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FOREWORD

The thesis is submitted in the fom of original papers for journal publication.

The first two·sections comprise ageneral introduction and a literature review presenting

the theoryand previous knowledge on this topic. next five sections contain the

body ofthe thesis;each chapter represents a complete manuscript. The last sectionisa

summaryof the major conclusions. This format has been approved by the Faculty of

Graduate Studies and Research, McGiH University, and foHowstheconditions outlined

in the Guidelines for ThesisPreparation, Thesis Specification, sections 3 entitled

"Traditional and manuscript-based theses" which are as foHows:

"Candidates have the optiqn qf including, as part ofthe thesis, the text ofa 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 1s chosen, connecting texts that provide logical bridges between

the different papers are mandatory. The thesis must be written in such a waythat it is

more than a mere coHectionof manuscripts; in other words, results of a series of papers

must be integrated.

The thesis must still conform to aH other requirements of the "Guidelines for

Thesis Preparation."·The thesismust include: a table of Contents, an abstract in English

and French, an introduction which clearly states the rationale and objectives of the

study, a comprehensive review ofthe literature, a final conclusion and surnmary,and a

through bibliography of reference list.

Additional material must be provided where appropriate (e.g., in appendices)

and in sufficient detail toa.How a clear and precise judgement to bemade of the

importance and originality ofthe reseatch reported.in the thesis.
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In the case ·of ·manuscripts co-authored ·.by the candidate and bthers, the

candidate is required to make an explicit statement in the thesis as to who contributed to

such work and to whatextent. 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 thecandidate's interest to clearly speciry the

responsibilities of aU the authors of the co-authoredpapers. Underno circumstances can

a co-author of any component of such a thesis serve as an external examiner for that

thesis".

Although aU 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 ofMcGiU University.
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ABSTRACT

In Olost food applications, whey proteins are used, rather than the individual

proteins and this accountsfor the high functional variability among comlllerciaUy

available wheyprotein products, and limits theirapplications. overall objective of

thisstudy was .. to investigate the structural and thermal properties of individual

lactalbumin (ex-Lac) and .p-Iactoglobulin (P-Lg) fractions isolated from different whey

protein sources.

A common non-chromatographie process that. isolate a-Lac andp-Lg, with

relatively rugh purity andyield from liquid whey (LW), whey protein concentrate

(WPC}and whey protein isolate (WPI) using different chelatingagents, was developed.

The use of sodium citrate (NaC) and sodium hexametaphosphate (SH1'vlP) were more

effective than other chelating agents. Yield results indicated that 47 to 69 %. of p-Lg

originaUypresent in the whey preparations was recovered, with purities rangingfrom. 84

to 95%, and protein contents ranging from 40 to 99%, while the yieldsof a-Lac were 23

to 89%, with puritiesrangingfr01ll 83 to 90%, and protein contents rangingfrom 65 to

96% depending on the source ofwhey protein preparations and type ofchelatingagents.

. Structural and· thermal properties of p-Lgand a-Lac isolated· fractions. were

studied usingpolyacryla,mide electrophoresis (nativea,nd SOS),. RP"'HPLC, differential

scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR) and

electrospray ionization mass spectrometry(ESI-MS). Results showed that allp-Lg and

a-Lac isolated fractionsexhibit increased thermalstalJility and reversibilityover

standard proteins a,nddifference in thermal properties were dependent on protein source.

The relative intensity of the 1692 cm- I band in the p-Lg isolatedfractions was

dependent on the nature of the chelating .• agent, and disappeara.nceofthis band occurred
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at temperature higher than that ofp-Lg standarq, indicating increased thermal stability

ofp-Lg .. isolated fractions. Denaturation ofapo-a-Lac was related to the graduaI

decreasein the a-helix band andaccompaniedbyth~gain inintensityof 1653 and 1641

cm-1 bands, while denaturation ofholo-a-Lac wasassociated by breakdown ofp-sheet

structure and iricrease in tumsand unorderedstructures.

Changes in charge state distribution (CSD),as measured by ESI--MS of p-Lg

and·.a-Lac in response to pH.and st.oragetime, were only qualitative and· were of

relatively lowresolution atbasic pH. The hydrogen/deuterium (H![))exchange results

demonstrated thatthe conformation ofholo-a-Lac was more Stable than that ofapo-a

Lac and conformation of p-Lg variant B was more stable than P-Lg variant A. Kinetics

of HiDexchange indicated that a-Lac and p-Lg fractions isolated from different whey

protein sOurceS have the Saffie or improved conformationalstabilities compared to that

of a-Lac and p-Lg stanqard. The.covalent bindingof 3 or more hexose residues to.a

Lac enhancedits conformational stability, but covalentbinding oft",o hexoseresidues

to P-Lg resulted in less stable· conformation.
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RÉSUMÉ

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

possèdent des propriétés fonctionnelles très variables, limitant ainsi leurs applications

industrielles. Les objectifs de cette recherche étaient d'évaluer les. propriétés

fonctionnelles de deux protéines, soit le cx- lactalbumine (cx-Lac) et lef3-1actoglobuline

Œ:..Lg), présente dans trois différentes sources. de lactosérum (lactosérum liquide brut,

WPCetWPI). Un procédé non chromatographique a été développé afin d'isoler le cx

Lac et le f3-Lg. L'isolation de f3-Lg a été possible grâce à l'utilisation d'agents

chélateurs. Parmi les chélateurs étudiés, le citrate de sodium (NaC) et

l'hexametaphosphate de sodium (SHMP) ont montré les meilleurs rendements

d'extraction. Ces agents chélateurs permettaient une récupération de 47-69 % du f3-Lg.

avec un degré de pureté. en protéines de 40-99%. Letaux de récupération de la protéine

a-Lac était de 23-89%, avec un degré de pureté de 83-90 % et un contenu en protéines

de 65-96%, dépendamment de la source de protéines de lactosérum et du type d'agents

chélateurs utilisé.

