg and a-Lac protein fractions which were separated by SDS-PAGE
were transferred electrophoretically (90 min at 80 V) using Bio-Rad Mini Trans-Blot@
(170-3 935, Bio-Rad Laboratories, ON, Canada), to a nitrocellulose membrane (Hybond
ECL, RPN-68D, Amersham Pharmacia Biotech, QC, Canada). The transfer buffer (pH

8.3) consisted of 25 mM Tris, 192 mM glycine, 20% v/v methanol.
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Glycoproteins on the rﬁfrocellulose membrane were labeled using the ECL™
glycoprotein labelling system (RPN-2190, Amersham Pharmacia Biotech, QC, Canada),
then incubated for 1 min in ECL western blotting detection reagents (RPN-2109,
Amersham Pharmacia Biotech; QC, Canada). The membrane was wrapped with a saran
wrap and placed in a film cassette (FB-XC-810, Fisher Scientific, QC, Canada). Ina
dark room, a sheet of autoradiography film (Kodak BioMax MS, 111-1681, Kodak,
Rochester, New York) was placed on top of the membrane and the film cassette was
closed. The file was exposed to the membrane for 1 min, then developed using an

automatic film processor (Kodak, M35A-X-OMAT Processor, Rochester, New York).

4.3.5 Determination of Moisture, Protein, and Ash

Dry matter was determined by oven drying at 100 °C for 5h. (AOAC, 1980).
Ash content was determined by ashing at 625 °C for 16h (AOAC, 1980) in a furnace
chamber(Furnatrol II Furnace, Thermolyne Co, Iowa). Total nitrogen was determined
by the Kjeldahl method (AOAC,I 1990); nitrogen was converted to protein using the

factor of 6.38.

4.3.6 Determination of Purity and Yield of a«-Lac and p-Lg

Thé purity of séparéted a-Lac and B;Lg enriched fractions was determined as
the ratio of their peak areas to the total peak area of peaks separated by RP-HPLC.
ReVerséd—phase HPLC separation of a-Lac and B-Lg enriched fractions was performed
with a Waters HPLC (Model 111), C15 (0.46 x 25 cm length, Vydac Co., Hesperia, CA)
equipped with a diode array, UV visible detéctor. kThe following two-buffer gradient
~ system was used to elute the samples at a flow rate of 1 ml/min: buffer A, 0.1%
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trifluoroactetic acid (TFA) in water (V/V, pH 2); buffer B, 0.1% TFA in acetonitrile
(V/V); solvent B was increased linearly from 0 to 80% over 60 rﬁin. The elute was
monitored at 210'nm. Thé yield was calculated based on total B-Lg and «-Lac in initial
whey material (68% and 17.5%, respectively), and in the final separated fractions, on

dry basis.
4.4 RESULTS AND DISCUSSION

4.4.1 Preliminary Experiments

Figure 4.2 shows the SDS-PAGE pattefns of the precipitates obtained by heating
LW at 40 °C for 30 min with four chelating agents (NaC, SHMP, EDTA and EGTA),
and without chelating agents (untreated). The results indicate that mainly B-Lg and o-
Lac proteins wére separated in NaC and SHMP treated samples; a minor band
correspondihg to BSA was also observed, The SDS-PAGE patterns of the EDTA
treated LW were similar to those of the untreated LW, both showed a band with MW of
36 kDa, considered tobe a dimer of B-Lg. EGTA treated LW showed only faint bands
for B-Lg and a-Lac, compared ’to NaC and SHMP treated LW and untreated LW
(Figure 4.2.). Based on the findings of these preliminary experiments, only NaC and

SHMP were used as chelating agents in the remainder of the Study.

Figure 4.3 shows the SDS-PAGE patterns of the precipitates obtained by heating
LW at 25, 35 and 40 °C for 45 min in the absence and presence of NaC and SHMP. The
intensity of bands corresponding to precipitated f-Lg and e-Lac in the NaC and SHMP

treated LW, increased with increasing heating temperature. The intensity of two other
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Figure 4.2: SDS-PAGE (12%) patterns of precipitate obtained from liquid
whey (LW) by heating at 40 °C for 30 min with different chelating agents
(NaC, SHMP, EDTA, EGTA) and without chelating agents (untreated). STD =
molecular weight standards, BSA = bovine serum albumin, B-Lg = f-
lactoglobulin, a-Lac = a-lactalbumin.
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Figure 4.3: SDS-PAGE (12%) patterns of precipitate obtained from liquid
whey (LW) by heating at 25, 35 and 40 °C for 30 min with NaC and SHMP
and without chelating agents (untreated). STD = molecular weight standards,

BSA = bovine serum albumin, 3-Lg = -lactoglobulin, a-Lac = o-lactalbumin.
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bands corresponding to MW of 36 and 15 kDa also increased with increasing heating
temperature. The former band is considered to be a dimer of B-Lg while the latter band
is believed to be composed mainly of polypeptides, such as proteose-peptone, formed
by partial proteolysis of ﬁ—caseiﬁ (de Wit, 1998). Heat treatmeﬁt above 40 °C was not
used, since the extent of BSA precipitation can increase when the temperature treatment
is > 40 (Bramaud et al, 1997). Consequently, heating at 35 °C was used in the
procedure to separate f-Lg and a-Lac enriched fractions from LW, WPI and WPC

(Figure 4.1.)

44.2 Composition of a-Lac and f-Lg Enriched Factions

Table 4.1 shows the composition of LW, WPL, WPC and the separated 3-Lg and
a-Lac enriched fractions from these materials using NaC and SHMP. The protein
contents of B-Lg enriched fractions (Figure 4.1, step 2B) from WPI, WPC and LW
extracted with NaC were 98.6, 69 and 70%, respectively; for B-Lg enriched fraction
WPI, WPC and LW extracted with SHMP, the protein contents were 53, 49 and 40%,
respectively. ' The lower protein contents in P-Lg enriched fractions extracted with
SHMP; compared those extracted with NaC, is due to their higher ash:contents (Table
4.1). Between pH 3.5 and 5.2 f-Lg, is positively charged and associates to form
octamers of MW 144 kDa; in Solution‘ SHMP is highly negatively charged and can
interact electrostatically with [(-Lg. Moreover, SHMP is known to promote
deflocculation, dispersion or suspension of food constituents (Dziezak, 1990).

Therefore, it is likely that there was formation of aggregates containing B-Lg and
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residual SHMP resulting in high ash content in these enriched fractions, despite

extensive dialysis.

The protein contents of o-Lac enriched fractions obtained without pH
adjustment (Figure 4.1, step 2A), from WPI, WPC and LW extracted with NaC were
95.5, 76.2 and 28.8%, respectively; for a-Lac enriched fractions obtained from WPI,
WPC and LW extracted with SHMP, the protein contents were 94.1, 71.6 and 65.1%,
respectively. These results indicate that protein contents of a-Lac enriched fractions
from WPI and WPC, depended on the source of the product, and not on the chelating
ageﬁts (NaC or SHMP), while the protein contents of a-Lac enriched fractions from LW
depended on the chelating agents. For all a-Lac enriched fractions obtained without pH
adjustment (Figure 4.1, step 2A), the amounts of ash ranged from 3.7 to 7.5 % except

for a-Lac enriched fractions from LW extracted with NaC, which contained 24% ash.

The i)rotein contents of a-Lac enriched fractions obtained with pH adjustment
(Figure 4.1, step 3) from WPI, WPC and LW extracted with NaC, were 81.3, 69.9 and
18.7%, respectively; for a-Lac enriched fractions from WPI, WPC and LW extracted
with SHMP, the protein contents were 72.1, 75.3 and 43.8%, respectively. As in a-Lac
enriched fractiens obtained without pH adjustment (Figure 4.1, step 2A), d-Lac
A enriched fréctions from WPI and WPC obtai'ned with pH adjustment (Figure 4.1, step
3), showed different protein contents depending on the source of the protein but not on
treatment with different chelating agents, while protein contents of o-Lac enriched
fractions from LW depended en the chelating agents. For all a-Lac enriched fractions
obtained with pH adjustment (Figure 4.1, step 3), the amounts of ash ranged from 6.1 to
13.7 %.
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Table 4.1: Chemical composition of initial whey preparation and separated B-
Lg and a-Lac enriched fractions; values calculated as % dry weight basis .

Total

Sample Dry :;:)atter A;Jh protein % Pu;ity" Yi(,zdc
(N X 6.38)
Initial whey preparations
- WPI 95 2.5 90
WPC ' 96 3 75
LW 6.88 7.7 12.35
B-Lg enriched fractions (Figure 4. 1, step 2 B)
WPI NaC 94.03 1.56 98.6 94.8 - 63:1
SHMP 94.11 42.60 532 ND' ND
WPC NaC 9620 3118 689 834 467
SHMP 94.16 50.27 48.8 ND - ND
LW NaC 93.72 5.30 70.0 88.8 68.6
SHMP 93.53 60.78 40.1 NDb ND
o-Lac enriched fractions without pH adjdstment (Figure 4.1, step 2 A)
WPI NaC . 88.67 7.26 95.5 90 . 348
, SHMP 89.34 3.65 941 899 886
WPC NaC 91.43 8.65 76.2 83.1 229
SHMP 89.41 7.46 71.6 86.1 435
LW NaC 92.02 2441 28.8 96.1 7.1
SHMP 94.07 4.62 65.1 88.3 803
o.-Lac enriched fractions with pH adjustment (Figure 4.1, step 3)
WPI NaC 90.61 6.92 8L3 732 24.4
SHMP 90.83 13.73 72.1 70.1  '10.9
~WPC | NaC 90.40 10.48 69.9 712 166
. SHMP 90.39 6.16 75.3 73.2 - 43.0
LW NaC 93.10 11.05 18.7 70.0 3.7
SHMP 93.08 11.53 438 684 163

* Means of duplicate determinations

b Expressed as % of the ratio of their peak area to the total RP-HPLC peak area
° Yield based on total B-Lg and a-Lac in initial material (68% and 17.5%, respectively) and in final products

on dry basis

“9Not determined

WPI = whey protein isolate; WPC = whey protein concentrate, LW = liquid whey; NaC = sodium-citrate;

SHMP = sodium-hexametaphosphate



4.4.3 Yield and Purity of a-Lac and B-Lg

Figufe 4.4 shows the RP-HPLC ’chromatogr,am of WPL the 5 identified peaks
were Ig, ’B SA, oc%_ap and B-Lg (B and A); the RP-HPLC chromatograms of WPC and
LW were similar. §-Lg (A and B) (not shéwn) ’and o-Lac répresent approximately 68%
and 17.5 %, respectively, of the total peak area in the 'WPI, WPC and LW
chromatogrgms. These values are in agreement with values reported by Morr and
Foegeding (1990), Mate and Krochta (1994), and Caessens.et al. (1997). The yield of
the B-Lg enriched fraction from WPI extracted with NaC, was approximately 63%
(based on the total protein % and on 3-Lg content in the WPI on dry weight basis), with
a purity of 95% (Table 4.1). Mate and Krochta (1994) obtaine‘d’yield of 65% (95%
purity), of the B-Lg present in WPI using 7% NaCl at pH 2 and Caessens et al. (1997)
reported yield of 60% (95% purity) of purified f-Lg obtained from WPI using 3%
trichloroacetic acid at pH 3.5. The yield of B-Lg enriched fraction from Wi’C and LW
extracted with NaC were 46.7 and 68.6%, respectively; this low yield of the B-Lg
enriched fractions obtained from LW can be related to its high ash content. The f-Lg
enriched fractions obtained by extraction with SHMP were not separated by RP-HPLC,
sincek acidified solution of these fractions failed to pass through the 45 um syringe
membrane filter (Millipore, Beford, MA), prior to HPLC separation. This could be due
to the interaction of B-Lg with SHMP resulting in the formation of largé profein
aggregates in acidic solution (Dziezak, 1990). Although the yield % of [3-Lg enriched’
fractions could not be determined, it can be assumed to be low because of their high ash

contents, which ranged from 43 to 61% (Table 4.1). Based on the higher yield and lower
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Figure 4.4: Reversed-phase high-performance liquid chromatography of WPI.
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ash content of PB-Lg enriched fractions extracted with NaC, the use of NaC as a

chelating agent for the separation of B-Lg enriched fractions is preferred to the use of

SHMP.

Thé yields of a-Lac in the a-Lac enriched fractions obtained from WPI, WPC
and LW extracted with NaC and SHMP without pH adjustment (Figure 4.1, step 2A)
are shown in Table 4.1. These yields from WPI, WPC and LW extracted with NaC were
34;8, 22‘.9 and 7.1%, respectively, with purities of 90, 83 and 96%, respectively; the
yields of a-Lac enriched fractions from WPI, WPC and LW extracted with SHMP were
88.6, 43.5 and 80.3, respectively with purities of 90, 86 and 88% respectively. The
higher yields of a-Lac enriched fractions extracted with SHMP compared to those of
- NaC, can be attributed to the greater binding affinity and binding capacity for calcium
resuiting in greater destabilization and subsequent precipitation of a-Lac. Mailliart and
Ribadeau-Dumas (1988) reported that the yield of a-Lac in the o-Lac enriched fraction
obtained from LW using 7% NaCl at pH 2 before a desalting step, was approximately
77%, and‘ Gésan et al. (1999) reported yield of 43% (52% purity) of purified a-Lac
obtained frofn WPC. Our recoveries of ¢-Lac in the a-Lac enriched fractions extracted
with SHMP, were higher than reported values, but were lower in thé a-Lac enriched
fractidns extracted with NaC, with purity higher than 83% for both chelating agents.
Based on the higher yields and purities and lower ash cohtents of a-Lac enriéhed
~ fractions extracted with SHMP, the use of SHMP as a chelating agent for the separation

of a-Lac enriched fractions is preferred to the use of NaC.

The yields of a-Lac in the a-Lac enriched fractions from WPI, WPC and LW

extracted with NaC and SHMP with pH adjustment to 7.5 and resolubilizing with 0.1 M
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CaCl, (Figure 4.1, step 3) are shown in Table 4.1. The yields of a-Lac enriched
fractions from WPI, WPC and LW extracted with NaC were 24 .4, 16.6 and 3.7%,
respectively, with purities of 73.2, 71.2 and 70%, ’respectively; the yields of a-Lac
enriched fractions from WPI, WPC and LW extracted with SHMP were 10.9, 43.0 and
16.3%, resp’ectively, with purities of 70.1, 73.2 and 68.4%, respectively. The decrease in
purities of a-Lac enriched fractions extracted with NaC and SHMP and with pH
adjustment compared to those obtained without pH adjustment can be attributed to the
effect of higher pH (7.5) on resolubilization of a-Lac and possibly other proteins such

as BSA (Bramaud et al., 1997).

4.4.4 Electrophoresis and Glycoprotein Detection

Figure 4.5 shows the electrophorétic patterns for B-Lg enriched fractions
obtained from LW, WPC and WPI eitracted with NaC and SHMP (Figure 4.1, step 2 B)
under native‘conditions (Figure 4.5 A), in the presence of SDS (Figure 4.5 B) and on
nitchellulose membrane with labelled carbohydrate moieties (Figure 4.5 C). RP-HPLC
chromatogram of B-Lg enriched fractions from LW, WPI and WPC extracted with NaC
is also shown in Figure 4.5. individual protein bands were identified from LW, WPI and
- WPC,; similar bands were also identified by M;mji et al. (1985). Another band appeared
in all B-Lg enriched fractions betweén the bands of B-Lg (variant B) and BSA (Figure
4.5 A); this band was also visible in the well corresponding to -Lg standard and could
be the dimer of B-Lg. Figure 4.5 (A and B) indicate that B-Lg enrjched fractions

obtained from LW and WPI extracted with NaC and SHMP (Figure 4.1, step2 B)
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Figure 4.5: Electrophoretic patterns for enriched B-Lg fractions (Figure 4.1,
step 2 B) in native conditions (A), in the presence of SDS (B) and in
nitrocellulose membrane with labeled carbohydrate moieties (C). See Figure
4.2 for abbreviations.
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showed mainly band corresponding to -Lg, minor bands corresponding to a-Lac and
BSA were noted in NaC treated fraction. RP;}IPLC (Figure 4.5) conﬁrmed the identity
of the bands separated by native electrophoresis. Electrophoretic patterns of B-Lg
enriched fraction from WPC under native conditions (Figure 4.5 A) showed greater
migration and diffused bands. In the presence of SDS (Figure 4.5 B), the B-Lg enﬁched
fractions obtained from WPC showed band with MW 19,118 Da compared to 18,080
Da for the same fractions from LW and WPI. This could be due to heating and drying
treatments (during commercial WPC preparation), which can result in reaction of
lactose with available lysine of the §-Lg (Morgan et al., 1998). This was confirmed by
carbohydrate specific identification (Figure 4.5 C) which revealed that [3-Lg enriched
fractions from WPC is glycated with greater glycation in f-Lg enriched fractions

obtained with NaC than with SHMP.