Les propriétés structurelles thermales du f3-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 inverse (RP

HPLC) a aussi été réalisée. Les protéines ont également été soumises à des analyses de

calorimétrie différentielle (OSC), spectroscopie infra rouge de fourier (FT-IR) et de

spectrométrie de masse par ionisation «électron spray». Les résultats ont montré que les

protéines a-Lac et le f3-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 J)-Lg

montre une bande intense a 1692-1 et cette bande dépend de la nature de l'agent

chélateur utilisé. Une disparition de cette bande est observée à une température plus

élevée que celle observée pour le standard de la protéine J)-Lg. Ces résultats suggèrent

que la stabilité thermale de la protéine ~-Lg, isolée du lactosérum est supérieure à la

protéine standard. La dénaturation de apo-a-Lac étair reliée à la réduction graduelle de

la bande a-hélice et à une augmentation de l'intensité des bandes 1653 et 1641 cm-1. La

dénaturation deholo-a-Lac était associée à la destruction de la structure des feuillers~

et de l'augmentation du nombre de structures non ordonnées.

L' état de distribution des charges. (CSD) de ~-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 àun pH basique. Les résultats obtenus après échange de

hydrogène/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 ~-Lg variant B était plus stable

que le variant A du ~-Lg. Les cinétiques d'échanges ont montré que la stabilité

structurelle des protéines· isolées du lactosérum étaient· •• la même ou ·améliorée

comparativement aux protéines standards. Des liaisons covalentes de 3 ou plus de

résidues hexose dans la protéine a-Lac améliorent sa stabilité structurelle, mais une

liaison covalente de résidue hexose dans la protéine .. de ~-Lg résulte d'une stabilité

structurelle moins stable.
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PREFACE

CLAIMSTO ORIGINAL RESEAReR

1. This represents the first study to develop a common non-chromatographie process

that isolate p-lactoglobulin (P-Lg) and ex-Iactalbumin (ex-Lac), with ielatively high

purity and yie1d, from liquid whey, whey protein concentrate and wheyprotein

isolate using sodium citrate and sodium hexametaphosphate.

2. This is the first study to investigate the use of charge state distribution (CSD) and

hydrogen/deuterium (HID) exchange rates by e1ectrospray ionization mass

spectrometry for deterrnining structural stability ofwhey proteins and for identifYing

differences in conformation of p-Lg and p:-Lac fractions isolated from different

whey. proteih sources.

3. This study has shown that the conformation ofholo-ex-Lac was more stable than that

of apo-ex-Lac and the cohfonnation of p-Lg variant B was more stable thanp·Lg

variant A by probing hydrogen-deuterium exchange rates as measured by

e1ectrospray ionization mass spectrometry.
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CHAPTER 1

INTRODUCTION

1.0 GENERAL

Currently, a v(iriety ofproteinswith desirable functional properties for food

products are available; these include gluten, albumin, gelatin,. soyprotein, .casein and

whey proteins. Whey proteins (WP) are well known for their nutritional value and

versatile fum;tional properties and are widely utilized in the food industry. An estimate

ofthe worldwide production ofwhey indicates that approximately 700,000 tonnes (de

Wit, 1998) of true whey proteins are availableannually as food ingredients; whey

contains about 20-24% oftotal milk protein depending on the source. WPs are available

commercially •as whey protein isolates (WPI, 90-95 % protein}. and whey proteil1

concentrates (WPC, 35-75% protein). These whey products canbe 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

essentiaI· to utilize aIl 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 hydrophiIic), disposition ofamino acid in polypeptide,

protein shape (globular and fibre), structurediversity (native folded, intermediate,

misfolded and denatured proteins), conformation (secondary, tertiary, quaternary) under

various environmentaI conditions (i.e., pH, temperature, ionic strength, moisture and

type of soIvent) and processing treatments (i.e., mixing, centrifugation, time and

storage, protein content, distribution and interaction with other food components) wiII

control its properties (Zayas, 1997).
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The heterogenousnature ofWP is typical of many commercial foodprotein

preparations. For these protein preparations, the observed functionality of the complete

protein preparation i5 thesum of. the functionality of individual proteins. The most

common functional- properties attributed to WPs ar~ solubility, viscosity,. emulsification,

foarning, water absorption and gel formation. .The· main proteins in whey are: ~-

lactoglobulin (f}-Lg, comprising50 % oftheproteins of whey), ~-lactalburnin(a-Lac,

21%} and immunoglobulins (10%); bovine serum. albumin (BSA, .5%) andproteose-

peptones which representminor. components (Klnsella, 1984). Of these,~-Lg, a-Lac

and BSA are primarily responsible for the physicochernical propertiesofwhey proteins

(Schmidt and Morris, 1984).

Although, there is a relativeabundance. ofinformation in the literature on factors

affecting functional propertiesofWPl and WPC, there is relatively limited information

on the structuralproperties ofthe individual whey proteins and on the effects .of these

conformational structure on the functionality of whole whey; this remains a subject for

future studies.

1.1RATIONALEAND OBJECTIVESOFSTUDY

ln most food applications, WPs are uSed, rather than the individual protein and

this accounts for the high functional variability among commercially availableWP

products and .limits their applications (Morr and Ha, 1993; Mate and Krochta, 1994).

This shortcoming could be addr~ssed through the deve10pment of commercially

relevant whey processing technologies and for the preparation of whey protein isolated

fractions, containmainly individuaL wheyproteins(Smithers et al., 1996). Therefore,

selective fractionation of \\They major proteins may allow exploitation of their different
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functional, nutritional and therapeuticproperties (Bramaudetal., 1997}and may result

in better llnderstanding of the close stfllcture-function. relationship of these proteins

whîch is essential to utilize whey protein products completely in fObdsystem.

Currently, there isgrowing. interest in studying protein stability-funetion

relations·.. (PSFR) rather than traditional structure-function relations (Apentenand

Galani, 1999). This isbecause stability iseasier to quantify than structure. Although,

there i8 a relative abundance of information •. in the literat\lre on factors affecting

structural stabilityof standard ~-Lg and a-Lac, there is relatively limitydinfonnationon

the structural stability of new whey protein isolated fractions, contain mairuy ~-Lg and

a-Lac, obtained from different whey protein preparation and on the effect ofthese ~-Lg

and a-Lac isolated fractions confonnational structure on the functionality of whole

whey.

The·overaU· objective of this study· was to investigate the structural and thenTlal

propertiesofa-Lac and ~-Lg fractions isolated from different whey protein sources

(liquidwhey (LW), whey protein concentrates (WPC) and whey protéin isolates (WPI))

using different chelating agents. The specifie objectives of the research \Vere:

1 To investigate mass spectrbmetry in general and charge statedistribution (CSD) and

hydrogenldeuterium (HID) exchange using· ESI-MS in particular, to the study of

food proteins and peptides.