Figure 4.6 shows the electrophoretic patterns for «-Lac enriched fractions
bbtained from LW, WPC and WPI extracted with NaC and SHMP without pH
; adjrurstment (Figure 4.1, step 2 A) under native conditions (Figure 4.6 A), in the presence
of SDS (Figure 4.6 B) and on nitrocellulose membrane withklabeled carbohydrate
moieties (Figure 4.6 C). RP-HPLC chromatogram of o-Lac enriched fractions from
LW, WPI and WPC extracted with NaC is ’élso shown in Figure 4.6. a-Lac enﬁched
fractions from ,LW, WPI and WPC extracted with NaC and SHMP without pH
adjustment (Figure 4.1, step 2 A), showed a main band corresponding tdoc-Lac; minor
bands corresponding to $-Lg and BSA Were also noted. The RP-HPLC chrqmatograms

of 0-Lac enriched fraction extracted with NaC without pH adjustment (Figure 4.6)
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Figure 4.6: Electrophoretic patterns for enriched a-Lac fractions (Figure 4.1,
step 2 A) in native conditions (A), in the presence of SDS (B) and in
nitrocellulose membrane with labeled carbohydrate moieties (C). See Figure
4.2 for abbreviations.

84



shows single peaks corresponding to a-Lac. Co-separation of -Lg and BSA and other
protein fractions, represent less than 11% in all a-Lac enriched fractions (Table 4.1).
The co-separation of BSA may be explained by the fact that qalcium is a stabilizer of
BSA (Gumpen et ’al., 1979) as it is for a-Lac (Bramaud et al., 1995, 1997), and the use
of calcium sequestrant (such as NaC and SHMP) would result in a decrease of free
calcium ion concentration and thus in both a-Lac and BSA destabilization.
Electrophoretic patterns of a-Lac enriched fraction from WPC under native conditions
(Figure 4.6 A) showed greater migration and diffused bands. In the presence of SDS
(Figure. 4.6 B), the a-Lac enriched fractions obfained from WPC showed band with
MW 14,770 Da compared to 14,060 Da for the same fractions from LW and WPI. This
~ can be related reaction of lactbse with available lysine of the o-Lac. This was confirmed
in Figure 4.6 C which indicated that ¢-Lac enriched fractions from WPC is glycated and

co-separated B-Lg and BSA fractions were also glycated.

SDS-PAGE electrophorétograms of a-Lac enriched fractions. obfained from
LW, WPC and WPI extracted with NaC and SHMP with pH adjustment (Figure 4.1,
step 3) are Si'lOWIl in Figure 4.7. RP-HPLC chromatogram of a-Lac enriched fractions
from LW, WPI and WPC extracted with NaC with pH adjustment i.s also shown in
Figuré 4.7. The results showed that along with the separation of ol—Lac, minor bands
cofresponding t§ BSA and B-Lg were also observéd. Moreover, two faint bz;mds
. appeared above and below the bands of BSA in all a-Lac enriched fractions and

between the bands of B-L.g and a-Lac in e-Lac enriched fractions obtained from WPL
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Figure 4.7. SDS-PAGE (12%) patterns for a-Lac enriched fractions after pH
adjustment (Figure. 4.1, step 3). See Figure 4.2 for abbreviations.
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On average, these co-separated bands represent about 29% of the a-Lac enriched
fractions (Table 4.1), indicating that solubilization of precipitated a-Lac with CaCl, is

more selective without pH adjustment.

4.5 CONCLUSIONS

The presenf work has established the relative performance of NaC and SHMP,
in combination with high salt conqentration at low pH, to separate B-Lg and o-Lac from
LW, WPC and WPIL Results showed that the use of NaC and SHMP were more
effective than other chelating agents. The use of NaC as a chelating agent resulted in
yield of 47-69% of B-Lg enriched fractions with purities ranging from 83-90% and
protein contents ranging from 69-99% while the use of SHMP resulted in yield of 44-
89% of a-Lac enriched fractions with pﬁrities ranging from 86-90% and protein
contents ranging from 65-94% depending on the source of whey protein preparations
and type of chelating agents. In addition, results showed that solubilization of
precipitated a-Lac with CaCl, was more selective without pH adjustment. Our process
is an improvement over comparable processes for preparation of commercial quantities

of B-Lg and a-Lac for food industry applications.
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CHAPTER 5

THERMAL DENATURATION AND CONFORMATIONAL

STABILITY OF B-LACTOGLOBULIN ISOLATED FROM
WHEY AND WHEY PROTEIN PREPARATIONS

5.0 CONNECTING STATEMENT

In Chapter 4, a method was developed to isolate B-Lg with relatively high purity
and yields, from liquid whey (LW), whey protein isolate (WPI), and whey protein
concentrate (WPC) using different chelating agents. Results showed that the use of NaC
and SHMP were more effective than other chelating agents and the use of NaC resulted
in high yield of B-Lg isolated fractions. The work described in this‘ chapter is an
' evaluation of the thermal denaturation and structural stability of B-Lg fractions isolated
from whey and whey protein preparations in Chapter 4, and addresses the third

objective discussed in the “Rationale and Objectives of Study” section of Chapter 1.

Note: This chapter is the text of a manuscript which is to be submitted for

~ publication as follows:

“Alomirah, H. F.; Alli, I; Ismail, A. A.; Konishi Y. Thermal Denaturation and
Conformational Stability of B-lactoglobulin Isolated from Whey and Whey Protein

Prepafations. J. Agric. Food Chem.

Contribution of co-authors: Alli, I. (thesis supervisor), Ismail, A. A.
(contributed to interpretation of FTIR spectra); Konishi, Y. (contributed to interpretation

of MS data).
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5.1 ABSTRACT

The thermal and structural properties of B-lactoglobulin (B-Lg) fractions isolated
from fresh 1iqﬁid whey (LW), »Whey protein isolates (WPI) and whey prétein
concentrates (WPC) with sodium—citrate (NaC) or sodium-hexametaphosphate (SHMP)
were investigated by differential scanning calorimetry (DSC) and xFourier transform
infrared (FTIR) spectroscopy, respectively. The theromgram of -Lg isolated fraQtibns

‘showed a single transition with peak temperature (74) ranged from 80.7 to 83.5 in
deuterated buffer and ranged from 76.5 to 79.2 in aqueous buffer depending on whey
“source. The P-Lg isolated fractions showed higher thermal stability compared to
commercial B-Lg standard. FTIR results showed that although using NaC and SHMP
may have partially unfolded certain regioﬁs of B-Lg isolated fractions, it may have
conferred stability to other regions as evidenced by their higher 1692 emr’ band
intensity at 75 °C. The FTIR spectra of -Lg isolated fractions revealed a shift in the
1677, 1635, 1625 ¢cm " bands by 2 cm™ compare to B-Lg standard, indicating that their
structure was relatively tight and inflexible. Upon heating, B-Lg isolated fractions
denatured without the formation of aggregates as indicated by low intensity of the bands
at 1684 and 1616 cm’, shggesting that the addition of NaC and SHMP may have the

ability to inhibit aggregate fdrmation.
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5.2 INTRODUCTION

The most common functional properties attributed to whey proteins are
solubility, viscosity, emulsification, foaming, water absorption and gel formation. These
functional prdperties have been demonstrated to be affected by intrinéic (hydrodynamic
and thermodynamic properties) and extrinsic (environmental conditions and procéssing
treatments) factors (Damodaran, 1994). These factors can alter the structure of whey
proteins and consequently affect its functionality. Moreover, the variability in whey
composition can also affect its functional properties. For example the relative ratios of
the proteins present in whey, such as B-laétoglobulin ‘(B-Lg), a-lactalbumin («a-Lac),
bovine serum albumin (BSA) and immunoglobulins may vary as a funétion of the
bovine breeds, season, and animal feed. In most food applications, whey proteins are
used as is, rather than separating the individual protein, this accounts for the high
functional variability among commercially available whey proteins products >thereby
limiting their applications (Morr and Ha, 1993; Mate and Krochta, 1994). The use of
whey proteins in infant foods is limited due to the allergenicity of B-Lg‘of some infants
(Gryboski, 1991). Accordingly, selective fractionation of the major whey proteins may
be one way to reduce the allergenicity of the whey proteins. Furthermore, large scale
separation of the individual whey proteins can result in a better understanding of the
structure-function relationship of these proteins and in providing superior control of

protein composition.

B-lactoglobulin is approximately 50% of the whey proteins in bovine milk, and
is primarily responsible for the physicochemical properties of whey proteins (Schmidt

and Morris, 1984; Kinsella and Whitehead, 1989). -Lg consists of 162 amino acid
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residues and contain two intramolecular disulfide bonds and one free buried thiol group;
the reactivity of the thiol group increases at pH values above 6.8 (Haque and Kinsella,
1987), upon heating (Kinsella, 1982), or high pressure (Hosseini-nia et al. 1999) and
may participate in- forming intermolecular disulfide bonds and in thiol-disulfide
interchange reaction. The secondary structure of B-Lg consists of an a-helical content of
- 10-15%, a PB-structure content of 50% and 20% turns, and the remaining 15-20%
represent amino acid iesidues in a random coil arrangement (Casal et al, 1938) while
crystallographic studies indicated that tertiary structure of B-Lg is made up of ninc
‘antipa'rallel B-strands, eight of which wrap round to form a f-barrel, with an heli)i at the
external face. This configuration has the ability to bind and transport apolar, lipophilic
or labile compounds (Papiz et al., 1986). At room temperdtiire and neutral pH, the
quaternary structure of B-Lg exist as a dimer. At pH between 3.5 and 5.5, the dimmers
associate to fomi octamers which dissociate to monomers below pH 3.5 and above pH

7.5 (Timasheff et al., 1966; Hambling et al., 1992).

Currently, there is growing interest in studying protein siability—function
relations (PSFR) rather than traditional structure-function relations (Apenten and
Galani, 1999) since stability is easier to quantify than structure. Although, there is a
relative abundance of information in the literature on factors affecting the stability of
whey proteins and individual whey protein standards (Boye 1995; Boye et al., 1996b,
| 1997b, 2000), there is relatively limited information on the structural stability of B-Lg
proteins isolated from different whey protein preparations. In this study, differential
scaiming calorimetry (DSC) and Fourier transform infrared (FTIR) spectro'scopy; two

~complementary techniques that have become widely accepted for studying the thermal

91



and structural behaviour of proteins (Casal et al., 1988), were employed to investigate
the thermal and structural changes in -Lg isolated from fresh liquid whey (LW), and
solutions of whey protein isolates (WPT) and whey protein concentrates (WPC) using a
chelating agent [sodium-citrate (NaC) or sodium-hexametaphosphate (SHMP)] at pH

| 3.9 in the presence of 7% NaCl (Chapter 4).
5.3 MATERIALS AND METHODS

5.3.1 Materials

B-Lg standard (containing variant A and B) (L-0130) was obtained from Sigma
Chemical Co. (St. Louis, MO) and used as received. Deuterium oxide (D;0) (> 99%)

~ was from Aldrich (Milwaukee, WI).

5.3.2 Samples Preparation

Protein solutions of B-Lg fractions isolated from WPI, WPC and LW extra#ted
with NaC or SHMP (Chapter 4), vs/.eré extensively dialyzed against excess volumes of
water for 3 days. Prior to measurements, all proteins fractions were further desalted 4
times using Centricon-10 filters (Amicon Inc., MA, USA). Desalted samples were then
lyophilized and stored at 4 °C. Complete absence of chelating agent attached to the
protein was confirmed by electrospray ionization mass spectrometry (ESI-MS) (Chapter

7.
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5.3.3 Differential Scanning Calorimetry

Solutions of P-Lg standard and P-Lg isolated fractions were prepared by
' dispersifig the proteins in aqueous (H,O) and deuterated (D,0O) phosphate buffer
solutions (0.0l M, pH 6.8; in this work the relation pD = pH + 0.4 was used) to rhake
20% (W/v) solutions. The rationale for studying the effect of D,O aﬁd H:0O as a
solvent was to determine whether réplacement of H,O with D;0 in FTIR experiments
influence the conformational stability of B-Lg. Typically, 25 pL of each solution, were
placed in ’pre-weighed differential scanning calorimetry (DSC) pans, which were
hermetically sealed and weighed accurdtely. The samples were placed in the DSC
(TA3000, Mettler Instrument Corporation, Greifensee, Switzerland) and scanned from
15 to 100 °C at a programmed heating rate of 5 °C/min. For each run, a sample pan
containing the buffer uSed for dissolving the proteins was used as reference. After
heating, the samples were allowed to cool to room temperature and the heating cycle
was repeated under the same experimental conditions to determine the degree to |
which the denaturation was reversible. Cooling of the samples between the two
heating cycles was done by the use of a liquid air tank attached to the DSC. Degree of '
reversiﬁility was determined from the ratio of the areas under the second and first
endothermal peaks (Boye and Alli, 2000). The DSC was calibrated by use of indium
standards. Peak temperature of denaturation (73) and heat of transition or enthalpy
(AH) (area underneath peak) were computed from each thermal curve. AH values are
based on thé total Weight of the protein solutions. Purity percehtages samples were

determined as the ratio of B-Lg enthalpy (AH) divided by total enthalpy (AH) -
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calculated by DSC for each sample. All DSC measurements were done in at duplicate

or triplicates.

5.3.4 Fourier Transform Infrared Spectroscopy

Solutions of each protein sample (15% w/v) were prepared using deuterated
phosphate buffer solutions (pH 6.8) approximately one hour prior to the start of the
infrared measurements. Infrared spectra were recorded on a 8210E FTIR spectrometer
(Nicolet, Madison, WI) equipped with a deuterated triglycine sulfate detector. The
spectrometer was purged contimiously with dry air from a Balyston dryer (Balston,
Haverhill, MA). 7 pL of the protein solqtiqn was placed 5etween tWo CaF, windows
separated by 25 pm spacer and held in a temperature-controlled infrared cell. The
temperature of the sample was regulated by an Omega temperature controller (Omega
‘Engineering, Laval, QC). The temperature was increased in 5 °C increments aﬁd the
infrared cell allowed to equilibrate for 5 min prior to data acquisition. The reported
temperatures are accurate to within + 0.1 °C. A total of 512 scéms co-added at 4cm™
resolution. Deconvolution of thé observed spectra was performed using Omnic 5.0
software (Nicolet, Madison, WI). The deconvolution of the infrared spectra Was carried
out as describéd by Kauppinen et al. (1981). The signal-to-noise ratio was >20000:1,
and the baﬁdwidth used for deconvolution waé 13 em™ with a band narrowing factor of
2.4. The band assignments in the amide I area (1600-1700 cm™) were based on band
assignments from previous FTIR studies (Casal et al., 1988; Susi and kByler, 1988; Boye

et al., 1996b; Hosseini-nia et al., 1999).
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5.4 RESULTS AND DISCUSSIONS

5.4.1 Thermal Stability of p-Lg

Figure 5.1 shows the DSC thermograms of B-Lg standard and B-Lg fractions
isolated from WPI, WPC and LW extracted with NaC or SHMP (Chapter 4); the
thermal analysis was done in deuterated (DZO) phosphate buﬁ”er‘~v(pH 6.8). Table 5.1
shows the purity % of B-Lg isolated fractions and the thermodynamic parameters. With
the expectation of B-Lg isolafed from WPI with NaC (B-Lg-WPI-NaC), the purity of the
B-Lg isolated fractions’ ranged from 82 to 95%. These values are in agreement with
values obtained by RP-HPLC for the same [(-Lg isolated fractions (Chaﬁter 4). RP-
HPLC also revealed the presence of small amounts of a-Lac and BSA. A notable
exception is the B-Lg-WPI-NaC fraction. RP-HPLC revealed that this fraction had a
purity greater than 93% (Chapter 4), whereas a 56% purity was estimated from fhe DSC
data. The source of this discrepancy may be attributed to the presence of small peaks at
the low temperature side of the main B-Lg transition péak in’ the DSC thermogram. Qi et
al., 1995, reporfed that B-Lg solutions at low concentration and at pH 6.75 and pH 8.05
gave corhplex thermograms with small peaks at the low temperature side of the peak.
These peaks were attributed té the dissociation of the dimer before denaturation (Qi et
al., 1995).

The theromgram of -Lg standard in deuterated buffer (Figure.S. 1) shows kone
transition with peak temperature (7y) at 75 °C and enthalpy (AH) of 1.4 J/g (Table 5.1).
Similar values have been reported by Boye et 51. (1996b) under the same conditions.

Cooling of the sample followed by reheating (second heating cycle) resulted in the
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B-Lg-LW-SHMP
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Figure 5.1: DSC thermograms of B-Lg standard and B-Lg fractions isolated
from WPL, WPC and LW extracted with NaC or SHMP. Heating at 5 °C/min
from 15 to 100 °C in deuterated phosphate buffer (0.01 M, pH 6.8). $-Lg = B-
lactoglobulin; WPI = whey protein isolate; WPC = whey protein concentrate;
LW = liquid whey, NaC = sodium-citrate, SHMP = sodium-
hexametaphosphate.
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Table 5.1: DSC characteristics of B-lactoglobulin standard and B-lactoglobulin

fractions isolated from whey products *

st heating cycle ~  2nd heating cycle
name solvent 7 AH  Purity Ty AH Reversibility
O (g ) (O g (%)
B-Lg-STD DO 75 14 1000 77.1 0.05 3.3
B-LgWPLNaC D,0 807 06 563 817 0.05 7.9
B-Lg-WPI-SHMP D,0 808 06 939 785 0.08 13.3
B-Lg-WPC-NaC D,0 825 06 822 777 004 6.5
B-Lg-WPC-SHMP D,0 835 06 887 809 0.02 3.8
B-Lg-LW-NaC  D,0 813 07 953 0.00 0.0
B-Lg-LW-SHMP D,0 811 07 890 0.00 0.0
B-Lg-STD H,0 725 15 985 703 0.02 1.5
B-Lg-WPL-NaC  H,0 765 07 500 759 0.04 5.9
B-Lg-WPI-SHMP H,0 783 08 817 0.00 0.0
 B-Lg-WPC-NaC  H,0 792 15 965 0.00 0.0
B-Lg-WPC-SHMP H,0 765 10 981 0.00 0.0
B-Lg-LW-NaC ~ H,0 775 06 917 757 001 2.0
B-Lg-LW-SHMP H,0 781 04 750 0.00

0.0

* Ty, peak temperature of denaturation; AH, enthalpy calculated as area underneath -
Lg peak; % purity, enthalpy calculated for B-Lg divided by total enthalpy calculated
for each sample x 100; % reversibility, enthalpy calculated from each heating cycle
divided by enthalpy of the first heating cycle x 100; B-Lg = B-lactoglobulin, WPI =
whey protein isolate; WPC = whey protein concentrate; LW = liquid whey;, NaC =
sodium-citrate, SHMP = sodium-hexametaphosphate.
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reappearance of one transition with peak temperature (74) at 77.1 °C and low enthalpy
(AH) of 0.05 J/g, indicating 3.3 % reversibility (Table 5.1). These results demonstrate
that B-Lg no longer show endothermal heat effect of unfolding in the second heating
cycle. These results agree with statement that B-Lg is irreversible once intermoleéular
aggregation has began (Wong et al., 1996). The 7; of B-Lg isolated from WPI kwith NaC
and SHMP was 80.7 and 80.8 °C respectively, from WPC were 82.5 and 83.5 °C
respectively, and from LW were 81.3 and 81.1 °C, respectively. These results indicate
that B-Lg fractions shdwed different Ty dépending on the source of whey (i.e., WPI,

WPC and LW), but not on the use of different chelating agents (i.e., NaC.and SHMP).

The increase in the thermal stability of all -Lg isolated fractions compared to

- that of B-Lg standard cannot be attributed to presence of othef proteins in these fractions
since previous reports indicate that 3-Lg was less thermally stable when heated in the
presénce of a-Lac (Boye et al., 2000) or k-casein (Park and Lund, 1984). Also, the
fhermal stability could not arise from the presence of NaCl since all_ samples were
extensively desalted. ,Thereforé, increased thermal stability of B-Lg isolated fractions
may be attribﬁted to conformational change in §-Lg. Table 5.1 shows that AH of B-Lg
isolated fractions ranged betwéen 0.6 and 0.7 ‘J/ g which is sﬁbstantiall}./ lower than AH
of B—Lé standard (1.4 J/g). It is interesting to note that while f-Lg isoléted fractions are
more thermally stable, they required less amount of | energy to .unfold than ﬁ;Lg
_ sfandard; These results suggest that the addition of a chelating agents (NaC and SHMP)
may have partially unfolded certain regions of B-Lg resulting in lowéring the AH and
conferred stability in other regions of the protein resulting in higher 7. Similar eﬂ'ecfs
were reported for P-Lg heated in the présence of SDS (Boye and Alli, 2000).
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Furthermoré, ESI-MS analysis of B-Lg samples revealed the absence of residual
chelating agents, therefore, it is unlikely that the change in the AH and 7; are attributed

to the interaction between the residual chelating agent and -Lg.

Table 5.1 shows the 7y of B-Lg isolated from WPC, extracted with NaC and
SHMP, increased by 1.8 and 2.7 °C respectively compared to the 7y of B-Lg isolated
from WPI, and increased by 1.2 and 2.4 °C compared to the 7, of B-Lg isolated from
LW. Cooling of B-Lg fraction isolat;ad from WPC followed by reheating (second
heating cycle) was found reversible by 6.5% for NaC-treated WPC and 4% for SHMP-
treated WPC samples. These values are higher than the reversibility (3.3%) of B-Lg
standard. Similar results were also obtaiﬁed for WPI, which exhibited a reversibilfty of
7.9% for NaC-treated and 13.3% for SHMP-treated WPI samples. In contrast, NaC- and
SHMP-treated LW samples showed complete lack of reversibility. The above results
demonstrate an increase in thermal stability and reversibility of B-Lg fractions obtained
from WPC and WPI. The stabilizing effect may be attributed to the presence of lactose.
Previous studies employing electrophoresis (Chapter 4) and ESI-MS (Chapter 7)
indicated that the B-Lg fraction isolated from WPC and WPI were partially glycated,
“while B-Lg isolated from LW was nonglycated. Glycation of these fractions could be
" due to the presence of high concentrations of lactose during the prepafation of WPC and
the processing of WPIL. In the case of LW, the samples wére less than one-day old,
therefore, minimizing the chance of B-Lg glycation. Earlier studies using DSC (Boye
~and Alli, 2000) and FTIR (Boye et al., 1996b) have confirmed the stabilizing influence
of sugars on P-Lg. Bouhallab et al. (1999) suggest that lactose protects B-Lg from

precipitation through steric hindrance and high surface hydrophilicity that prevents the
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thiol-disulfide exchange reactions. ESI-MS studies (Chapter 7) also revealed that B-Lg
obtained from WPC contained approximately 12-14 sugar residues per protein
molecule, while only 2-4 residues of sugar were found in the 3-Lg isolated from WPI. It
is of interest to note that the percentage reversibility of B-Lg isolated from WPI was
greater than that of B-Lg isolated from WPC. It may be possible that the number of
sugar residues attached to the protein may play a key role in the reversibility of the

protein.

Figure 5.2 shows the DSC thermograms of B-Lg standard and (-Lg fractions
isolated from WPI, WPC and LW extracted with NaC or SHMP (Chapter 4); the
thermal analysis was done in aqueous (H,O) phosphate buffer (pH 6.8)‘. Table 5.1
shows that purity of -Lg isolated fractions, except for p-Lg frkactions isolated from
WPI and extracted with NaC (B-Lg-WPI-NaC), ranged from 75 to 98%,; these values
are relatively lower than values obtained by RP-HPLC for the same isolated fractions
(Chapter 4). The theromgram of $-Lg standard in aqueous buffer shows single transition
with peak temperature (74) at 72.5 °C and enthalpy (AH) of 1.5 J/g (Table 54‘1). Similar
values have ’been; reported by Boye and Alli (2000) under similar conditions. Cooling of
this sample followed by reheating (second heating cycle) résulted in the reappearance of
ohe transition with peak temperature (7g) at 70.3 °C and low enthalpy (AH) of 0.02 J/g
indiqating 1.5 % reversibility compared to 3% reversibility in deuterated buffer (Table
5.1). The T4 of B-Lg standard in aqueous buffer decreased by 2.5 °C from T, s of B-Lg

standard in deuterated buﬁ‘er (Table 5.1). Similarly, Verheul et al. (1998) found that 3-
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Figure 5.2: DSC thermograms of B-Lg standard and -Lg fractions isolated
from WPI, WPC and LW extracted with NaC or SHMP. Heating at 5 °C/min
from 15 to 100 °C in aqueous phosphate buffer (0.01 M, pH 6.8). f-Lg = B-
lactoglobulin, WPI = whey protein isolate; WPC = whey protein concentrate;
LW = liquid whey; NaC = sodium-citrate; SHMP = sodium-
hexametaphosphate.
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Lg at pH 7.0 is approximately 3 °C hjgher in D20 compared to H,O. The stabilizing
effect of D,O was explained by an increase in hydrophobic interactions and/or an

~ isotope effect on hydrogen bonding (Verheul et al., 1998).

All B-Lg isolated fractions in aqueous buffer showed increased thermal stability
~ compared to B-Lg standard but with lower AH. The 7 of all B-Lg isolated fractions in
aqueous buffer were lower by 2.5 to 7 °C over that in deuterated buffer, indicating less
conformational stability. Table 5.1 indicate that AH of B-Lg isolated fraction_, except for
B-Lg fractions isolated from WPC, were more or less the same as in aqueous buffer
(~0.6 J/g). Similar findings have been reported by Ve}heul et al. (1998) that AH of the

transition of a B-Lg is not significantly influenced by D,0.

5.4.2 Structural Changes of p-Lg by FTIR Spectroscopy

In this study chzinges in the position and relative intensities of the amide I bands
in the amide’I band absorption région bétween 1600 and 1700 cm™ in the infrared
spectra of the protein was considered. Figure 5.3 (A-D) shows deconvoluted infrared
spectra of the Q—Lg standard and‘ B-Lg fractions isolated from WPI, WPC and LW
extracted With NaC or SHMP (Chapter 4) in deuterated phosphate buffer (pH 6.8) at 25,
55, 75 and 95 °C. The principle bands in the spéctra of B-Lg are shown in Table 5.2 |
The band assignments in Table 5.2 are based on previous infrared studies of B-Lg by
Susi and Byler, 1988, Casal et al., 1988; Boye et al., 1’996b. FTIR spectroscopy data
revealed that at ambient temperatures the secondary structure of the B-Lg isolated
fractions were comparable to that of the [-Lg standard. Examination of the infrared

spectra of B-Lg fractions isolated from WPC at ambient temperature, revealed the
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Figure 5.3: Deconvoluted infrared spectra of B-Lg standard and -Lg isolated
fractions (15% w/v) in deuterated phosphate buffer (pH 6.8) at temperature 25
(A), 55 (B), 75 (C) and 95 °C (D). B-Lg = B-lactoglobulin; WPI = whey
protein isolate; WPC = whey protein concentrate; LW = liquid whey; NaC =
sodium-citrate; SHMP = sodium-hexametaphosphate.
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Figure 5.3: (continued).
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Table 5.2: Frequenc1es (cm™) and band a551gnments of the amide I regions of f3-

lactoglobuhn

peak posmon

¢ peak position

(cm ) band assignmen (cm™) band assngnment
1690-1693 antiparalle]l f-turns 1643 random coil
1683 antiparallel {3-sheet 1637 antiparallel B-sheet
, or P-turns
© 1674-1680 antiparallel B-sheet 1630-1635  antiparallel B-sheet
1656-1658 a-helix 1623-1625 f-sheet |
1647-1650 o-helix and random ¢, f-sheet aggregated strands

coil

? Susi and Byler, 1988, Casal et al., 1988; Boye et al., 1996b.
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presence of broad amide I compared to the other protein spectra (Figure 5.3A). The
absence of well defined peaks may be attributed to the presence of multiple populations
of B-Lg with varying amounts of glycation. ESI-MS data revealed the presence of B-Lg
with 2-14 sugar residues (Chapter 7). The infrared spectra of -Lg at 25 °C (Figure 5.3
A) shows a weak band at 1692 cm™, attributed to B-type structure (Boye et al., 1996b).
Changes in the band intensity of the 1692 cm™ band have been attributed to hydrogen-
deuterium exchange in B-type structure and associated with the onset of unfol&ing of B-
Lg upon mild heat treatment of the protein (Boye et al., 1996b) and thus may reflect the
tertiary structure of the’ protein. Accordingly, the 1692 cm™ band can be used as an
indicator of the native state of the protein. Results indicate that the relative intensity of
this band was dependeht on the nature of the chelating agent. At 25 °C, B-Lg extracted
with SHMP showed lower intensity of 1692 cm™ to that of the B-Lg standard while p-
Lg extracted with NaC show a marked decrease in the intensity of the 1692 cm™ band.
The intensity of the 1692 cm™ band gradually decreased upon heating the B-Lg solution.
These results are in agreement with those previously reported by Boye et al. (1996) who
reported the disappearance of the 1692 ¢m™ band at 65 °C. However, all B-Lg isolated
fractions were more thermally stable than the B-Lg standafd. This was reflected in the
facf that all B-Lg isolated fractions had to bé heated to 85 °C in order to unfold the
protein. Heating above 90 °C, resulted in the complete disappearance of this band in all
samples. The results suggest that although addition of chelating agents (NaC and
SHMP) used for the isolation of f-Lg méy have partially unfolded certain regions of -
Lg resulting in an initial decrease in thé 1692 cm™ band intensiiy, it’ may havé conferred

stability to other regions of the protein. These findings are consistent with the DSC data,
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which showed that the B-Lg isolated fractions have higher thermal stability compared to

commercial p-Lg standard.

Above 75 °C, B-Lg standard and B-Lg isolated fractions showed the appearance
. of two new bandé at approximately 1684 and 1618 cm™; th’eée bands have been
assigned previously to intermolecular antiparallel B-sheet stemming from aggregate
formation, upon denaturation, with the simultaneous decrease in band intensities 1677
and 16'3'5, cm’ (assigned to intramolecular antiparallel B-sheet) and 1625 cm™ (B-sheet)
(Susi and Byler, 1988, Casal et al., 1988; Boye et al., 1996b). The extent of aggregation
was significantly variable based on 1684 and 1618 cm™ bands intensity. §-Lg fraction
isolated from WPI extracted with NaC denatured to the same extent as the B-Lg
standard. All other samples showed minimal aggregate formation. This is supported by
the observation that after scanning in the DSC, these samples formed weak gels.
Furthermore, B-Lg obtained from WPI extracted with SHMP aggregated the least and
upon éooling it Wask found to retain some of its secondary strudure (Figure 5.4). This is

~ further supported by the DSC data that showed a 13.3% reversibility of this fraction.

In order to ascertain effect of temperature on the major secondary structure
domains of B-Lg a plot of the percent decrease in thve intensity of the 1635 cm’l
(antiparéllel B-sheet) band in IR spectra of B-Lg stahdard and B-Lg isolated fractions as
a function of increasing temperature was generated (Figure 5.5). The decrease in the
intensity of the 1635 cm™ band in IR spectra of B-Lg fractions extracted with NaC aﬁd
SHMP were similar and accordingly only the plot of the drop in the intensity of 1635
cm” band in IR spectra of P-Lg fractions extracted With NaC are shown in Figure 5.5.
The similarity in thermally-induced unfolding of the antiparallel (-sheets in all B-Lg
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fractions extracted with NaC and SHMP revealed that nature of the chelating agent did
not affect the denaturation profile of the protein while the source of whey‘ (WPL, WPC
and LW) had a more pronounced effect. These findings are consistent with the DSC
data, which showed similar thermal stability fo’f B-Lg fractions extracted with NaC and

SHMP for the same whey sources.

Heating the B-Lg standard from 25 to 55 °C, resulted in a gradual decrease in the
intensity of 1635 c¢m™; this drop is attributed to the partial unfolding of the protein
without aggregate formation (Béye et al., 1996b). Above 60°C, the intensity of 1635 cm
~! decreased rapidly indicating substantial unfolding of the antiparallel B-sheets in the [3-
Lg standard (Figure 5.5). The decrease in the intensity of 1635 cm™ for B-Lg fraction

. isolated from WPC extracted with NaC (B-Lg-WPC-NaC) as a function of inqreasing
temperature was similar to that of the B-Lg standard. However, the rate unfolding of the
protein was much slower in the cése of WPC (Figure 5.5), will multiple transitions. The
presence 6f multiple transitions could result from the heterogeneous population of
glycated B-Lg isolated from the WPC. The theromgram in the DSC of B-Lg from the
WPC was also broader indicative of the presence of a heterogeneous population (Figure

5.1).

" On the other hand, B-Lg fractions isolated from WPI and LW (B-Lg-WPI-NaC
and P-Lg-LW-NaC) showed similar drop in the inténsity of 1635 cm™ in ‘kthe
. temperature range between 25-55 °C and 55-100 °C; with B-Lg-LW-NaC exhibiting a
slower rate of unfolding relative to B-Lg-WPI-NaC. In all cages, the B-Lg isolated

fractions unfolded at a slower rate compared to the p-Lg standard. These findings are
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Figure 5.4: Deconvoluted infrared spectra of B-Lg standard and B-Lg-WPI-
SHMP fraction (15% w/v) in deuterated phosphate buffer (pH 6.8) at
temperature 25 °C after heating to 100 °C. B-Lg = B-lactoglobulin; WPI =
whey protein isolate; SHMP = sodium-hexametaphosphate.
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Figure 5.5: Plot of drop % in the intensity of the 1635 cm’ band in the infrared
spectra of -Lg standard and B-Lg fractions isolated from WPI, WPC and LW
extracted with NaC as a function of temperature.
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consistent with the DSC data, which showed higher peak temperature of denaturation

for 3-Lg isolated fractions.