2. To developa COll1rnon non-chromatographie process forisolating~-Lg and a-Lac in

relatively pure forms from liquid whey(LW), wheyprotein eoncentrates (WPC) and

whey protein lsolates (WPI) using differentchelating agentS.



3. To investigate the thermal properties and the secondary structure of p-Lg and a-Lac

fractions isolatedfrom different whey protein sourcesusing differerttial scanning

calonmetry and Fourier transform infrared spectroscopy.

4. To. investigate the use of charge statedistribution (CSD) and hydrogen/deuterium

(HJD) exchange rates by electrospray ionization mass spectrometry for determining

structural stability of p-Lg and ex-Lac proteins and for identifying .differences in

conformation. of p-Lg. and a-Lac fractions isolated from different whey protein

sources.
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CHAPTER 2

LITERATURE REVIEW

2.0 INTRODUCTION

Proteins exhibit a btoad. spectrum offunctional properties due. to their structural

heterogeneity andability to interact with otherfood components, The hydrophilic~

hydrophobie character of proteins play a significantrole in the functional properties of

proteins in food; hydrophilicity is associated with proteinsolubility, water holding

capacity and gelling capacity. Hydrophilic-hydrophobie balances are associated with

emulsifying and foamingand hydrophobicity is associated with fatb>inding properties

(Zayas, 1997). Themolecular basisofhydrophilicity-hydrophobicity and therefore of

functional properties arerelated to the structure ofthe protein. Protein molecular weight

(number of amino acids), type of amino acids (hydrophilic and hydrophobie),

disposition of amino acids in .polypeptides, protein shape, struçture diversity an play a

role in protein furictionality (Zayas, 1997). Protein functional properties are also re1ated

toprotein stability as particular functional property of a protein is often govemed by a

speèific .protein conformation state and alteration. of that state. affect protein

functionality.

2.1 PR.OTEINSTRUCTURE-FUNCTIONAL RELATIONSHIPS

The interrelationshipbetween the molecular and functional properties of

proteins is generally understood ina qualitative manner, quantitative prediction ofthe

functional behavior of protein in food systems from knowledge of their tIlolecular



properties has not been achieved and it remains a subject for investigation (Damodaran,

1994). Studies on wheyprotein functionality in model systems can provide valuable

information. Results donot. 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 .components, variation in. protein. content- and the absence of

standardized method for assessing proteinfunctionality (Zayas, 1997).

Factors which are known to contribute to protein functionality can be classified

into intrinsic andextrinsic 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 proportion of polar, non-polar, positively arid

negatively charged amino acids and their distributionalong the chaincan détermine

certain properties such as solubility, surface hydrophobicity and the ability to stabilize

foam andemulsion (HaU,J996). 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 thermodynamically stable

distribution (Hall, 1996). Three-dimensional twisting ofthelinear chains of primary and

secondary structures fonus •the tertiary structure whiIe· association of two or more

protein chains into. an oligomeric unit forms the quaternary structure.. These complex

levels of structuregive proteinsa great variety offorms and.functions, and retention or

10ss of this structure will determine food functional application. H ..has beenrecognized

that determination of protein hydrodynamic and thermodynamic properties do not

necessarily mean thata 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 iuto. two areas of influence, thosewhich are

related to environmental conditions and processing treatments. Temperature, pH, iome

strength, moisture and type ofsoIvent are exa.mples of environmental conditions.

Mixing, centrifilgation, timeand storage, protein content and amounts of distribution

and interactions withother foodcomponents are example~ of processing treatments.

Theseextrinsic factors affect protein structure and behavior.

2.1.1 PhysicochemicalandConformatlonal Properties of p-Lg

Table2.2showsthecomposition and sorne physicochemical properties ofwhey

proteins. p-Lg is wellcharacterized with respect to its molecular and physicochemical

properties. Characterization ofP-Lgby amino acid corn.position, sequencing. and

isoelectric focussing have demonstrated the existence of sevengenetic polymorphs

referred as the A, B, C, D, E,F and Gforms, the most prevalent beingthe A and B

forms (Ng-Kwai-Hang and Grosclaude, 1992). Comparison orthe sequences orthe

purified (3-Lg from milks of several different animal species have revealed an average of

55 amino acid residues common to aIl members suggesting that these residues are

decisive to the structure and conformation of the protein (Godovac-Zimmermann et al.,

1988). The amino acid sequence in the (3-Lgfamilyhas revealedthatthe highest degree

of sequencehomology among the proteins occurs in the<aminoterrn.inal region ofeach

protein molecule and that the position ofdisulfide bonds formed·.between Cys160

Cys66, CysI19-Cys106 and the free thiol group on Cys121 are consistent (Godovac

Zimmermann and Shaw, 1987; Goqovac- Zimmermann et al., 1988).
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p-Lg contains 6% a-helix, 43.8%p-sheet, 12.3%p-turns and the remaining

37.7% represent amino acid residues in random coiI arrangement (Papiz et aL, 1986;

Creamer et al., 1983). X-ray crystaUography studies indicated that p-Lg (Figure 2.1) is

made up of 9 antiparallelp-strands, eight.of which wrap round to createp-barrel, with

an helix atthe 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 ConformationalProperties of a-Lac

a-Lac isthesecondmajorprotein componentin thewhey ofmilks 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 of14,147.Da for genetic variant A and

14, 175 Da for variant B both contain fourintramolecular disulfide bonds and contain no

free thiol groups (Table 2.1). Thismacrornolecular structure of a-Lac has .ahigh degree

ofhomology withlysozyme. Out of a total of 123 residues in a-Lac, 54 are identical to

corresponding 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 consist ofan a-helical content of 30%, a 310

helices .content of20% withP-structurecontent of6%· and the remaining 44% represent

amino acid residues in a random coil arrangement while the tertiary structure. a-Lac is

madeup ofa large.a-domain which consists offoUf a-helices and two short 310 helices

and of a smaU p-domain· which consists of a triple-stranded antiparallel p-sheet,.a 310

helix and series ofloops(FigUre 2.2) (Acharya et al., 1989; Pikeet al., 1996). a-Lac
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Table 2.1. Composition and sorne physicochemical properties of major whey
proteins.