Another difference between the infrared spectra of standard B-Lg and B-Lg
isolated fractions as a function of increasing temperature, was the shift in the 1677,
1635, 1625 ¢m ™ bands by 2 cm™ to higher wavenumbers in all ‘B’—Lg isolated fraﬁtions
as compared to that of PB-Lg standard. This shift in thé amide I band to hjgher
wavenumbers can be attributed to increase in the strength of the C=0 bond stretbhihg
vibration resulting from a decrease in hydrogen bonding (Krimm and Bandekar, 1986).
This suggests that the structure of all $-Lg isolated fractions were relatively tight and
inflexible, and inhibited solvent accessibility within the protein structure resulting in:

less hydrogen bonding.

5.5 CONCLUSIONS

In this study, FTIR spectroscopic studies revealed that the secondary structure at
ambient temperature of B-Lg isolated from different whey sources (WPC, WPL, LW)
was comparable to that of the B-Lg standard. In addition, the use of SHMP as a
chelating agent resulted in an increased stability of the native structure of B-Lg.
However, the thermally induced uhfolding‘ of B-Lg isolated fractions was more
dependent on the source of the protein than on the chelating agent émployed to isolate
the B-Lg. Furthermore, FTIR and DSC results indicated that all B-Lg isolated fractions
exhibit increased thermal stability over fhe B-Lg standard. Both DSC and FTIR studies
~also revealed that 3-Lg fractions isolated from WPC coﬁtained a heterogeneous

population of glycated B-Lg with varying thermal transitions.
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CHAPTER 6

THERMAL DENATURATION AND CONFORMATIONAL

STABILITY OF o-LACTALBUMIN ISOLATED FROM WHEY
AND WHEY PROTEIN PREPARATIONS

6.0 CONNECTING STATEMENT

In Chapter 4, a method was developed to isblate a-Lac with relatively high
purity and yi'elds, from liquid whey (LW), whey protein isolate (WPI), and whéy protein
concentrate (WPC) using different chelating agents. Results showed that the use of NaC
and SHMP were more effective thah other chelating agents and the use of SHMP
resulted in high yield of a-Lac isolated fractions. The work described in this chapter is
an evaluation of the thermal denaturation and structural stability of a-Lac fractions
isolated from whey and whey protein preparations in Chapter 4, and satisfies the third

objective described in the “Rationale and Objectives of Study” section of Chapter 1.

Note: This chapter is the text of a manuscript which is to be submitted for
publication as follows: |

Alomirah, H. F.; Alli, 1.; Ismail, A. A.; Konishi Y. Thermal Denaturation and
Conformational Stability of ’a-lactalbumin Isolated from Whey and Whey Protein

Preparations. J. Ag%ic. Food Chem.

Contribution of co-authors: Alli, 1. (thesis supervisor); Ismail, A. (contributed
to interpretation of FTIR spectra), Konishi, Y. (contributed to interpretation of MS

data).
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6.1 ABSTRACT

The thermal and structural properties of a-lactalbumin (a-Lac) standard and o-
Lac fractions isolated ﬁom fresh liquid whey (LW), whey protein isblate (WPI) and
whey protein concentrate (WPC) extracted with sodium-citrate (NaC) or sodium-
hexametaphosphate (SHMP) at low pH (3.9) were investigated by differential scanning
calorimetry (DSC) and Fourier transform inﬁ*dred (FTIR) spectroscopy, respectively.
The theromgram of oc-Lac standard in deuterated buffer shows two reversible transitions
with peak témperature (79) at 35 °C and 64.5 °C cofresponding té the denaturation of
the apo-form (Ca’’-free) and | holo-form (Ca** -bound) of a-Lac, respectively.
Reversibility percent of holo-form was higher than that of apo-form indicating that
removal of Ca>" greatly decreases the thermal stability of a-Lac but the protein retains
the folded conformation in the absence of Ca’". The thermograms of a-Lac isolated
fractions in deuterated buffer revealed the presencé of a single thermal transition (holo-
a-Lac) with 7, lower than that of a-Lac standard bu; with higher reversibility percent.
DSC showed that the use of NaC resulted in a slow interconversion between apo-form
and holo-form when «-Lac solutions have concentratio_ns of Ca*' higher than that of
protein. FTIR results illustrated that holo-a-Lac have lower relative intensify values of
310-helix and a-helix than apo-o-Lac indicating slower fate of H/D exchaﬁge in the
undeuterated 31o-helix (H) component due to increased struCtural stability‘ Moreover,
results showed that a-Lac fractions extracted with SHMP have loWer values of 310?helix
and slower rate of increase in a-helix than in a-Lac extracted with NaC, suggesting less

unfolding in the helical structure of SHMP treated samples.

113



6.2 INTRODUCTION

o-Lactalbumin (e-Lac), is the second major protein component in the whey of
milks ffém various mammalian species, constituting 20% of the proteins in bovine
whey, and Aserves as lactose synthase regulatory protein. a-Lac presents major interest
fof the food industry because of its functional and nutritional characteristics. For
example, o-Lac can be used in infant formulae instead of whey to mimic human milk
which result in reduced levels of [-lactoglobulin which is a potential allergen
(Gryboski, 1991). Also, a-Lac can be used in nutraceutical because of its high
tryptophane content and in meringue-liké formulations due to its enhanced whippability
(Zydney, 1998). The primary structure of this globular protein consists of 123 amino
~ acid residues, contains four intramolecular disulfide bonds, and contains no free thiol
groups. Crystallographic studies reported that the secondary structure of a-Lac consist
of an a-helical content of 30%, a 310 helibces content of 20% with -structure content of
6% and the remaining 44% represent amino acid residues in a random coil arrangement
while the tertiary structure g-Lac is made up of a-domain which consists of four a-
helices and two short 3o helices and of 3-domain which consists of a triple-stranded
antiparallel B-sheet, a 310 helix and series of loops (Acharya et al., 1989; Pike et al,,
1996).. This macromolecular structure of a-Lac has a high degree of homolbgy with
lysozyme. a-Lac contains a. single tightly bqund calcium (Ca*"), the binding site being
- essentially identical in all the known a-Lac crystal structure (Pike et al,, 1996). The
binding site for the Ca*" is located in a loop between the 3¢ helix (B-domain) and an o-

helix (a-domain).
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The binding of Ca®* stabilizes the struéture of native a-Lac (Hiraoka et al,
1980). The apo-form (Ca*"-free) and holo-form (Ca®* -bound) of a-Lac has peak
temperature (73) at 35 and 64 °C corresponding to the denaturation, respectively (Boye
et al., 1997a; Boye and Alli, 2000). Although the apo-form is less stable than the holo-
form and its refolding is much slower (Hiraoka and Sugai, 1984; Kuwajima et al., 1989;
Forge et al, 1999), the folded conformation of the two native forms are similar
(Kuwajima et al., 1986; Kuwajima et al., 1989; Forge et al., 1999), based dn CD and
NMR studies; they concluded that the stability of molten globule (native-like structure
in partially folded protein) formed under refolding conditions is enhanced by Ca*".
When (x’-Lac is subjected to various physicochemical conditions such as low pH values,
heated above 50 °C and binding of ions, the native state (N) of a-Lac may undergo
various conformational transition to form the molten globule state (A), which is a stable,
partially folded state (Kronman, 1989). Under these conditions the protein will
aggregate and precipitate. This phenomenon of o-Lac has been applied tb the

fractionation of individual whey proteins (Bramaud et al., 1997).

Presently, there is growing interest in understanding the relationship between
‘structure stability and protein ﬁ'méﬁon to improve the utilization of whey proteins in
- food systems; this is because stability is easier to quantify th’an ’structufe (Apenten and
Galani, 1999). Although, there is a rélative abundance of information in the literature on
factors affecting the stability of whey proteins and individual whey protein standards
(Boye 1995, Boye et al., 1996, 1997a, b; Boye and Alli, 2000), there is relatively limited
information on the structural stability of a-Lac proteins isolated from different whey

protein preparations. In this study, differential scanning calorimetry (DSC) and Fourier
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transform infrared (FTIR) spectroscopy; two corﬁplementary téchniques that have
become widely accepted for studying the thermal and structural behaviour of proteins
(Casal et al., 1988); were employed to investigate the thermal and structural changes in
a-Lac isolated from fresh liquid whey (LW), and solutions of whey protein isolates
(WPI) and whey protein concentrates (WPC) using a chelating agent [sodium-citrate
(NaC) 6r sédium—hexameta'phosphate (SHMP)] at pH 3.9 in the presence of 7% NaCl

(Chapter 4).
6.3 MATERIALS AND METHODS

6.3.1 Materials

The a-Lac standard (L-6010, calcium depleted containing less than 0.3 mol. of
Ca**/mol. of a-Lac) was obtained from Sigma Chemical Co. (St. Louis, MO) and used

as received. Deuterium oxide (D,0) (> 99%) was from Aldrich (Milwaukee, WI).

6.3.2 Samples Preparation

Protein solutions of oc:Lac fracﬁons isolated from WPI, WPC and LW extracted
with NaC or SHMP (Chapter 4), were extensivély dialyzed against excess volumes of
water for three days. Prior to measurements, all proteins fractions were further desalted
4 ti_rﬁes using Centricon-10 filters (Amicon Inc., MA, USA). Desalted samples were
then lyophilized and stored at 4 °C. Complete absence of chelating agenf attéched to the
protein was confirmed by electrospray ionization mass spectrometry (ESI-MS) (Chapter
7). The holo-conformer was obtained by adding CaClé to a-Lac deuterated solution to a

final concentration of 0.5 M (Boye et al., 1997a).
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6.3.3 Differential Scanning Calorimetry

Solutions of a-Lac standard and o-Lac isolated fractions were prepared by
dispersing the proteins in aqueous (HzO) and deuterated (D,0) phosphate buffer
solutions (0.01 M, pH 6.8; in this work the relation pD = pH + 0.4 was used) to make
20% (w/v) solutions. The rationale for studying the effect of D,O and H,O as a sélvent
was to determine whether replacement of H,O with D0 in FTIR experiments inﬂuence
the conformational stability of a-Lac. Typically, 25 pL of each solution, were placed in
pre-weighed differential scanning calorimetry (DSC) pans, which were hermetically
sealed and weighed accurately. The samples were placed in the DSC (TA3000, Mettler
Instrument Corporation,r Greifensee, Switzerland) and scanned from 15 to 100 °C at a
programmed heating rate of 5 °C/min. For each run, a sample pan containing the buffer
used for dissolving the'proteins was used as reference. After heating, the samples were
allowed to cool to room teﬁperature and the heating cycle was repeated under the same
experimental conditions to determine the degree to which the denaturation was
reversible. Cooling of the samples between the two heating cycles was done by kthe use
of a liquid air tank attached to the DSC. Degree of reversibility was determined from the
- ratio of the areas under the second and first endothermal peaks (Boye and Alli, 2000).
The DSC was calibrated by use of indium standards. Peak temperature of denaturation
(73) and heat of transition or enthalpy (AH) (area underneath peak) were computed from
each‘thermal curve. AH values are based on the total weight of the protein solutions.
Purity percentages of samples were determined as the ratio of apo and holo-o-Lac
enthalpies (AH) divided by total enthalpy (AH) calculated by DSC for each éample, All

DSC measurements were done in at least duplicate.
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6.3.4 Fourier Transform Infrared Spectroscopy

Solutions of each protein sample (15% w/v) were prepared using deuterated
phosphate buffer solutions (pH 6.8) approximately one hour prior to the start of the
~ infrared measurements. Infrared spectra were recorded on a 8210E FTIR spectrometer
(Nicolet, Madison, WI) equipped with a deuterated triglycine sulfate detector. The
spectrometer was purged continuously with dry air from a Balston dryer (Balston,
Haverhill, MA). 7 pL of the protein solution was placed betweéh two CaF, windows
separated by 25 pm spacer and held in a temperature-controlled’ infrared cell. The
temperature of the sample was regulated by an Omega temperature controller (Omega
Engineering, Laval, QC). The temperature was increased in 5 °C increments and the
infrared cell allowed to equilibrate for SVmin prior to data acquisition. The feported
temperatures are accurate to within + 0.1 °C. A total of 512 scans co-added at 4cm™
resolution. Deconvolution of thé dbserved spectra was performed using Omnic 5.0
software (Nicolet, Madison, WI). The deconvolution of the infrared spectra was carried
out as described by Kauppinen et al. (1981). The signal-to-noise ratio was >20000:1,
and the bandwidth used for deconvolution was 13 cm™ with a band narrowing factor of
2.4. The band assignments in the amide I area (1600-1700 cm™) were based on band
assignments from previous FTIR studies (Casal et al., 1988; Susi and Byler, 1988; Boye

et al., 1997a).
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6.4 RESULTS AND DISCUSSIONS

6.4.1 Thermal Stability of a-Lac

Figure 6.1 shows the DSC thermograms of a-Lac standard and e-Lac fractions isolated
from WPI, WPC and LW extracted with NaC or SHMP (Chapter 4);Vthe thermal
analysis was done in deuterated (D;0) phosphate buffer (pH 6.8). Table 6.1 shows the
~ purity % of a-Lac isolated fractions and the thermodynamic parameters. With the
expectation of a-Lac fraction isolated from WPC with NaC (a-Lac-WPC-NaC), the
purity of the a-Lac isolated fractions ranged from 83 to 95%. These values agree with
values obtained by RP-HPLC for the same isolated fractions (Chapter 4). The low purity
% in a-Lac-WPC-NaC (73.9%) can be aftributed to the presence of additional peak
between the two main transitions of a-Lac (transition A and B) (Figure 6.1). This peak
’has a peak temperature (7y) at 44.0 °C and enthalpy (AH) of 0.22 (data not shown). It is
possible that this peak represent the glycated apo-conformer of a-Lac as previous study
reported that apok-a-Lac in deuterated buffer containing 50% (w/v) (;f glucose and

sucrose has 743 of 44.6 and 43.7 °C, respectively (Boye et al., 1997a).

The theromgram of a-Lac standard in deuterated buffer shows two transitions
’with péak temperature (73) at 35 °C (transition A) and 64.5 °C ‘(transition‘ B) and with
enthalpies (AH) of 0.91 and 0.62 J/g, respectively (Table 6.1). Similar values have béen
reported by Boye et al. (1997a) under the same conditions. These transitions are
corresponding to the denaturation of the apo-form (Ca2+-free) and holo-form (Ca*" -
bound) of a-Lac (Relkin et al., 1993; Boye et al., 1997a; Hendrix et al., 2000; Boye and
Alli, 2000). Results indicate that 60% of a-Lac standard exist as épo-form and holo-
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Figure 6.1: DSC thermograms of a-Lac standard and a-Lac fractions isolated
from WPI, WPC and LW extracted with NaC or SHMP. Heating at 5 °C /min
from 15 to 100 °C in deuterated phosphate buffer (0.01 M, pH 6.8). ¢-Lac = a-
lactalbumin; WPI = whey protein isolate; WPC = whey protein concentrate;
LW = liquid whey; NaC = sodium-citrate; SHMP = sodium-
hexametaphosphate.
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Table 6.1: DSC characteristics of apo and holo-o-lactalbumin standard and o-lactalbumin fractions isolated from whey
products® :

1st heating cycle 2nd heating cycle 3rd heating cycle

. solvent A(apo) B (holo) A (apo) B (holo) A (apo) B (holo)
Ta AH Ta AH  Purity Reversibility
(0 dJg O Jg ) (%)
a-Lac STD DO 350 091 645 062 96.9 60.2 70.3 372 45.5
a-Lac-WPI-NaC DO 376 0.12 614 062 87.4 861 89.3 71.1 82.9
o-Lac-WPI-SHMP  D,0 34.0 0.06 627 0.89 923 76.0 96.5 433 91.8
o-Lac-WPC-NaC D,O 335 024 660 0.39 73.9 274 82.7 17.0 82.3
o-Lac-WPC-SHMP D,O 344 006 63.0 097 91.0 574 69.5 47.5 58.2
a-Lac-LW-NaC DO 397 019 600 0.56 95.4 15.8 90.0 14.0 63.6
Oc—Lac?LW—SPH\/]P DO 344 004 624 080 82.6 0.0 - 684 0.0 441
a-Lac STD H,O 325 080 628 0.79 98.0 814 81.5 47.4 73.7
a-Lac-WPI-NaC  H,0 605 094 951 83.3 613
a-Lac-WPI-SHMP - H,0 61.1 1.19 945 65.1 13.6
o-Lac-WPC-NaC H,O 373 004 600 036 87.9 623 72.0 - 0.0 51.2
a-Lac-WPC-SHMP H,O 31.2 007 61.7 0389 93.0 66.7 77.6 00  33.0
a-Lac-LW-SHMP H,O 316 010 602 (.87 94.0 22.3 70.0 0.0 447

*A, B first and second transitions observed in the DSC thermogram a-Lac; Ty, peak temperature of denaturation of transitions A and B, AH enthalpy of transition A
“and B calculated as drea underneath peaks; % purity, enthalpy calculated for transition’ A and B divided by total enthalpy caleulated for each sample x 100; %
reversibility, enthalpy calculated from each heating cycle divided by enthalpy of the first heating cycle x 100; apo = Ca’*-free; holo = Ca** -bound; a-Lac = a-
lactalbumin; WPI = whey protein isolate; WP C = .whey protein concentrate; LW = liquid whey, Na-C = sodium-citrate; SHMP = sodium-hexametaphosphate.



form represent only 40% based on their AH. Similar findings were reported by Boye et
al. (1997a). Cooling of the sample followed by reheating,(second heating cycle) resulted
in the reappearance of transition A and B with AH of 0.64 and 0.37 J/g, respéctively
indicating 60% and-70% reversibility for transition kA and B, respectively (Table 6.1).
Third heating cycle resulted in the reappearance of transition A and B with 37.2 and
,45.5% reversibility, respectively (Table 6.1). ‘These results demonstrate that although
the apo-form and the holo-form of «-Lac standard unfolded at different températures,
both forms are reversible. However, reversibility percent is higher in the holo-form than
- in the apo-form indicating that refolding of the apo-form is much slower than the
refolding of holo-form. Therefore, removal of Ca®" greatly decreases the thermal
stability of a-Lac but the protein retains the folded conformation in the absence of Ca*".
These results are consistent with the findings of previous studies using CD and NMR
that folding in the presence of Ca" is similar to that in its absence, although the rate is

“increased by more than two orders of magnitude (Kuwajima et al., 1989; Forge et al.,

1999).