Properties

Concentration (g/L of milk)

Approximate % oftotal
whey protein

MW(Dél)

Amino aeids/mol

Genetie Variants

Cysteine/mol

Disulfidebonds/mol

% Charge residues/mol

Isoelectric point (P1)

Average hydrophobieity
. (kJ/residue)

3.2

45

18,363

162

7

5

2

30

5.3-5.4

5.1

a-Lac{B)

1.2

20

14,176

123

3

8

4

28

4.2-4.5

4.7

BSA

0.4

5

66,267

582

1

35

17

34

5.1

4.3

IgG

0.8

10

150,000-1,000,000

>1000

5.5-8.3

4.6

Modifiedfrom Cayot and Lorient, 1997; de Wit, 1998; Fox and MeSweeney, 1998;
Belitz and Grosch, 1999.
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Figure 2.1: Ageneral view of p-lactoglobulin. The bindingsite (fiUed atoms is
shown in the •central calyx, and the putative binding site (open atoms) is
indicated on the outer service ofthe protein(Wuet aL, 1999).
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contains a single tightly bound calcium (Ca2+), the binding site being essentially

identical in all the known ex-Lac crystal structure (pike et al., 1996). The binding site for

the Ca2+ is located in a loop between the 310 helix (p-domain) and an ex-heIix (ex

domain). The Ca2+ is co-ordinated by the side chainp-carboxylategroups of three

aspartic acid residues (Asp 82, Asp.87, Asp 88), twobackbone carbonyl oxygenatoms

(Lys.79 and Asp 84) and two water molecules, wruch contribute two oxygen ligands

(Pike etaI., 1996).

The binding of Ca2+ stabilizes the structure. of native ex-Lac (Hiraokaet al.,

1980). The apo-form (Ca2+-free) .and holo-form(Ça2
+ -bound) of ex-Lac has peak

temperature (Td)at 35 al1d 64 oC corresponding to the denaturation, respectively (Boye

et al., 1997a; Boye and Alli, 2000). Although the apo-form is less stable than the holo

form andits 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, 1989; Forge et al., 1999); these CD and proton NMR studies

demonstrated that the stabilityofmolten globule (native-like structureinpartially folded

protein) formed under refolding conditions·· is enhanced by Ca2+. When ex-Lac is

subjected to various physicochemicalconditions such as low pH values, temperature

above 50 oC and bindingof iOIls, the native state. (N) of ex-Lac can undergo various

conformationaI transition to form the molten globule state (A), whichis a stable,

partially .folded state (Kronman, 1989). Under these conditions the protein will

aggregate and precipitate.
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Figure 2.2: Structure of holo-a-Iactalbumin with the Ca2
+-binding region

highlighted. Tlle .C-helix, the 310 helix .and· the loop linking them. are shown in
dark blue. The Ca2

+..binding residues, Lys79, Asp82, Asp84, Asp87 and
Asp88, are shown in a ball-and-stick representation in green. The.Ca2

+ is
shown infed and the four disulphide bonds are inyellow. The four cx-helices
are labeled (Pike et al., 1996).

12



2.1.3 Effect ofExtrinslc Factors onthe.Structureand Function of~

Lg and a-Lac

~-Lg and a-Lac structures are profoundly int1uenced by environmental factors.

Minor changes in pH, .ionic strength, temperature and the presence of denaturants often

result inalteration of ~-Lg and a-Lac conformation and functional behavior. Thus,

changes in pH, ionic strength, or the additionofother solutes generally influences ~-Lg

and a-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



1978).. At pH 4 to 5 and above 8, the dimer self-associate to forman octamer (pessenet

al., 1985). Tt has been speculated thatp-Lg undergoes specifie structural transitions

charactenzed by a tighter, less elastic confonnation·at acidic pH, compared •. with highly

flexible, more hydrophobie molecules at values above 7.5(Kella and Kinsella, 1988b).

The conformation. stability andflexibility of p-Lgat vanous pH values was .assessed by

studying the equilibrium thermal unfoldingcurve ofthe: protein in the temPe:rature range

of 64 °Cto 84 oC (Kella and Kinsella,J988a). The transitiontemperatureprogressively

increasedwith adecrease inpHfrom 7.5 to 6.5 aIJ.d 3.0 to L5, indicating an.increasein

protein .stability. The more stable conformation of p-Lg at acidic pH can be attributed to

itsability to carry.approximately 18 positive charges; protonation of certain carboxylic

groups can contribute to .extra hydrogen bondillg. (Kella and Kinsella, 1988a).The

decrease in temperature of deIJ.aturation as the pH is raised is indicative ofthe p-Lg

rnolecules becoming mOre thermolabile and is consistent with exposute of non polar

groups to the solvent during the heat induced transition from native to the unfolded state

(Waissbluth and Grieger, 1974).

;\t pHaround 4, a-Lac loses. the bound Ca2
+, resulting in conformational

changes that· make the protein mgre. sensitive to. heat denaturation'andenzymatic

treatment (Cayot and Lorient, ··1997). Heating at pH 7 or 9. increases the foaming

capacityand stabilityof a-Lac. However, heatingatpH 2 (apo-form) or at pHS (near

pl) has a negative effect on foaming properties ofa..Lac,byinducing hydrophobie

aggregation which is. detrimental to stability of foàms··CÇayot and Lorient, 1997).· In

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

(Boye et aL, 1997a).

2.1.3.2 Effect of Ions

The type and concentration of ions in the medium greatly influence protein

solubility and thennal stability. Salts at low to moderate concentration generally

counteract. the effect of the electric dpublelayer that surroundsprotein molecules in

solution. Increasing the ionic strength ofthe proteihsolutic)fl masks.charged groups that

becomes accessible through heabinduced confonnational rearrangl::ments, thu.s

enhancing hydrophobie interactions (Sawyerand Puckeridge, 1973} p-Lg in solution

(0.05 to O.lM NaCI), heated to 90 oC for varyinglengths oftime (0 to 60 min) unfold,

yet remain soluble (Harwalkarand Kalab, 1985). However, at higher ionic strengths (>

o.15M NaCI),p-Lg in solution.becomes turbid after 5 to. 10 min of heating(I:larwalkar

and Ralah, 1985). DifferentiaI scanning calorimetry (DSC) studies on the effect ofNaCI

and .. CaChon the. thermal transition characteristics of f3-Lg showed that both salts

increased temperature. ofdenatl1ration whereas the entl1alpy was not. significantly

affected (Harwalkar and Ma, 1987).

a-Lac shows high affinity for Ca 2+(K=2.5x108)and.al1umber of other cationic

metal ions, including Mg 2+, Na+, K+ and Zn 2+, (Permyakov and Berliner, 2000). DSC

data showed that the apo-form (Ca2+-free)andholo-form (Ca2+ -bound) of a-Lac has

peak temperature(Td) at 35 and<J4°Ccorresponding to the denaturation, respc;;ctively

(Boye et aL, 1997a;Boye and Alli, 2000). In the absence ofCa 2 +, binding ofMg 2+,Na+

and K+increases the thermal stability of a-Lac but binding ofZn 2+ ions to holo-tt-Lac
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decreases the thermal stability of the. protein, causing aggregationand incteases its

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

2. t.3.3Effectof Denaturants

Urea,guanidine hydrochloride and. alcohol are .cOlTIffion denaturing agents

employed to. study transitionsbetween native. and unfolded states of proteins. Aleohols

denature proteins by diminishing hydrophobie interaction while enhancing hydrogen

bonding and electrostatics; that is, the balance of forces is shifted in favor of hydrogen

bonding andhelix formation with increasingmolefraction ofalcohol (Philips, 1994). In

contrast, urea and guanidinehydtochloride induce denaturationby. weakening

hydrophobie interaction, without appreciablealteration of hydrogen bonding (Edelhoch

and Osborne, 1976). CD spectral analysis showedthat a-helical structure increasedinf3

Lg suspended inalcohol solution (1 % W/V) (Mattarella et aL, 1983).lhe denaturation

of~-Lgin 6 M. urea at pH 3.0 is completelyreversible (Pace and Tanford, 1968). Philips

(l992)showedthat underextreme denaturation conditions(6M urea, pH 7 and 14 mM

DTT) a portion of the globular structure of p-Lg remainedintact. In the presence of

guanidine hydrochloride, a-Lac conformation und~rgoes a' three-stage denaturation

mechanism (N..--A...->-D) which includedestruction oftertiary structure (tran.sition A)that

can be·restoredby bindingofmçmovalent cations(Na+ andK+), followed by destruction

of secondary structure (transitionD) and complete unfolding ofthe pfotein (Wong et al.,

199(5).
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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 physical structures and intermolecular

interactions (Philip-s- et al., 1994). Thermal denaturation of P-Lgfollows a series .of

unfolding and association steps as indicated by a significant increase in the amount of (3

structure as the temperature is progressiv~ly increased from 60 to 80 oC. Irreversîble

conformation changes ofp-Lg oœur at a temperaturearound 70 oc.At this temperature,

p-Lg aggregates due to· spontaneous interaction arising frompartial unfolding of the

molecule, which releasespreviously committedhydrogen bonded protein groups for

alternative interaction, although the specific structure ofaggregates is unknown (Sawyer

et al., 1971). FTIR experiments demonstrated the effect ofelevated temperature on the

secondary structure ofp-Lg (Boye, 1995). On denaturation, the major changes were a

decrease in a-helical structure and an increase inp-sheet structure. On aggregation, the

major changes observed were, an increase in intermolecular hydrogen-bonded (3-sheet

structure, slight decrease in number of turns and further lôss of a-helical structure

(Baye, 1995).

Heating ofa-Lac>(0.7%) in phosphatebuffer(0.1 M, pH 7) for 10 min at 100 oC

results in no gel formation which is not the case for p-Lg and BSA (Relkin, 1996). The

absence of gel fomiation in.a-Lac is due to the absence ofa free sultbydryl group that

caninduce.thiol-thiol orthiol-disulfide interchange upon heating (Gezimati et al., 1997).

The binding of Ca2
+ increases the thermal stability and reversibility of a-Lqc (Boye et

al., 1997a) and heating in the presence of p-Lg, increases the thermal stabilitypf apo-a

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

The thermodynamic hypothesis proposed by Anfinsen (1 973} indicated thatin

order for proteins to foldsporitaneously into their native state, the native state must

ass\lmes the global minimum in Gibbs energy and native and unfolded states are· in

equilibrium. The equilibrium between native (N). and unfolded (U) states is definedby

the.equilibrium constant, K, as:

[U]/[N] (Eqn 1)

The stability of a protein molecule is described by the difference in free .energy (.1G)

between theunfolded and folded states and can be expressed as:

-RTln K =!J.G = bJl- T.1S (Eqn 2)

Where R is the uruversal gas constant, T is the absolute temperature (in Kelvin), bJl is

the enthalpy change and .1S is the entropy upon unfolding. From equation (2), it can be

observed that protein stability. result from a balance between large .and opposing

entropie and enthalpie effect, both- of which··are mghly temperature dependent Dill

(1990). hypothesized that folding of a protein is driven byhydrophobicity wmch is

detined in tems ofthetransfer ofnonpolar amino acids from H20 intoa medium that is

nonpolar and preferablycapable of hydrogenbonding. Nevertheless, steric constraints

in compact chain are also supposed to be responsible for their considerable internaI

architecture (Dill, 1990). The folded states of proteins a.re only marginally more stable

than thefully unfolded state, even under optimal conditions, witha net stability about

21-63 Id/mol equivalent to few hydrogen bonds (Phillips et al., 1994). This explains

why slight changes in environmentalconditions can cause a pfoteinto undergo

conformational çhanges (Bryant and McClements, 1998). In· native protein
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eonfonnation, the stabilizing contributions· that anse from vanous molecular

interactiOlls wruch includes sterie interactions (overlap of eleetron cl6uds);.Van der

Waals forces (interactions hetWeen fixed and induced dipoles); electrostatic interactions

(charges);hydrogen bonding (resultingfrom the sharing of a hydrogen between

eleetronegatiye .atoms); hydrophobie effeet; disulfide bridges and are largely offset by

the destabilizing configurational(local and non-local) entropy (Damodaran, 1997;

Murphy, 2001). The generaleharacteristics of the molecular interactions between

protein moleeules are summarized in Table 2.2.

2.3TÈCHNIQUES FOR. STUDYINGCONFORMATIONAL

CHANGES

Variou.s· analytical techniques. inciuding, optical rotation spectrophotometry,

viscosimetry,fiuorescence, cirçular dichroism, infraredabsorption and nuclear magnetie

resonance (NMR) ofhydrogen/deuterium (HID) exchange areeommonly el11ployed to

monitor eonfonnational changes of food proteins.