Figure 6.1 shows the presence of a single thermal transition (transition B)
- corresponds to holo-a-Lac with the coexistence of small thermal transition (transition
A) corresponding to apo-a-Lac in -a-Lac isolated fractions. The predominated presence
of holo-form (transition B) in a-Lac isolated fractions may attributed to the use of
excess concentration of CaCl, required to resolubilized a-Lac in the isolation method
(Chapter 4). The 74 of holo-a-Lac isoléted from WPI, WPC and LW extracted with
NaC were 61.4, 66 and 60 °C respectively, and 74 of ho]o—a-Lac extracted ﬁth SHMP

were 62.7, 63 and 62.4 °C respectively. On average, these values were lower than that
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observed for holo-t-Lac standard (64.5 °C). Lower Ty of holo-a-Lac isolated fractions
may ’be attributed to the broadens of their endothermic peak indicating that nature of
transition from native to denatured state of these samples was less cooperative; if
denaturation occurs within a narrow range of temperature, the transitien is considered
highly cooperative (Boye et al., 1997a). The Ty of holo-a-Lac isolated fractions were
similar to T of holo-a-Lae in the absent of excess Ca*’(~ 64 °C). This indicates the
absence of free calcium in a-Lac isolated fractions resulting from extensive desalting,
since the addition of calcium (1-10 mM) resulted in transition at ~ 70 °C (Boye et al.,
1997a; Hendrix et al., 2000). Table 6.1 shows that percent reversibility of transition B
(holo-form) in a-Lac isolated fractions extracted with NaC ranged from 83 to 90 in the
second heating cycle and ranged from 64 to 83 in the third heating cycle. These
reversibility values are greater than that of transition B in a-Lac standard, suggesting
faster refolding rates. Reversibility of transition B (holo-form) in a-Lac fractions
isolated from WPC and LW and extracted with SHMP was approximately 69% in the
second heating cycle anrd; was 51% in 'the’third heating cycle. These reversibility Valﬁes
were similar to fhat of transition B in a-Lac standard, suggesting similar refolding rates.
However, second and third heating cycle of a—Lac-WPISHMP showed 96.5 and 92%
reversibility of transition B (holo-form), respectively; these reversibility values are
greater than that of transition B in o-Lac standard. These results indicate that a-Lac
fractions showed different reversibiiity percent depending on the source of Whey (e,

WPI, WPC and LW and on the use of different chelating agents (i.e., NaC and SHMP).

The 74 of apo-a-Lac isolated from WPI, WPC and LW extracted with NaC were

37.6,33.5 and 39.7 °C respectively, and 75 of apo-a-Lac extracted with SHMP were 34,
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34.4 and 34.4 °C respectively. On average, the 74 of the apo-a-Lac isolated fractions
extracted with NaC (37 °C) were higher than that of a-Lac standard (35 °C) but they
showed a marked decrease in their AH compared to a-Lac standard; 25% of a-Lac
isolated fractions exist as apo-form compared to 60% in e-Lac standard. The average T4
of apo-a-Lac isolated fractions extracted with SHMP (34.3 °C) were similar to that of
a-Lac standard (35 °C) but with lower AH; 5.6% of a-Lac isolated fraétions" exist as
apo-forrh compared to 60% in a-Lac standard. It is interesting to notice that 7g and AH
of apo-a-Lac isolated fractions extracted with NaC were higher than those of apo-o.-Lac
isolated factions extracted with SHMP (Table 6.1). This indicates that the use of NaC
resulted in a slow interconversion between apo-form and holo-form when a-Lac
“solutions have concentrations of Ca®” higher than that of protein. It is tempting to
speculate here that, NaC may have altered partially the structure of the protein, probably
at the Ca”" binding site, which may have prevented the complete interconversion of the
apo-form to the holo-form in the preseﬁce of excess Ca>". However, this partial
modification of a-Lac structure did not alter its refolding properties as sﬁown kby its high

reversibility percent.

Figure 6.2 shows the DSC thermograms of «-Lac standard and. a-Lac fractions
isolatéd from WPL, WPC and LW extracted with NaC or SHMP (Chapter 4); the
thermal analysis was done in aqueous (H;O) phosphate buffer (pH 6.8). 'Table.é.l
shows that purity of a-Lac isolated fractions ranged from 88 to 95%. These values are
in agreement with values obtained by RP-HPLC for the same isolated f’ractioﬁns (Chapter
4). The a-Lac-WPC-NaC sample showed the least purity percent (88%) among

analyzed isolated factions; this decrease in purity was more pronounced in deuterated
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Figure 6.2: DSC thermograms of a-Lac standard and «-Lac fractions isolated
from WPI, WPC and LW extracted with NaC or SHMP. Heating at 5 °C /min
from 15 to 100 °C in aqueous phosphate buffer (0.01 M, pH 6.8). a-Lac = a-
lactalbumin; WPI = whey protein isolate; WPC = whey protein concentrate;
LW = liquid whey; NaC = sodium-citrate; SHMP = sodium-
hexametaphosphate.

125



buffer. The theromgram of ¢-Lac standard in aqueous buffer shows two transitions with
Ty at 32.5 °C (transition A, apo-form) and 62.8 °C (transition B, holo-form) and with
enthalpies (AH) of 0.80 and 0.79 J/g, respectively (Table 6.1). These values are s]ightly
lower than prévious]y reported Boye and Alli (2000) ﬁnder similar conditions. Cooling
of this sample follyowed’ by reheating (second heating cycle) resulted in the reappearance
of transition A and B both with AH of 0.65 J/g, indicating percent reversibility of 81.5%
(Table 6.1). Third heating cycle resulted in different reversibility percent of transition A
(47.4%) and B (73.7%). In aqueous buffer, apo- and holo-a-Lac standard exist in equal
amounts (50% each) and their 7, d decreased by 2.5 and 1.7 °C from T, 4 of apo- and holo-
a-Lac standard in deuterated buffer (Téble 6.1). The stabilizing effect of D,0 was

explained by an increase in hydrophobic interactions and/or an isotope effect on

hydrogen bonding (Verheul et al., 1998).

The results revealed’predominance of the holo-form in o-Lac isolated fractions
with the complete disappearancé of apo-form in e-Lac isolated from WPI extracted with
NaC and SHMP. The T of holo-a-Lac obtained from WPI, WPC and LW extracted
with NaC and SHMP ranged from 60 to 61.7 °C. These values were lowér than that
observed for holo-a-Lac standard (62.8 °C); this may be attributed to lower cooperative
denaturation transitions. Table 6.1 shows that percent reversibility of transition B (holo-
form) in a-Lac isolated fractions extracted with NaC and SHMP ranged from 65 to 83%
in the sécond heating cycle and ranged from 14 to 61% in the third heating cycle.
Reversibility of a-Lac isolated fractions extracted with NaC were higher than those

extracted with SHMP.
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6.4.2 Structural Changes of a-Lac by FTIR Spectroscopy

In this study transitions effecting position and intensities of the amide I band in
the ffequency region between 1600 and 1700 cm ! was considered. Figure 6.3 (A-D)
shows deconvoluféd infrared spectra of a-Lac standard and a-Lac isolated fractions
(15% w/v) in deuterated phosphate buffer (pH 6.8) at temperature 25, 55, 75 and’95 °C.
The principle bandsk in the spectra of a-Lac are shown in Table 6.2. The band
assignments in Table 6.2 are based on previous infrared studies of a-Lac by Casal et al.,
1988; Susi and Byler, 1988; Boye et al., 1997a; Dzwolak et al., 1999; Troullier et al.,
2000 and Dzwolak et al., 2001. To determine the contribution of apo-form and holo-
form of a-Lac to the transitions observed in the FTIR and DSC, the FTIR spectra of -
Lac standard dispersed in 0.5 M CaCl, (holo-a-Lac) were recorded (Boye et al., 1997a).
The spectrum at 25 °C shows four main bands at 1656 (a-helix), 1648 (random coil),
1639 (310-helix), and 1637 cm™ (antiparallel B-sheet) and two shoulders at 1679
(antiparallel B-sheet) and 1612 cm™ (side chain). Increase in temperature from 25 to 35
°C k(not shown) resulted in the gradual decrease iﬁ intensity of the 1656 cm’™ band
accompanied by the gain in intensity of 1653 and 1641 cm™ bands indicating partial loss
of secondary structure at:temperature 35 °C. These changes were more noticeable in the
spectra of a-Lac st.andard (apov and holo-form) than in holo-a-Lac standard and a-Lac
isolated fractions. This temperature is close to the 7y of transition A (apo-form, ~ 35
°C) obse&ed in the thermogram of a-Lac heated in deuterated solution (Figure 6.1).
Previous infrared studies showed that heat (Boye et al., 1997a; Dzwolak et al., 2001)
and pressure (Dzwolak et al., 1999) treatments can induce structural‘changes in ¢-Lac at
‘temperature between 35-40 °C. Heating above 55 °C (Figure 6.3 B) resulted in loss of
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Figure 6.3: Deconvoluted infrared spectra of standard o-Lac
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and a-Lac isolated

fractions (15% w/v) in deuterated phosphate buffer (pH 6.8) at temperature 25
(A), 55 (B), 75 (C) and 95 °C (D). a-Lac = a-lactalbumin; WPI = whey protein
isolate; WPC = whey protein concentrate; LW = liquid whey; NaC = sodium-

citrate; SHMP = sodium-hexametaphosphate.
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Table 6.2: Frequencies (cm™) and band assignments of the amide I regions of
a-lactalbumin®

peak position peak position

(em™) band assignment (cm™) band assignment
1687-1685  2ntiparallel B-sheet o3 001 3 helix
or B-turns

1672-1679 antiparallel B-sheet 1637 antiparallel 3-sheet

1664 turns 1631 f-sheet

1656 a-helix 1619-1616  P-sheetaggregated
strands

1648 o-helixand = ;) side chain

random coil

* Casal et al., 1988; Susi and Byler, 1988; Boye et al., 1997a; Dzwolak et al., 1999,
Troullier et al., 2000 and Dzwolak et al., 2001.
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1631 cm™ (B-sheet) and 1679 (antiparallel §-sheet) and increase in intensities of the
following bands: 1685 (antiparallel B-sheet or turns), 1671 (antiparallel B-sheet), 1664
~(turns) and 1648 cm™ (random coil). This temperature (above 55 °C) is close to T4 of
transition B (holo-form, ~ 64 °C) observed in DSC. The FTIR results suggest that at
high temperature (-sheet ,structﬁres were transformed to turns and unordered structure
indicating protein unfolding. Boye et al. (1997a) and Dzwolak et al. (2001) reported
similar findings and indicated that unfolding observed on heating, was reversible on
cooliﬁg. As the temperature was increased to 95 °C, the intensity of 1613 (side chain),
1617 (p-sheet aggregated strands) and 1685 cm’? (antiparallei -sheet or turns), bands
increased. An increase in thé intensity of the latter band accompanied by férmation of
another band below ’162,0 cm’ s indicative of the formation of a intermolecular
hydrogen-bonded antiparallel [3-sheet structure resulting from reassociation of unfolded
peptide segments which 1¢ads to formation of gel and aggregate structure (Clark ét al,,

1981).

Figure 6.4 shows the relative intensities of fhe following infrared méin bands;

1656 (a-helix), 1648 (random coil), 1641 (315-helix). At 25 °C. the intensity of bands at
1656, 1648, 1639 cm™ were 'highér in holo-form than in apo-form in d—Lac standard and
higher in a-Lac isolated fractions extracted with SHMP than iﬁ o-Lac isolated fractions
extracted with NaC (Figure 6.4). The increase in intensity of these bands can be
attributed to the relative stable secondafy structuré of holo-a-Lac standard and a-Lac
isolated fractions extracted with SHMP. These findings supports the results obtained

from DSC which showed higher 73 and AH of a-Lac isolated fractions
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Figure 6.4: Plot of the intensities of the 1656 (a), 1648 (O), and 1641 cm’™ (¢)
bands in the infrared spectra of a-Lac (apo and holo-form) standard and a-Lac
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SHMP and slower interconversion between apo-form and holo-form in excess of Ca™

for samples treated with NaC.

Previous FTIR, studies (Boye et al., 1997a; Dzwolak et al., 1999, 2001) have
suggested that structural changes in apo-a-Lac were consisted with graduaj hydrogen-
deuterium (H/D) exchange process taking place mostly in the helical structure of the
protein. In order to better visualize the heat-induced changes in the helical structure
region of a-Lac, plots of relative ratio of intensities of the bands at 1657 (a-helix) and
1641 (310-helix) 7 cm’™ to that at 1948.8 cm™ (random coil) as a function of temperature
is shown 1in Figure 6.5. Rationing the intensity of fhe helical structure of a-Lac to
random coil was performed because this band is well resolved and has high intensity.
Moreover, this band should not interfere with H/D exchange process, since considerable
portion of a-Lac overall random coil is located in the very flexible f-subunit and the
random coil within the a-subunit is highly accessible to solvent (Acharya et al., 1989;
Pike et al., 1996). Figure 6.5 shows that at éll temperatures and in all ¢-Lac samples, the
’r,atio of band at 1641 em (31¢-helix) were constantly higher than ratio of band at 1657
cm™ (c-helix) ~5oth relative to band 1647 cm™ (random coil). At temperature 25 °C,
apo-a-Lac standard have intensity ratio of approximately 1 and 0.9 for 3,0-helix (1641
cm™) and a-helix (1657 cm™), respectively. Heating resulted in gradual increase in
relative intensity of a-helix (1657 cm™) and gradual decrease in relative intensity of 31o-

“helix (1641 cm’) and at ~95 °C both helices have almost the same relative intensity. At
temperature 25 °C, holo-a-Lac standard have intensity ratio of approximately 0.9 and

0.85 for 310-helix (1641 cm™) and a- helix (1657 cm™) respectively, which are lower
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than values obtained for apo-t-Lac standard. Similarly, heating resulted in gradual
increase in relative intensity of a-helix (1657 cm™) and gradual decrease in relative
intensity of 310-helix (1641 cm™) and at ~95 °C both helices have almost the same
relative intensity. Dzwolak et al. (1999 and 2001) have proposed that peak centered
around 1654 (a—helix) in a-Lac actually contains two spectral components: one
originated from the undeuterated 3¢-helix (H) and the other one from the deuterated a-
helix (D). Crystallographic studies indicated that the structure of ¢-Lac contains four
310-helix, two at the termini (residues 12-16 and 115-119) and the another two rémain in
pro%imity to calcium-binding loop (residues 76-82 and 101-104) (Acharya et al., 1989;
Pike et al., 1996). Therefore one can assume that hydrogens in the two terminal‘3105
helix exchange rapidly with deuterons and complete H/D exchange in the buried 3;o-
helix (clése to calcium binding loop) can be achieved only with induced heat or pressure
(Dzwolak et al., 1999). Acco‘rdin'gly, ‘we can relate the gradual increase observed in
-relative intensity of the a-helix to gradual hydrogen-deuterium (H/D) exchange process
taking place in the undeuterated 3;o-helix (H). Boye et al. (1997) have related the -
unfolding of apo-a-Lac to the loss of 31¢-helix conformation and an increase in $-sheet
and related unfolding of holo-a-Lac to the loss of 3j¢-helix conformation and an
-increase in the formation of turns. Therefore,. gradual decrease in relative intensity of
deuterated 310-helix (D) (1641 cm™) observed in Figure 6.5 can be related to unfolding
of the helical structure probably in the Ca** binding region. At 25 °C, all a-Lac isolated
fractions extracted with NaC and SHMP showed lowe’r values of o-helix (1657 c’m’l)
relative intensity than that of apo-a-Lac standard (Figure 6.5). This indicates slower rate

of H/D exchange in the undeuterated 310-helix (H) component suggesting that the
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structure of all o-Lac isolated fractions were relatively more compact and inaccessible
to solvent as compared to apo-a-Lac standard structure. Figure 6.5 shows that o-Lac
fraétions isolated from WPI, WPC and LW and extracted with SHMP have lower values
of 31g-helix (D) (1641 em™) compare to a-Lac extracted with NaC suggesting less
unfolding in the helical structure of SHMP treated samples. Moreover, the rate of
increase in the relative intensity of a-helix (1657 cm™) wkas slower in SHMP treated
samples than in NaC treated samples suggesting slower rate of H/D exchange in the
undeuterated 310-he1ixk(H) component due to structure stability. These findings support
the results obtained from DSC which showed higher 74 and AH in a-Lac fractions
extracted with SHMP and slower intefconversion between apo-form and holo-form in

excess of Ca'? for a-Lac fraction extracted with NaC.