A change of state of a substance isaecompanied by changes in .energy leveL

Th~nn6dynamic properties/ of proteins .ean be studied by differential scanning

ealoril11etry(PSC).DSC can provid~ data for measuring samphe purity, reaction kineties

and transition temperature(Kilara. and Harwalkar, 1996). However, due 10 the relatively

IOwsensitivityof commerciaHy available Dse instruments, together with the faet that

proteins usually exist in low concentration in many foods and have small denaturation

enthalpy values, the use ofI)Se for studying food proteinshas been somewhat limited

(Kilara andHarwalkar, 1996).
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Table 22: General characteristics ofmolecular interactions between two similar protein tn0le.cules in aqueous solution. (Bryant and
McClements, 1998)

Type 8igg Streggth Range pH I.S. Temperature.
Hydrophobic Attractive Strong Long No No Increase
Electrostatic Repulsive Weak ----+Stronga Short -+Longa Yes Decreases Increase
Hydrogen bonding Attractive Weak short No No Decrease
Hydration Repulsive Strong Short Nob Nob Decrease
Van der Waals Attractive Weak Short No No
Stericrepulsion Repulsive Strong Short No No
Disulfide bonds Attractive Verv Strong Short Yes No

a Depends on pH andionic strength (l.S.).
b Indirectlydepends on pH and I. S. because these factors influence thedegree of protein hydration.



Visible and ultraviolet spectroscopie techniques are based on absorption oflight

and emission of radiation, bytryptophan, tyrosine and to sorne extent phenylalanine and

cystine (i.e. disulfide bond) in. the UV ra,nge (250-300 nm). Although changes in

absorption spectra. in UV range are useful to observe structural changes,rnany

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 ofUVspectroscopy

to monitor foodprotein confonnational changes (Matsuda et al. 1981a, b; Hermansson,

1979~ Ma and Harwalkar, 1988).

Circular dichroism (CD) .and optical rotation dispersion (ORn) are two optical

activity techniques which ateused tomonitorconformational changes inproteins.They

are based on the abiIity of the protein to rotate a planepolarized light. CD bands

originatefrom the differences of an absorption of left and right handedcirculafly

polari;z;ed light. This result from optically active asymmetric molecules at farUV/ amide

regions (170-250 nm) due to peptide bonds and at near UV (250-300nm) due to

immobilized aromatic amino acids. The CD technique is useful for studying the

secondary structure of proteins andto determine the relative properties of cx-helicity, 13

sheet and .random coiI (Wa,gner and Anderegg, 1994). However, this technique has

limited applications in monitoring conformationa.l changes in foodproteins. (Bembers

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

Fluorescence emission is observed when excited electronsreturnrrom the first

excited stateback to the ground state.Fluorescenceemission originates from the

aromatic amino acids. Fluorescence is anexcellenttool to investigate conformational
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changes of proteins;. however, it is affected by the nature and concentration of the

buffer, presence .of fluorescence impurities and dust (Schmid, 1997). Although

structural changes of proteinhave been studied.by tryptophan fluorescence .(Lin et al.,

1994), localizeds1ructuraichanges may not be detected since tryptophan exist less

commonly in many proteins. Examples of the application of fluorescence techniques to

foodproteins areillustrated by Yamagishi ët al. (1982) and Ma and Harwaikar (1988).

Fourier transform infrared (FTIR) spectroscopy teclulique has become widely

accepted for studying proteinstructure. This technique·. is based primarily on the

examination of C=Ostretching vibrations of amide groups in the region between

approximately ... 1600 and 1700 cm- l
. Many studies have used FTIR to monitor changes

in secondary structure of food proteins under various physicochemicai factors in J3

lactoglobulin (Boye et al., 1996b), in BSA (Boye et al., I996a) and in a-iactaiburnin

(Boye etaI., 1997a). IR spectroscopy has proved usefulfor 1) assessment ofprotein

polypeptide secondary •structure from the analysis of amide bonds (I and Il), 2)

mechanistic information about protein fundion/structure and protein-ligand interaction

and 3)· determining the accessibility of entire proteinbackbone to hydrogen-deuterium

(H/D) (Surewiczand Mantsch, 1996). However,IR provides little information about the

levels of H/D contentin a specific region of a protein (Osborne and Nabedryk-Viala,

1982) and whether H/Dexchange 1S cOIllplete or not (Surewicz and Mantsch, 1996).

Moreover, IR spectroscopy provides Iittle information on the tertiary structure of a

protein and requires relativelyhigh protein concentration (Havel, 1996). The absorption

of sidechains can aiso affect the spéctral properties, since aimost 20% ofthe. protein

absorption in the amide regionis caused by thesidechains (Rahmelow et al., 1998).
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More detailed insight into the kinetics oEstructure formation may be gained

from nucIear magnetic resonance-deuterium exchangetechnique. Deuterium exchange

studies have· been .used in combination with NMR to determine proteiri. conformation

(Englander and Mayne, 1992), tocharacterize the fluctuations between differentprotein

conformation (Rohl et al., 1992) and to monitor the changes in protein conformation

due to ligand bindiIlg (Mayne et al., 1992). However, obtaining theseinformationis

restricted to highly .soluble proteins with··molecular weight of less than 20 kDa (Zhang

et al., 1996). Moreover, many amide hydrogens a,re not incIuded in hydrogen exchange

studies. NMR is not· capable of measuring the exêhange rate of the surface amide

hydrogen because either their resonances have not been assigned or they exchange too

quickly,before the analysis is. complete and consequently cannot be determined

(Marmonno. et al., 1993). AIthough much useful information has been obtained through

numerous· applicationS of these methods, they give Iittle information about specifie

regions undergoing structural or dynamic changes and require reIatively high

concentnüion and large quaritities 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 itl)

ability to generate multiply charged gas phase ions fmm protein molecules in solution.

The number of basic residues (Arg, Lys and His) plus the N-terminal amino group ina

protein was reported by Loo et al. (1988 and 1990) andCovey et al. (1988) tobe
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directlyrelated to the charge state oftheanalyte species observed in ESI mass spectra.