6.5 CONCLUSIONS

In this study, the thermal and structural properties of a-Lac isolated fractions
were fouhd different from that of a-Lac standard. DSC data, indicate thatb >pu'ritry
measurement were not inﬂuehced by solvent composition (D,O or H;0O). The
thermograms of a-Lac isolated fractions extracted with NaC and SHMP revealed
mainly the presence 0f a single thermal transition (transition B) with reversibility
percent greater than a-Lac standard; suggesting faster refolding rates. FTIR shows that
tranéition A (apo-form, ~ 35 °C) observed in DSC is related the gradual decrease in the
1656 cm™ band and accompanied by the gain in intensity of 1653 and 1641 cm’™ bands-
while transition B (holo-form, ~ 64 °C) is associated by breakdown of B-sheet structure

and increase in turns and unordered structures. FTIR confirmed DSC findings that the
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use of NaC resulted in a slow interconversion between apo-form and holo-form in
~ excess of Ca™*. We have shown that the relétive ratio of intensity of a-hglix and 31o-
helix to that at random coli can be explained exclusively in terms of a complex H/D
exchange process:~Results illustrated that holo-a-Lac have lower relative intensity
values of 3¢-helix and oc-helix’ than apo-a-Lac indicating slower rate of H/D exchange
in the undeuterated 3;¢-helix (H) component due to increased structural stability.
Moreover, results showed that a-Lac fractions extracted with SHMP have lower values
of 30-helix and slower rate of gradual increase in a-helix than in o-Lac extraéted with

NaC, suggesting less unfolding in the helical structure of SHMP treated samples.
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CHAPTER 7

STUDY OF CONFORMATIONAL STABILITY OF «-
LACTALBUMIN AND B-LACTOGLOBULIN  ISOLATED
FROM WHEY PREPARATIONS BY ELECTROSPRAY
IONIZATION MASS SPECTROMETRY

7.0 CONNECTING STATEMENT

In Chapters 5 and 6, the thermal and structural propertiés of B-Lg and a-Lac
isolated fractions were found to be different from that of B-Lg and a-Lac standard. By
use of differential scanning calorimetry and Fourier transform infrared spectroscopy, a
relationship between the thermal transitions occurring during heat treatment and
changes in the secondary structure of P-Lg and a-Lac isolated fractiohs were
established. The work described in this chapter addresses the structural stability of a- -
Lacand B-Lg by monitoring changes in charge state distribuﬁon as affected by pH and
storage time ind by probing hydrogen-deuterium exchange rates using ESI-MS and,
satisfies the fourth objective discussed in the “Rat‘ionale and Objectives of Study”

section of Chapter 1.

Note: This chapter is the text of a manuscript which is to be submitted for

‘publication as follows:

Alomirah, H. F.; Alli, I.; Konishi, Y. Study of Conformational Stability of -
Lactalbumin and (-Lactoglobulin Isolated from Whey Preparations by Electrospray

TIonization Mass Spectrometry. J. Agric. Food Chem.

Contribution of co-authors: Alli, I (thesis supervisor); Konishi, Y.

(contributed to interpretation of MS data).
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7.1 ABSTRACT

Conformational stability of o-lactalbumin (a-Lac;) and B-lactoglobulin (B-Lg) in
response to pH (3-8) and storage time (0-10 days) were im)estigated by monitoring
changes in charge state distribution (CSD) in their electrospray ionization (ESI) spectra.

Storage of a-Lac at pH 3 resulted in substantial changes in its CSD involving the
emergence of new ion species and shifting of its charge state toward higher values
indicating less stable conformation. ESI spectra of a-Lac at pH 5 for 4 days showed
stable conformation however extending the storage period resulted in substantial
changes in its CSD and a decrease in the relative intensity of metal adduct (Ca®")
indicating less stable conformation. The relative intensity of holo-form (Ca*" -bound) of
’a-Lac increased at pH 6.8 and decreased at pH 8 during storage indicating folded and
partially folded conformation, respectively. During storage, -Lg showed stable CSD at
pH 3 with substantial changes at pH 5 and narrow changes at pH 6.8 and 8.
Conformational stability of ¢-Lac and B-Lg fractions isolated from fresh liquid whey
(LW), whey protein isolates (WPI) and whey protein concentrates (WPC) extracted
with sodium-citrate (NaC) or sodium-hexametaphosphate (SHMP) .were studied by
- measuring hydrogen/deuterium (H/D) exchange rates using ESI-MS. Thé H/D'exchange
results demonstraté that the conformation of holo-e-Lac was more stable than that of
apo-o-Lac and conformation of B-Lg variant B was more stable than B-Lg variant A.
Kinetics of H/D exchange indicated that a-Lac and B-Lg isolated fractions obtained
from whey protein preparations have the same or improved conformational stabilities

compared to that of a-Lac and -Lg standard.
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7.2 INTRODUCTION

" During the past two decades, considerable effort has been devoted to structural
characterization of food proteins and peptides. Although much useful informatiqn has
been obtained through numeroué spectfoscopic methods, they give relatively little
information on specific regions undergoing structural changes and require relatively
high concentration and large quantities of purified protein and long analysisk time. By
contrast, MS can accurately and pfecisely probe the conformational changes of
relatively large protein molecules in relatively short analysis time (10-90 min). The
apﬁlication of mass spectrometry (MS) to large biomolecules has révolutionized in the
past decade with the development of éléctrospray ionization (ESI) (Fenn et al.,, 1989;

Alomirah et al., 2000).

The utility of ESI-MS lies in its ability to generate multiply charged gas phase
ions from protein moleéules in solution. ESI-MS now plays an important role in studies
of primary (covalent and non—covélent) structure of proteins. Its role is more than
determination of MW of proteins, since a relationship between the structure of proteins
in solution under different environmental conditions and their charge state distributions
(CSD) in ESI spectrum has been established (Loo et al., 1990, 1991; Chowdhuray et al.,
© 1990; Mirza et al., 1993). T;hus, the changes in CSD of a protein can be interpreted in
terms of changes in its conformational stability. CSD is sensitive to tuning conditions in
the mass spectrometer, to slight variation in pH and to counter-ion effect (Robinson,
1996). Therefore, more reliable method for detecting protein conformational stability is
requiréd. Protein conformational can be studied by ESI-MS using amide hydrogen

exchange technique. This technique is based on the mass spectrometric measurement of
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the extent of hydrogen/deuterium (H/D) exchange that occurs in different protein
conformers over defined periods of time (Katta and Chait, 1991, 1993). Higher order
structural (secondary and tertiary) features of proteins can affect amide hydrogen
exchange rates drastically, thereby forming the basis for estimating, detecting and

locating conformational changes.

Amide hydrogen exchange rates of proteins and peptides is catalyzed by acid
and base. Therefore, the isotopic exchange rates are highly pH sensitive and this dictates
- careful control of pH in all H/D experiments (Smith et al., 1997). Exchange rates of
amide hydrogen are also affected by inductive and steric effect of the adjacent amino
acid side-chains, but relatively insensitive to more distant side-chains. The effect of
neighboring side-chains can decrease the amide hydrogen exchange rates by as much as
ten fold, while secondary and tertiary structiiral features of folded proteins may decrease
‘amide hydrogen exchange rates by as much as 10° (Smith et al., 1997). In this context,
amide hydrogen exchange is considered as a sensitive probe for detecting and locating
conformational chaiiges in proteins.k The application of H/D exchange to the study of
protein conformational stability in solution was first demonstrated by Katta and Chait
(1991) and has since been applied to study protein conformational stability under
different environmental conditions. It has been used to study the native state of a protein
(Katta and Chait, 1993), exchange rates of a-helices and B-sheets (Wagner et al., 1994),
folding pathway of native (Miranker et al., 1993) and reduced (Eyles et al, 1994)
lysozyme, to monitor protein/protein (Ehring, 1999), ligand/protein (Wang et al., 1997,

1998)’ and metal/protein interactions (Johnson and Walsh 1994; Nemirovskiy et al.,
1999) and thermal (Zhang and Smith 1996; Maier et al., 1999) and organic solvent

(Babu et al., 2001) unfolding of proteins.
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Studying protein stability-function relations (PSFR) rather than traditional
structure-function relations (Apenten and Galani, 1999) is presently preferred, because
stability is easier to quantify than structure. Although, there is a relative abundance of
information in the-literature on factors aﬁ’ecting structural stability of whey proteins,
there is relatively limited information on the structural stability of commercially
prepared, individual B-lactoglébulin (B-Lg) and o-lactalbumin (a-Lac), isolated from
different whey protein preparations. In this study, we have used CSD detemﬁﬁations by
ESI-MS to monitor changes in the conformational stability of a-Lac and B-Lg standard
induced by change in pH and storage period. In addition, the conformational stability of
a-Lac and PB-Lg fractions isolated from fresh liquid whey (LW), whey protein
concentrates (WPC) and whey protein isolates (WPI) using the combinational effects of
high salt concentrationv(7% NaCl) and chelating agents (sodium citrate (NaC) or sodium
hexametaphosphate' (SHMP)) at low pH (3.9) (Chapter 4) were probed by H/D

exchange ESI-MS.
7.3 MATERIALS AND METHODS

-7.3.1 Materials

B-Lg (cont'aining vadént A and B; L-0130) and o-Lac standard (L-6010,
calcium depleted containing less than 0.3 mol. of Ca**/mol. of a-Lac) were obtained
from Sigma Chemical Co. (St. Louis, MO). (-Lg and e-Lac isolated fractions
previously prepared in our laboratory were obtained from whey protein isolates (WPI),

whey protein concentrates (WPC) and fresh liquid whey (LW) extracted with NaC or
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SHMP (Chapter 4). Deuterium oxide (D,0) (> 99%) was from Aldrich (Milwaukee,

WI). All chemicals were of an analytical grade.

7.3.2 CSD and ESI-MS

Solutions (0.5 mg/ml) of a-Lac and B-Lg standard were prepared'by dispersing
the proteins in aqueous volatile solution, with pH 3 (1% acetic acid), pH 5.5 (water), pH
6.8 (10 mM ammonium acetate) and pH 8 (10 mM aﬁlmonium bicarbonate) and stored
for 0, 2, 4, 8, 10 days at refrigerated temperature (4 + 1 °C). A SCIEX API III- triple-
quadrupole mass spectrometer equipped with a standard atmospheric pressure ionization
(API) source and a SCIEX ionspray interface (PE-Sciex, Concord, ON, Canada) was
used to generate multiply charged protein ions by spraying the sample solution through
a stainless steel capillary held at high potential. The voltage on the sprayer was set at -
4500 V for positive ion production. The mass scale of the spectrometer was first
calibrated with polypropylene glycol and then tuned and recalibrated using peaks from

multiply protonated lysozyme. All CSD experiments were done in duplicate.

7.3.3 H/ID Exchange and ESI-MS

a-Lac and B-Lg fractions isolated from WPI, WPC and LW (Chapter 4), were
dialyzed against excess volumes of water for 3 days. a-Lac and B-Lg standard and a-
Lac and B-Lg isolated fractiqns were further desalted (x 4) using Centricon-10 filters
(Amicon Inc., MA, USA). The desalted samples were then lyophilized. Desalting step
was essential to obtain a mass spectrum with good jsensitivity, For ESI-MS
measurements of H/D exchange rates, desalted protein samples were first dissolvéd (1
mg/100 L) in 10 mM ammonium acetate aqueous buffer (pH 6.8). After 1 h, the H/D
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exchange was initiated by diluting 25 xL of the protein buffered solution in 225 uL of
10 mM deuterated ammonium acetate to produce a final concentration of 1 mg/ml; The
final relative amounts of labile deuterium atoms in this mixture is 90%. Initiation of
H/D exchange kinetics in this study was done by diluting a concentrated solution of
protonated proteins in D,0, as an alternative for dispersing lyophilized protein in D0 is
based on previous reports that most consistent results and less broad and multiple peaks
were achieved with the first technique (Johnson and Walsh, 1994; Szewczuk et al.,
2001). This solution was immediately infused into the ionization chamber of the MS
from a syringe pump (Model 22, Harvard Apparatus, South Natick, MA, USA) at a rate
of 2 ul/min. The enclosed ionization chamber of the MS was kept at room temperature
(21 £ 2 °C) and atmospheric pressure. It was constantly flushed with ultra high-purity
'nitro,gen to prevent the back exchange of deuterated atoms by hydrogens in the
laboratory air. Ultra high-purity air was used as the nebulizing gas. Under these
conditions, exchange of hydrogen by deuterium occurred only in the solution phase, and
back exchange of deuterium by hydrogen was negligible during ESI-MS analysis in the
gas phase (Wagner et al., 1994). Collection of the initial MS data was started as quickly
as possible, usually within 10-20 s of dilution. ;A small m/z range (70 unit) containing a
selecte_d charge state of the molecular ions, normally the ion with maximum intensity,
was scanned repetitively using a step size of 0.2 Da and dwell tiﬁe of 10 ms in the first
45 minutes when exchange is rapid. Fewer time points are necessary to define the
" kinetic curve at later times (60, 2880, 5760, 8640, 11520, and 14400 minutes)
(Robinson, 1996). The molecular mass at each time point was calculated from the
measured m/z (mass-to-charge) ratios and the predetermined charge staté. At each time

point (#), the average number of unexchangeable hydrogens was determined by
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subtracting the molecular mass at time ¢ from the 90% deuterated molecular mass
(Szewczuk et al., 2001). The average numbers of unexchanged hydrogens were plotted
‘against time to give the exchange curves. All H/D exchange experiments were done in

duplicate.

7.3.4 Data Analysis

The apo-form (Ca®*-free) of a-Lac contains 123 amino acid residues and a total
of 225 hydrogens (Table 7.1), of which 120 are on the amide backbone, 102 are on the
side-chains, and 3 on th¢ two termini; the total numbers of hydrogens in the holo-form
(Ca** -bound) of e-Lac is 223, due to Ca*" binding to the protein molecule. In our
experiment, H/D exchange was initiated in a solution of 90% D0, therefore, total labile
exchangeable hydrogens for 90% deuteratéd apo- and holo-a-Lac are 203 and 201,
respectively (Table 7.1). B-Lg (variant A and B) contains 162 amino acid residues ’and a
total of 279 (278 for variant B) hydrogens (Table 7.2), of which 153 are on the amide
backbone, 123 (122 for variant B) are on the side chains, and 3 on the two termini. The
total numbers of labile exchangeyable hydrogens for 90% deuterated VB-Lg (A) énd B-Lg
(B) are 251 and 250; respectively (Table 7.2). Free hexose sugar has 5 exchangeable

| hydrogen. The first hexose sugar that bindsA to protein molecule will have only 4
exchangeable hydrogens. Ad‘ditionaf hexose sugar binds to the first hexose sugar will
haQe 4 exchangeable hydrogens; the first hexose sugar will have 3. Attachmeﬁt of sugar
residues to protein molecule will result in removal of one hydrogen atom from protein
molecule. Data (number of unexchanged hydrogens versus the time in minutes after
addition of D,0) were fit to the sum of two exponentials from the following expression

(Smith et al., 1997; Szewczuk et al., 2001):
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Y =Aexp ™ ?+B.exp™,”

Where Y is the number of unexchanged hydrogens remaining; 7 is the time in minutes
after addition of D,0O; A and B are numbers of intermediate and slow exchanged
hydrogens class with exchange rate constants of &; and k&, respectively. The number of
hydrogens undergoing exchange at very fast rate (C) was calculated by subtracting total

exchangeable hydrogens (90%) from A+B.
7.4 RESULTS AND DISCUSSIONS

7.4.1 CSD of a-Lac

Figure 7.1 A to D compares the mass spectra of @-Lac dispersed in solutions at
pH 3, 5.5, 6.8 and 8 respectively, and stored for 0, 2, 4, 8, 10. Initially, the spectrum of
a-Lac at pH 3 exhibited 4 peaks (+9, +8, +7, +6) with a maximum charge state of +9, 8
charges less than the total number of positive charges based on the number of basic
residues (i.e., arginine, lysine, histidine and N-terminal with a primary amine) (Figure
7.1 A). The most intense peak was observed for species +8. Storage for 2 days resulted
in the emérgence of +10 species with relatively high intensity and substantial increase
in the intensity of the +9 species. This indicates increased solvent accessibility to buried
basic amino acid residues due to less stable conformation of a-Lac. At day 8 the +11
species was observed. Further storage to day 10 resulted in increase in the relative
intensity of charge state +11 indicating decrease in a-Lac conformational stability. At
pH 5, the spectrum of a-Lac initially exhibited 3 peaks with a maximum charge state of

+8, 9 charges less than the total number of basic residues (Figure 7.1 B). The most
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Figure 7.1: ESI mass spectra of oc—lactoglobulin at pH 3 (A), 5.5 (B), 6.8 ()
and 8 (D) and stored for 0, 2, 4, 8, 10 days.
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intense peak was observed for species +7. The molecular mass (M ) obtained for the
molecular ion (M) was 14,178 Da and for the metal adduct was 14,216 Da representing
the apo-form (Ca’'-free) and holo-form (Ca®" -bound) of a-Lac, respectively. It is
known that e-Lac is a Ca®" binding protein and the binding of Ca®* stabilizes the
structure of native a-Lac (Hiraoka et al., 1980; Kronman, 1989). Storage for 2 and 4
days resulted in a decrease in the relative signal intensity of a-Lac M (apononn) and in
an increase in the relative signal intensity of metal adduct (holo-form) (Figure 7.1 B).
The predominant of the relative M ; of 14,216 Da and the narrow CSD demonstrates
that the a-Lac retains its native structure under these conditions for the ﬁrst 4 days of
storage (Robinson et al., 1994; Chung et al., 1997). Extending the storage‘ period to 8
and 10 days resulted in substantial changes in the mass spectrum of a-Lac which
involves the emergence of species carrying +9 and +10 charges, shiﬂing of a-Lac
charge state toward higher values (i.e., lower m/z values)kand a decrease in theh relative
intensity of metal adduct (holo-form) indicating changes in the «-Lac conformation.
The spectrum of a-Lac at pH 6.8 during 8 days of storage exhibited a very narrdw CSD
in which each spectrum contains only 2 ion peaks, charge states + 6 and +7 (Figure 7.1
“C). The relative signal intensity of Ca*" adduct (holo-form) increased with a decrease in
the relative signal intensity of M" (apo-form) indicating stable conformation of a-Lac
during storage at pH 6.8. On the othef hand, the quality of EST mass spectrums obtained
at this pH is not optimal since Basic groups are not protonated in solution’ and the use of
ammonium acetate causes ’afshift in charge state of a protein toward lower values (i.e.,
higher m/z values) (Wang and Cole, 1997)‘. Initially, the spectrum of a-Lac at pH 8

shows a maximum charge state of +8; this CSD was essentially unchanged during

151



storage (Figure 7.1 D). Unlike the results obtained at pH 6.8, the relative signal intensity
of Ca*" adduct (holo-form) decreased with an increase in the relative signal intensity of
M’ (apo-form) indicating unstable conformation of a-Lac during storage ét pH 8. The
results revealed that the structure of e-Lac was initially unstable at pH 3 and further
storage resulted iﬁ substantial loss of stable conformation while the structure of Q-Lac
initially at pH 5.5 retained its native conformation and further storage resulted lin
conformation changes. The structure of a-Lac at pH 6.8 was stable and st‘orag“e at pH 8
resulted in unstable conformation. The above results show the capability of CSD by ESI
mass spectrometry to study o-Lac conformational stability as a function of pH and
storage time; however the information were only qualitative of relatively low resolution

at basic pH solutions (Dobo and Kaltashov, 2001).

7.4.2 CSD of B-Lg

Figure 7.2 A to D compares the mass spectra of B-Lg dispersed in solutions with
at pH of 3, 5.5, 6.8 and 8 respectively, and stored for 0, 2, 4, 8, 10. Initially, the
spectrum of B-Lg (vafiant B and A) at pH 3 stored for 12 days exhibited 3 peaks with a
maximum charge state of +10, 11 charges less than the total number of basic amino acid
residues (Figure 7.2 A); the most intense peak was observed for species +9. This CSD
was unchanged during storage for both variants indicating stable conformation of 3-Lg
at pH 3. These MS findings are consistent with the results from DSC and FTiR which
showed that B-Lg has maximum thermal stability at pH 3 (Boye et al., 1996b). At pH 5,
the spectrum of B-Lg ‘exhibited 4 peaks with a maximum charge state of +11, 10
charges less than the total number of basic residues (Figure 7.2 B). The most intense

peak was observed for species +9. Storage for 2, 4 and 6 days resulted in a gradual
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decrease in the relative signal intensity of peaks with charge +9 and +8 and gradual
increase in the relative intensity of peaks with higher charge state (i.e., +10 and +1 1). At
day 10, the spectrum of B-Lg shows the emergence of the +12 species. The emergence
of new charged species with the shift in an intense peak toward high& CSD, indicate
- that B-Lg basic amino ’acid residues are more accessible to solvent under these
conditions. The spectrﬁm of B-Lg at pH 6.8 shows only 2 ion peaks with charge states
of +8 and 9+ at day O (Figure 7.2 C). At day 2, new species carrying +10 was observed.
After day 4, the relative intensity of charge +9 and +10 progressively increased. At pH
8, the spectrum of -Lg shows only 2 ion peaks with charge states of +8 and 9+; this
CSD was unchanged during storage (Figure 7.2 D). The relatively minor changes
observed in the mass spectra of S-Lg at pH 6.8 and 8 can be attributed to the inability of
ESI to produce multiply charged protonated molecule of native B-Lg in basic pH
solutions (Figure 7.2 C and D) resulting in a shift of protein CSD toward lower values,
in the }ﬁghef m/z axis. These changes are beyonq the capabilities of quadrupole
analyzers. The results revealed that initially, the conformation of B-Lg at pH 3 was
stable and has less stable conformation at pH 5.5. Storage at pH 6.8 resulted in
conformational changes of B-Lg with unchanged CSD at- pH 8. These results show the
capability of CSD by ESI mass spectrometry to study -Lg conformational stability at |

acidic pH but with less effectiveness at basic pH.
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7.4.3 H/ID Exchange of a-Lac

Figure 7.3 shows a representative spectrum of apo- and holo-oc-Lac standard
incubated in deuterated buffer (pH 6.8) for different time periods. Similar spectra were
generated for all a-Lac isolated fractions to obtain the number of unexchanged
hydrogens as a function of time (min) after addition of D,O. Table 7.1 shows the
number of hydrogens exchanged in intermediate (A) and slow (B) category, ‘which
exchanged with rate constants of k; and k>, respectively. The number of hydrogens in
the véry fast (C); (exchanged before MS measurements), category was calculated as the
total number of exchangeable hydrogens (90%) minus A+B. The most reasonable
interpretation of reduced H/D exchange rates in folded proteins are in terms of reduced
accessibility of solvent to amide hydrogens (solvent exclusion; Woodward et al., 1982) -
and/ or increase in amide hydrogen bond stability (local unfolding; Englander and
Kallenbach, 1984). It has been shown that, exchange of hydrogen for exposed side
chains and unstructured backbone amides can be essentially complete within minutes in
D,0 (pH>5) at room temperature (Englander and Mayne, 1992). Theréfore, the
uneichanged hydrogens in o-Lac remaining after 5 min are expected to be those
involved in hydrogen bonding in secondary structure or those on side chain buried
inside the hydrophobic core (Table. 7.1). Figure 7.4 shows the H/D exchange rates for
apo- and holo-a-Lac Standard as a function of time (min) at pH 6.8. After 60 s, the total
number of unexchanged hydrogens in apo-o-Lac standard were 54 (or 26.6%
unexchanged hydrogéns) compared to 72 in holo-a-Lac standard (or 35.8%
unexchanged hydfogens). The fast exchanged hydrogens are assumed to be on the

exposed side chains and on unstructured backbone amides, while the remaining
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exchangeable hydrogens are assumed to be either buried, or involved in intramolecular
hydrogen bondi'ng (Smith et al., 1997). The difference in extents of unexchanged
hydrogens between apo- and holo-a-Lac standard remained constant for the first 20
minutes (difference of 9.7% unexchanged hydrogens at 5 min and 9% at 20 min, Figure
7.4 and Table 7.1). At 45 and 60 min, the percentage of unexchanged hydrogens was
5.8% and 4.0%, respectively. After which the difference between the two curves
remained about the same for period of 10 days (data not shown). Table 7.1 shows that
(1) 22% unexchanged hydrogens of apo-a-Lac standard belong to the intermediate (A)
exchanging category corresponding to 37% of the backbone amide hydrogens, (ii) 7%
belong to the slow (B) exchanging category corresponding to 11% of the backbone

amide hydrogens and (iit) 71% belongs to the very fast (C) exchanging category. The
results for holo-c-Lac, which contains Ca®”, show 62% of the very fast (C), 17% of the
intermediate (A), and 21 % of the slow (B) exchangeable hydrogens. These results
demonstrate the effect of Ca®* on the stability of the structure of holo-e-Lac. These
results are consistent with H/D-MS data of Chung et al. (1997) who reported that in the
absence of Ca®", protection against hydrogen exchange is decreased. The accelerating
H/D ekchange rates in apo-a-Lac compared to holo-a-Lac can suggest that the absence
of Ca®* can causes exposure of many amide groups to the solvent or possibly the
breakage of many hydrogen bonds. Recently, X- ray (Chrysina et al., 2000) and NMR
(Wijesinha et al,, 2001) studies have shown that removal of Ca®" from a-Lac effect
| mainly the Ca**-binding regidn of the protein. The NMR study showed that the amide

hydrogens in holo-e-Lac are more protected against exchange compared to apo-a-Lac;
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Figure 7.3: ESI mass spectrum of apo- and holo-a-lactoglobulin standard
incubated in deuterated buffer (pH 6.8) for different time periods.
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Table 7.1: Hydrogen/Deuterium exchange characteristics of a-lactalbumin standard and «-lactalbumin isolated from whey preparations

Total  Exchangeable  Unexchanged . . Intermediate Slow Very Fast (A) (B) Total
1 2

; L. ; , : Exchanged (A) Exchanged (B) Exchanged (C) : . h

Origin of a-Lac Hydr o%ens Hydroogens Hydrogens After (min) (min™) Hydrogens (%) Hydrogens (%) Hydrogens (%) An:wle Amide An:nde
(100%) (90%) f , ~ (%) (W) (%)

, , , (A) (B) (€)

: ; 5 min 20 min 45 min : ; o ,
Apo-STD 225 203 - 38 18 13 0.113 0.001 45 22 14 7 144 71 37 11 49
Holo-STD 223 201 58 36 25 0122 0.012 33 17 42 21 126 62 28 35 63
WPI-NaC ; 223 201 77 38 23 0.095 0.017 65 32 40 20 96 48 54 33 87
WPI-SHMP 223 201 77 49 . 42 0.138 0.003 59 29 49 24 a3 46 49 4 90
LW-NaC 223 201 63 45 33 0.072 0.008 28 14 45 23 128 64 23 38 61
- LW-SHMP 223 201 72 47 25 0370 0.026 14 7 80 40 107 53 12 66 78
WPC-NaC+4Hex 235 212 74 44 24  0.054 0.014 55 26 35 16 122 58 46 29 75
WPC-NaC+5Hex 238 215 82 55 33 0.042 0012 53 25 41 19 120 56 44 35 79
WPC-NaC+6Hex - 242 217 94 68 45 0.038 0.005 65 30 42 19 110 51 54 35 89
WPC-SHMP+3Hex -~ 232 209 68 40 18 0.037 0.033 22 1 58 28 128 61 19 49 67
WPC-SHMP+4Hex - 235 212 73 45 25 0.051 0.012 53 25 34 16 125 59 45 28 73

WPRPC-SHMP+5Hex = - 238 215 83 57 36  0.041 0007 58 27 37 17 120 56 - 49 31 79
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these most highly prétected amide groups are clustered around the Ca®"-binding region
(Ca**-binding loop and the C-helix) and residues 53 to 62, which are adjacent to this
regioyn (Wijesinha et al., 2001). This could explain the increased involvement of the
total amide % in holo-a-Lac standard (63.3%) compared to those of apd-oc-Lac standard

* (48.6%) measured in our experiment (Table 7.1).

Figure’ 7.5 shows ESI spectra of a-Lac fractions isolated from LW, WPI, WPC
extracted with NaC or SHMP. The spectrum of a-Lac standard was similar to that of a-
Lac isolated from LW. The a-Lac isolated from WPI contained 2 glycated species with
2 and 4 hexose sugar units, while a-Lac isolated froﬁ WPC contained glycated species
with 2 to 10 hexose sﬁg~ar units and extend of glycation has more than 10 hexose sugar
units. For all a-Lac fractions isolated from LW, WPI and WPC, Table 7.1, shows the
H/D exchange for only the holo-form of the a-Lac, since the relative intensity of its
mass-to-charge ratio (m/z) peak is morerabundant compared to m/z of apo—form. oc-Lac
fraction isolated from WPI extracted with NaC (a-Lac-WPI-NaC) showed 77 (or 38%)
unexchanged hydrogens after 5 min Which is higher than that of holo-a-Lac standard
(58 or 29%). After 5 min, unexchanged hydrogéns in a-Lac-WPI-NaC and holo-ochac
- standard were sinlilar. For a-Lac—WPI—NaC, the % of very fast (C) exchanging
hydrogéns (48%) was less than that for holofd-Lac standard (62%), the % of
intermediate (A) exchanging hydrogens (32%) was greater than that of hdloea-Lac
standard (17%) samples and the % of slow (B) exchénging hydrogens was similar.
These results, along with increased involvement of the total amide % in «-Lac-WPI-

NaC sample (87%) compared to those of holo-a-Lac standard (63%), indicate that a-
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Figure 7.5: ESI mass spectrum of a-Lac fractions isolated from WPI, WPC,
LW extracted with NaC or SHMP. «-Lac = g-lactalbumin, WPI = whey
protein isolate; WPC = whey protein concentrate; LW = liquid whey; NaC =
sodium-citrate; SHMP = sodium-hexametaphosphate. ‘

164



Lac-WPI-NaC is more protected against hydrogen exchange than holo-a-Lac standard
due to increase in stmctured hydrogen bonding in its secondary structure. Table 7.1
shows the number of unexchanged hydrogens after 5, 20 and 45 min and the rates of
H/D exchange of «-Lac fraction isolated from WPI extracted with SHMP (a—Lac;WPI—
SHMP). The oz—Lac-WPI-SHMP sample showed higher unexchanged hydrogens than
the a-Lac-WPI-NaC sample. The % of slow (B) exchanging hydrogens in the a-Lac-
WPI-SHMP sample (24%) was higher than th‘at of a-Lac-WPI-NaC sample (20%) with
little decrease in the very fast (46%) and intermediate (29%) exchanging hydrogens and
witﬁ an increase in total amide hydrogen % in «-Lac-WPI-SHMP samples (90%)
compared to that in a-Lac-WPI-NaC (87%). These results indicate that a-Lac fractions
isoléted from WPI extracted with SHMP were more protected against hydrogen
exchange than a-Lac fractions isolated from WPI extracted with NaC, and therefore
more than holo-a-Lac standard, due to increase in structured hydrogen bohds in 1ts
secondary structure. Our DSC study (Chapter 6) showed higher 7§ and AH for the a-
Lac-WPI-SHMP that those for the a-Lac-WPI-NaC, whereas our FTIR study showed
less unfolding in the helical structure of a.-Lac-WPI-SHMP sample thar in the a-Lac-

WPIL-NaC sample (Chapter 6).

Table 7.1 shows the number of unexchanged hydrogens after 5, 20 and '45 min
“and the ratesyof H/D exchange of a-Lac-LW-NaC and «-Lac-LW-SHMP. The % of
slow (B) exchanging hydrogens in a-Lac-LW-SHMP sample (40%) was greater than
that of a-Lac-LW-NaC sample (23%) and the % of ’the very fast (C) exchanging
hydrogens in e-Lac-LW-SHMP sample (53%) was less than that for a-Lac-LW-NaC

sample (64%) with an increase in total amide hydrogen % in a-Lac-LW-SHMP sample
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(78%) compared to that in a-Lac-LW-NaC (61%). These results are similar to those
obtained with a-Lac-WPI fractions, which indicate that a-Lac fractions obtained with
SHMP extraction was more protected against hydrogen exchange than a-Lac fractions

obtained with NaC extraction.