However, the shape and placement of this distribution ofcharge state along the m/z axis

of mass •. spectrum depend on the ·accessibility of these hasic sites (Wang and Cole,

1997). Changes in protein conformation fromfolded, native structure toextended

denatured one, make charge sites more accessible (Wang and Cole, 1997). Many reports

have appeared on monitoring C6nformational changes in chicken egg lysozyme induced

by altering the pH (Loo et al., 1991), temperature (Le Elance et al., 1991; Mirza et aL,

1993) and disulfide bridges (Loo et al., 1990). However, CSD is sensitive to tuning

conqitions in the mass spectrometet, 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..DeuteriumExchange

The rateat which .·deuterium exchanges with hydrogen located· on the peptide

bond has beenused to detect structural changes in protein for over thirty yeats andoften

measuredhy NMR and FTIR (Smith et al., 1997). Bence, amide hydrogen exchange

rate can he a sensitive probe for detecting changes in protein conformation. Increasedor

decreased rates of isotopie change can contributetoloosening and tightening offolded

structure. Interest.in amide hydrogen change as atool for investigating protein structure,

accelerated dramaticaUy with the use of electrospray mass spectrometry(ESI-MS)

because ofits accurate determination of deuterium levels in peptide and proteins (Smith

et aL,. 1997). The technique is based on the mass spectrometrie measurement of the

extent ofJilD.exchange that occurs in differentprotein conformersoverdefined.periods

oftime (Kana 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 noeffeetonprotein conformation (Sivaraman and Robertson, 2001).

2.4.2.1 Amide Hydrogen Exchange Rates:influencingFactors and

Kinetics

Exchange .rates of protein and peptide aflÙde hydrog~ns are sensitive to pH,

neighbofing side-chain. and conformation; detailed studies (SflÙth et aL, 1997) have

indicate(r~hat aflÙdehydrogen exchange rate(kex)iscatalyzedby acid and base, and can

be expressed as the sum of rate constant for acid (kH) and base (kOH), asindicated in the

foUowing.· equation:

(Eqn 3)

Bai et al. (1993) measured the isotopie exchange rate (kex) in polyalanine model as a

function ofpH (FigureZ.3). They cOilcluded that isotopie exchange must be preformed

under pH control. .Sensitivity of isotopie exehange of protein and peptide aflÙde

hydrogens to neighbouring side-chains has been quantitatively assessed using mode!

dipeptides ofthenaturallyoccurring side-chain (Bai et al., 1993).

Higher ord~r structural (2°, 3°) features ofproteins and peptides can affect amide

hydrogen ex;changerate drastically, thereby forming the basis for estimating, detecting

and locating confoIinationalchanges. Various kinetie rriodels have been developed to

d~scribe isotopic exchange of amide.hydrogen in proteins and peptides (Miner and DiU

1995); most of the •• results for ·aflÙde hydrogen exchange in folded protein can be

explained by the following equatiot1s:
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NH (el)

k rc

NH (op) --lo.. ND (Eqn 4)

Where kop andkel are the rate constants for structural opening and c1osing, respectively,

andNH (op) is the open form thatexchange with BoIvent at intrinsic rate constant krc,

where fC stands for random coil (Huyghues-Despointes et al., 2001). The measurable

r(lte constant for isotopie exchange kex is givenby:

(Eqn5)

If the protein is present mainly in the open forrn {kop » kel), the isotopie exehange rate

constant, kex is measured as follow:

(Eqn 6)

The rate constant for isotopic exchange (kex) in the process described by equation (6) is

designated for folded proteins. In this proces$, 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 offolded proteins

and peptides; or near open channels, dominates this process; However, unfolding,which

include breaking interrnolecular hydrogen bonds, is required for isotopic exchange of

amide hydrogen that are involved in the secQndary structure (e.g., ina-helix Çj.ndp'"

sheets).

If the proteinis present mainly in the c10sed forrn (native), one canusually assume that

kel » kop, inwruch case equation {S) simplified as foUows:
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Figure 2.3: Rate constant for isotopie exehange ofhydrogen loeated on peptide
ami(ie linkage inpolyalanine. (Bai et aL, 1993).
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(Eqn 7)

From equation· (7),. two mechanisms could potentialIy.occur, depending on conditions,

either as two distinct processes or in.combination (Huyghues-Despointes et al., 2001).

For l1lostproteins at neutral pH, and in the absence ofdenaturants, kcl » krc and thus the

measured rate constant for isotopie exchange is given by:

(Eqn 8)

Where K eq is equilibrium constant describing the opemng process; this kinetic

meehanismis o'fien referred as EX2 (uncorrelated exchange or biomolecular reaction)

(Miller anc.i 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, krc » kcl; the isotopie exchange rate constant, kex is measured

as follows:

(Eqn 9)

This kinetic mechanism is o'fien referred as EXl (eorrelated exehange or

monomoleeular){MilIer and Dill, 1995; Huyghues-Despointes et al., 2001; Sivaraman

and Robertson, 2001). ForbothEX2 and EX1 type exclmnge, apparent first-order

kinetics areexpected. The value of kex can thus be derived by fitting the experimental

proton occupa,ney as a funçtion of time to asimpleexponential function (Sivaraman and

Robertson, 2001).
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CHA TER 3

APPLICATIONS OF MASS SPECTROMETRY TO FOOD
PROTEINS AND PEPTIDES

3.0 CONNECTING STATEMENT

Mass spectrometry (MS) hasbecome an. important analytical tool in biological

and biochemical research with.the development of electrospray ionization (ESI) and

matrix-assisted laser desorptionlionization (MALDI) techniques. Their speed, accuracy

and sensitivityare unmatched by conventional ana1ytical techniques. Characterization of

food of proteins and peptides is a rapidly growing field in foodchemistry. The work

described in this chapter addresses the contributions. of MS· to determination of the

structure of proteins and peptides in sorne common protein foods such as milk anddairy

products, meat and fish prodj.lcts,eggs, .legumes, cereal.· and .cereal products and

addresses the first objective discussed in the "Rationale and Objectives of Study"

section of Chapter 1.