Table 7.1 shows that 14% of unexchanged hydrogens in a-Lac-LW-NaC
belongs to the intermekdiate (A) exchanging category, 22.5% to the slow (B) exchanging
class and 64% belong to the very fast (C) exchanging category with involvement of
61% of total number of amide backbone hydrogens, These values are comparable to
those obtained for holo-a-Lac standard; however the ra"c’es of exchange (k; and k) of a-
Lac LW-NaC (0.072 and 0.008 min) was much slower, than that of ‘holo-a-Lac
standard (0.122 and 0.012 min™). Similarity, the rate of exchange in a-Lac-LW-NaC
was slower than that of a-Lac-WPI-NaC (0.095 and 0.017 min™). This explains the
higher number of unexchanged hydrogens after 20 and 45 min in a-Lac-LW-C (45 énd
33) compared to those of holo-a-Lac standafd (36 and 25) and a-Lac-WPI-C (38 and
23). The increased protection against H/D exchange in o-Lac-LW-NaC compared to
‘those of holo-o;-Lac standard or a-Lac-WPI-NaC, can be attributed to less structqral
modifications induced by preparation conditions of «-Lac from LW when compared to

preparation conditions of a-Lac from the other sources.

Table 7.1 shows the number of unexchanged hydrogens after 5, 20 and 45 min
and the rates of H/D exchange in glycated a-Lac isolated from WPC (4 to 6 hexose
residues) extracted with NaC (a-Lac-WPC-NaC) and SHMP (3 to 5 hexose residues)
(a-Lac-WPC-SHMP). It should be noted that based’ on molecular mass measurement,

the discrimination between the addition of lactose unit and multiple hexose residues
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cannot be achieved. The results show that the numbers of unexchanged hydrogens in o-
Lac-WPC-NaC and «-Lac-WPC-SHMP increased as the number of hexose residues
attached to them increased. Also, the rates of exchange (k; and k, ) of a-Lac-WPC-NaC
and o-Lac-WPC-SHMP were generally slower, as the numbers of rzylttached sugar
moieties increased (Table 7.1). Two possibie explaﬁations for the observed decréase in
the H/D exchange rate in glycated o.-Lac-WPC-NaC and a-Lac-WPC-SHMP, are (i) the
hexose residues cover a region of oc—Lac protein surféce, protecting it from solvent and
delaying its exchange (this is evident from the deérease in % of very fast (C) exchange
hydrogens with the increase in numbers of sugar moieties attached to the protein) and
(i1) attachment of 3 or more hexose residues to a-Lac protein could result in more stable
conformational structure, making local unfolding, and therefore H/D exchange slower
(this is evident from the increase in the % of total number of amide backbone hydrogens
involved in a-Lac with the increase in numbers of attached sugar moieties), More’over,
both explanations could be contributing to some extent to cause the observed change.
The number of unexéhanged hydrogéns after 5, k20 and 45 min and the rates of H/D
exchange in a-Lac-WPC-NaC and a-Lac-WPC-SHMP glycated with same number of
sugar residues was essentially the same. This indicates that the increased protection
against hydrogen e‘xchange in a-Lac fractions'extracted with SHMP compared to a-Lac

fractions extracted with NaC, was removed by glycation.

7.4.4 HID Exchange of §-Lg

There are two major variants of B-Lg, A (18,363.3 Da) and B (18,277.,2 Da)
which have mass difference of 86 Da accounted for the two amino acid substitutions

occurring in the B variant (Aspss — Gly and Val;;3 —Ala). Figure 7.6 shows the ESI
: : 167



spectrum of 3-Lg standard (variant A and B) incubated in deuterated buffer (pH 6.8) for
different time periods. Similar spectra were generated for B-Lg fractions isolated from
LW, WPI and WPC extracted with NaC to obtain the number of unexchanged

hydrogens as a function of time (min) after addition of DéO. B-Lg fractions isolated
from WPI, WPC and LW 'extracted with SHMP were not measured by MS, since
aqueous liquid solutions of these fractions failed to pass through the 45um syringe
membrane filter (Millipore, Beford, MA), prior to MS measurement. This couid
probably be due to the interaction of B-Lg with SHMP resulting in the rformat-ion of
large protein aggregates. Figure 7.7 shows the ESI spéctrum of B-Lg (Varianf B and A)
fractions isolated from LW, WPI and WPC extracted with NaC. The results show a
similarity between spectrum of B-Lg standard and that of B-Lg fraction isolated from
LW. B-Lg fraction isolated from WPI was glycated with 2 and 4 hexose sugar units,
while $-Lg fraction isolated from WPC was highly glycated with the extent of glycation
greater than 12 hexoser units. The high levél of glycation in B-Lg fraétion isolated ﬁ'om
WPC resulted in complicated massépéctra which made the H/D exchange kinetic data
difficult to intefpret. Therefore, H/D exchange experiments were carried only for B-Lg

standard and (-Lg fractions isolated from LW and WPI extracted with NaC.

Table 7.2 shows the number of unexchanged hydrogens after 5, 20 and 45 min
and the rates of H/D exchange of $-Lg (variant B and A) standard and B-Lg (variant B
and A) fractions isolated from LW and WPI extracted with NaC. The results show that
(i) 39% unexchanged hydrogens of B-Lg (variant B) standard belong to the intérmediate

(A) exchanging category, corresponding to 64% of the backbone amide hydrogens, (ii)

168



+9

B-Lg \
(B) A)

0 min

10 min

<~—”’////A\\\//(A\\\\\\\“~_i?jnin
J\/!min

2 Days

‘ 4 Days

4///~\\\J//~\\\\\\;\«§j?ayS

2030 - 2040 2050 2060 2070 = 2080

Relative Intensity (%)

m/z

Figure 7.6: ESI mass spectrum of B-lactoglobulin (variant B and A) standard
incubated in deuterated buffer (pH 6.8) for different time periods.
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Table 7.2: Hydrogen/Deuterium exchange characteristics of B-lactoglobulin standard and B-lactoglobulin isolated from whey preparations

, Intermediate Slow Very Fast :

origin of B-Lg Hygz)';n ; Epchangeable H‘;Ef:;;‘:g%‘;&r ki k  Exchanged A Exchanged B Exchanged ¢ ) Ar‘"zzje ol

(100%) (90%) ; (min™") (min") Hydrogens (%) Hydrogens (%) Hydrogens (%) (%) (%) (%)

. . R (A) (B) (C)
; 5 min 20 min 45 min

STD B) 278 250 77 46 38 0.244 0.007 98 39 51 21 101 40 64 34 97
STD (B)+Na" 277 249 78 46 39 0.241 0.007 95 38 52 21 102 41 62 34 96
STD (A) 279 251 74 43 37 0.264 - 0.005 108 43 47 19 95 38 71 31 102
STD (A)+Na’ - 278 250 74 44 38 0.267 0.005 109 44 48 19 93 37 74 31 102
WPI (B) 278 250 79 46 40 0238 0005 105 42 50 20 95 38 68 33 101
WPI (B)+Na’ 277 249 79 47 40 . 0.243 0.005 104 42 51 20 94 38 68 33 101
WP} (B)+2Hex 284 255 75 42 35  0.211 0.008 91 36 46 18 118 46 59 30 90
WPI (A) 279 251 74 43 36 0.277 .0.007 113 45 49 20 89 36 74 32 106
WPI (A)+Na" 278 250 74 44 37 0.284 0.007 113 45 50 20 87 35 74 33 106
WP (A)+2Hex 285 256 72 39 32 0.218 0.006 93 36 43 17 119 47 . 61 28 89
LW.(B) 278 250 80 46 40  0.243 0.005 110 44 50 20 90 36 72 33 104
LW (B)+Na" 277 - 249 80 47 42 ~ 0.248 0.004 110 44 51 20 89 36 72 33 105
LW (A) 279 251 74 43 36 0.271 - 0.006 114 45 48 19 89 35 - 74 31 106
LW (A)+Na’ 278 250 75 43 37 0.269 0.006 115 46 48 19 87 35 75 31 106

st
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21% belong to the slow (B) exchanging category, corresponding to 34% of the
backbone amide hydrogens and (iii) 40% belong to the very fast (C) exchanging
category. Table 7.2 shows that (1) 43% unexchanged hydfogens of B-Lg (variant A)
standard belong to-the intermediate (A) exchanging category, corresponding to 71% of
the backbone amide hydrogens, (ii) 47% belong to the slow (B) exchanging category,
corresponding to 31% of the backbone amide hydrogens and (ii1) 38% belohg to the
very fast (C) exchanging category. It is noteworthy that the high values of totai amide %
in all samples (Table 7.2) are not only originating from exchangeable bonded amide
hydrogens but also from side-chain hydro,gens that are assumed to be buried or involved
in intramolecular hydrogen bonding. Figure 7.8 shows the H/D exchange rates for B-Lg
(variant B and A) standard as a function of time (min) at pH 6.8, After 60 s, the total
number of unexchanged hydrogens in f-Lg variant B and A was 140 (or 56%
unexchanged hydrogens). The number of unexchanged hydrogens in variant B and A
after 5-min was 77 (31% unexchanged hydrogens) and 74 (29% unexchanged
hydrogens), respectively. After 20 min, the extents of unexchanged hydrogens between
variant B and A of B-Lg standard was similar. The rate of exchange in the intermediate
category (k;) of B-Lg (variant A) standard k(0.2’64 min™) was faster than that of B-Lg
(variant B) standard (0.244 min'l")_ These results indicate that -Lg (variant B) standard
is more proteéted against hydrogen exchange than that of B-Lg (van'ant A) standard.
These results are consistent with results reported by various methods. DSC showed that
B-Lg variant B seems to be thermally more stable th’an B-Lg variant A (Imaﬁdon et al,
1991; Huang et al., 1994a; Boye et al., 1997b). Also, it has been reported that gels made
with $-Lg B have a higher gelation point (Huang et al., 1994b), display a higher

elasticity (Allmere et al., 1998) and the gel matrix is formed by larger aggregate
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structures (Boye et al., 1997b) than those made with B-Lg A. Proteolytic susceptibility
of B-Lg (variant A) was greater than that of B-Lg (variant B); indicating increased
‘structural flexibility of B-Lg (variant A) (Huang et al., 1994a). Undef pressure, FTIR

(Hosseini-nia et al., 1999) and NMR (Belloque et al., 2000) studieé found that the
structure of B-Lg (variant A) was more sensitive and unfold faster than that of B-Lg
(variant B), respectively. Bell()que et al. (2000) suggest that the relative structural
- flexibility of B-Lg (variant A) arises from the structural difference existing between the
variants, caused by the change of the residue Val;jg in B-Lg vériant A to Alaygin B-Lg
variant B. On the other hand, crystallographic study sﬁggest that creation of a cavity by
the loss of two mfefhyl groups (Valj;z —Ala) with no movement of the protein main

chain, make the B variant less stable than the A variant (Qin et al., 1999).

Figure 7.9 shows the rates of H/D exchange of B-Lg (variant B and A) standard
and P-Lg (variant B and A) fractions isolated from nonglycated WPI, glycated WPI (2
hexose sugar units) and LW as a function of time at pH 6.8. The results indicate that B-
Lg variant A, isolated from WPI (gfyéated and nonglycated) and LW, has less numbers
of unexchanged hydrogens after 5, 20 and 45 min and has faster rate of exchange in the
intermediate category (k;) than that of variant B; indicating more ﬂexiblé structure
(Table 7.2). The presences of Na" adduct ion in all B-Lg (variant B and A) isolated
fractions did not alter their protection against hydrogen exchange. Thiks is evident from
the 'simil'ar‘ values obtained for (i) unexchahged hydrogen aftér‘ 5, 20 and 45 min, (ii)
rates of exchange (%, aﬁd k) and (i) distribution of exchanged hydrogens in
intermediate (A), slow (B) and very fast (C) category in each -Lg isolated fraction.

However, binding of two hexose sugar residues to f-Lg (variant B and A) isolated from
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WPI decreased their protection against hydrogen exchange. The number of
unexchanged hydrogens after 5, 20 and 45 min in glycated -Lg (variant B) (two hexose
residues) was less than that for nonglycated -Lg (variant B) sample (Table 7.2).
Glycation of B-Lg variant B resulted in a decrease in the % of inter:nediate (A) and slow
(B) (36 and 18%) exchanging hydrogen compared to nonglycéted B-Lg variant B (42
and 20%), respectively and increase in the % of very fast exchanging hydrogens (C) in
glycated B-Lg variant B (46%) compared to nonglycated B-Lg variant B (38%).
Similarly, the binding of two hexose sugar residues to P-Lg variant A isolated from
WPI resulted in less protein stable structure. One possible explanation for the observed
change in exchanging behavior is that large conformational change in B—Lg occurred
upon attachment of two hexose residues_ and this could result in accelerated H/D
exchange rate. This is evident from the increase in the % of very fast exchanging
hydrogens (C)kin glycated B-Lg variant B (46%) compare to in nonglyca‘;éd B-Lg
variant B (38%); this increase was more pronounced in glycated B-Lg variant A (Table
7.2). FTIR study revealed that sugars promote the unfolding of B-Lg via multiple
transition pathWays leading to a transition state resisting aggregation (Boye et al,
1996b). Moreover, Morgan et al. (1999) showed that glycation led to important
conformational changes of B-Lg as probed by fluorescence, susceptibility to pepsin and

immunochemical characterization.

7.5 CONCLUSIONS

The results showed the capability of CSD of ESI mass spectra to investigate -

Lac and -Lg conformational stability as a function of pH and storage time; however
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the information obtained was only qualitative and was of relatively low resolution at
basic pH. H/D exchange rates measured By MS, provided a sensitiv¢ measure of
conformational stability of the whey proteins. The H/D exchange results demonstrate
that the conformation of holo-a-Lac was more stable than that of apo-a-Lac and
conformation of B-Lg variant B was more stable than 3-Lg variant A. Kinetics of /D
exchange indicated that a-Lac and $-Lg fractions isolated from whey protein
preparations, using chelating- agents, have the same or.improved conformational
stabilities compared to that of a-Lac and -Lg standard. Generally, a-Lac and B-Lg
fractions extracted with SHMP were more stable than those extracted with NaC. The
covalent binding of 3 or more hexose residues to a-Lac enhanced its conformational
stability but covalent binding of two hexose residues to 3-Lg resulted in less stable

conformation.
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GENERAL CONCLUSIONS

Selective fractionation of whey major proteins may allow exploitation of their
different functional, nutritional and therapeutic properties and may result in better
understanding of the close structure-function relationship of these pfoteins which is
essentiai to utilize whey protein products completely in food system. In this study the
structural and thermal properties of a-lactalbumin (a-Lac) and’ﬁ-lactogl(jbulin (B-Lg)

fractions isolated from different whey protein sources were investigated.

The results obtained showed that the use of high salt concentration and chelating
agents at low pH was effective in iéolating B-Lg and a-Lac, with relatively high purity
and yield, from different whey protein sources. Results showed that the use of NaC and
SHMP were more effective than other chelating agents. The use of NaC as a chelating
agent resulted in high yield % of ﬁ—Lg isolated fractions while the use of SHMP resulted
in high yield % of a-Lac isolated fractions and solubilization of precipitated a-Lac with

CaCl, was more selective without pH adjustment.

Comparison of the Q-Lg and a-Lac isolated fractions from different whey
protein sources; showed that all B-Lg isolated fractions exhibits an increase thermal
stability over ,B—Lg standard and difference in the‘rma]' properties depend in protein
source (WPL, WPC and LW) but not by chelating agent tjpe (NaC or SHMP). Results
demonstrated a stabilizing effect of SHMP in B-Lg iksolated fractions over NaC and both
may have 'the ability of inhibiting aggregate formation upon heating. All a-Lac isolatéd>
fractions showed mainly the presence of a single thermal transition (Ca% -bound form,
holo-a-Lac) with‘reversibility percent greatér than a-Lac standard, suggesting faster

refolding rates. Denaturation of apo-a-Lac was related the gradual decrease in the o-
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helix band and accompanied by the gain in intensity of 1653 and 1641 cm™ bands while
denaturation of holo-c¢-Lac was associated by breakdown of B-sheet structure and
increase in turns and unordered stfuctures. Results illustrated thgt holo-a-Lac has lower
relative intensity values of 3;0-helix and o-helix than apo-o-Lac indicating slower fates
of hydrogen/deuterium (H/D) exchange in the undeuterated 3;o-helix (H) component

due to increased structural stability.

Storage of a-Lac at pH 3 resulted in substantial changes in its charge state
distribution (CSD), involving the emergence of new ion species and shifting of its
charge state toward higher values indicating less stable conformation. Spectra of a-Lac
at pH 5 for 4 days showed stabile conformation, however, extending the storage period
-resulted in substantial changés in its CSD and a decrease in the relative intensity of
metal adduct (Ca®") indicating less stabile conformation. During storage, B-Lg showed
stable CSD at pH 3 ‘With substantial changes at pH 5 and narrow changes at pH 6.8 and
8. The changes in CSD were only qualitative and were of relatively low resolution at
basic pH. H/D exchange rates measured by electrospray ionization maos spectrometry
(ESI-MS), pfovided a seositive measure of conformational stability of whey proteins.
The H/D exchange results demonstrate that the conformation of holo-a-Lac was more
étable than that of apo—oc-Lac and conformation of -Lg variant B was more stable than,
B-Lg variant A Kinetics of H/D exchange indicéted that «¢-Lac and B-Lg fractions
| isolated from different whey protein sources have the same or improved conformational

stabilities compared to that of o-Lac and B-Lg standard.
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