Note: This chapteris the text of a paper which hasbeen published as fo11o\\'s:

Alomirah, H. F.;· Alli,!.; Konishi, y. Applications of Mass Spectrometry· to

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

Contribution of co-authors:. Alli, l Cthesis supervisor); Konishi, (provided

expertise in MS data interpretation).
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3.1 ABSTRACT

The application of mass spectrometry (MS) te large biomolecules has

revolutionlzed in the past decade with the developmentof electrospray iOnlzation (ESI)

and matrix-assisted laser desorptionl ionization (MALDI) techniques. ESI and MALDI

permit solvent evaporation and sublimation· of large biomolecules into thegaseous

phase, respectively. Thecoupling of ESI or MALDI to an appropriate mass

spectrometer has allowed determination of accurate molecular massand detection of

chemical modification at high sensitivity (picomole '10 femtomole).· The interface of

mass spectrometry. hardware with computers and new .extended rnass spectrometrie

methods has resulted in the use of MS for protein.::;equencing, post-translational

modifications, proteincoqfonnations (native, denatured, folding intermediates),<protein

foldinglunfolding, and protein-protein or protein-ligand interactions. In this review,

applications of mass.spectrometry, particularly electrospray .ionization mass

spectrometry(ESI-MS) and matrix-assisted laserdesorptionfionization time-of-flight

mass spectrometry(MALDI-TOF-MS), to food proteins and peptides are described.
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3..2 INTRODUCTION

I1ntil the. middle of 1980's, the analysis of proteins and large polypeptides by

mass spectrometry(MS) could not be accomplished because of theitpolarity and their

non-volatile nature (Mann. and Wilm, 1995; Siuzdak, 1994). lnitially,electron impact

(El) (Biemann and Vetter, 1960) and chemical ionization (CI) (Munson and Field,

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 development ofdesorptian techniques represented the

first major breakthrough for the formation of gaseous protein or large peptide ions

without fragmentation. These desorption techniques include field desorption (FD)

. (Beckey, 1977), plasma desorption (PD) (Bueler et al., 1974; Torgersgn 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 moleculat masses (Mr), together with law sensitivity at highmolecular

mass (high-Mr), linüted the application of these desorption techniques (Fenn et al.,

1989; Bmith et al., 1990). Subsequently, atmosphericpressure chemical ionization

(APCI) (Homing et al., 1974) and thermospray ionization (T8P) (Blakley and Vestal,

1983) techniques were introduced primarily for on--line coupling of MS ta separation

techniques likehigh-performance liquid chromatography (HPLC). AlthoughAPCI and

TSP advanced the analysis ofproteins and peptides, experimental difficulties,such as

low sensitivity and limited mass range due to non-volatility and polarity of thesamples

were still encountered (Gaskell, 1997). Therefore, therewas a need ofnew ionization

methods with improved sensitivity and a wider range of applications.
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In the early J980s, two ioruzation techniques, electrospray ioruzation mass

spectrometry (ESI-MS) and matrix-assisted laser desorptionlioruzation time-of-flight

mass spectrometry (MALDI-TOF..MS) were almost simultal1eouslyemerged for the

analysis of large biomolecules. Although the concepts associated wîth theseioruzation

techniques dated back at least two decades (Bailey, 1988),·it was.Yamashita andFenn

(Yamashita and Fenn, 1984a, b) and Al.eksandrov etaI. (Aleksandrovet al., 1984a, b)

who successfully coupled an electrospray ion source to a quadrupole and amagnetic

sector mass analyzer, respectively. Karasand HiUenkamp developed the MALDI-TOF

MS technique inwhichrelatively large numbers ofintact protein ions were generated by

laser desorption of a matrix contairung protein molecules(Karas and HiUenkamp,

1988). Both ESI-MS and MALDI-TOF-MS nowextensivelysupport research of

proteins and peptides, each having. unique capabilities, as weIl as sorne fundamental

sirnilarities (Siuzdak, 1994). Their common featuresindude ionization without

fragmentation, accurat~ mass deterrnination, picomole-to-femtomole sensitivity, and

broad applîcability(Mann and Wilm,.. 1995~ Siuzdak, 1994; Zaluzec etaI., 1994; Chait

and Kent, 1992); however, induced fragmentation during MS analysis is desirable for

sequence analysis of peptides. They are· the foundation of the new field of biological

MS, a toor thatcan deterrnine Mr(Alli et al., 1994), conformation changes

(Chowdhuray et al., 1990; Katta and Chait, 1991), molecular interaction (Loo and

Ogorzalek Loo, 1997), seq4ence N'-terminally blockedprotein (Biemann, 1988), define

N anq Cterrninals sequence heterogeneity (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 foeus of this

review paper i8 primarily on applications to food proteins and peptides. During the past

two decades, considerable· effort has been. devoted to structural charaeterization of food

proteinsand peptides. Although much useful information has· been obtained through

numerous spectroscopie methods, they give no information about specifie regions

undergoing structural or dynamic changes and require relative1y high concentration and

large quantities of purified protein and long analysis time. In contrast, MS can

accurately and precise1y probe the confùrmaticmal changes of large proteinMr in

re1atively short analysis time (10-90 min). Food proteins whose Mr have been

determined by MS are shown in Table 3.1. Comprehensive reviews of the recent theory,

instruments. and a.pplications of ESI and MALDI .lmveappeared ·in the literature

(Gaskell, 1997; Nordhoff et al., 1996; Nguyen et al., 1995; Kaufmann, 1995; Spoms

and Abêll, 1996; Gross and Strupta, 1998). This review addr~sses the contributions of

MS to determination ofthe structure of proteins.and peptides in sorne commemprotein

foods such as milk and dairy prodUcts,· meat and fish products, eggs, legumes, cereal

and cereal products, although the principles app1ies to other proteins as weIl.
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Table 3.1: Report of Sorne FoodProteins .and Peptides Molecular Mass by ESI and
MALDI-MS

Prot~inslPeprides

Animal Proteins
Egg Proteins
Lysozyme
Ovotrasferrin
Ovalbumin

Conalbumin

Milk Proteins
Bovine serum albumin

~-1actoglobulin

u-Iactalbumin

Casein Subunits Bovine

Casein Sl.lbunits Buffalo

Ovine (usD
Variant A

Variant C

VariantD

Note

Hen eggs
Hen eggs
Hen eggs
Hen eggs
Turkeyeggs
Heneggs

Monomer
Ditner
Trimer
Tetran1er
Pentamer
B variant (Bovine)
A variant (Bovine)
Buffalo
Ewe
Bovine
Buffalo
Ewe

aSl phosphorylated
aSl dephosphorylated
asz-CN
~-CN

K-CN
Yl-CN
yz-CN
Y3-CN
aSl-CN
~-CN

K-CN
YI-CN
yz-CN
Y3-CN

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

MW
(Da)

14305
77500
43300-44585
44630
77500-77650
77790

66646
133460
200188
266329
332800
18277
18363
18306
18102
14175
14270
14139

23725-23682
23005
25241
24085
19125
20085
11856
11591
23406
24066
19192
20090
11850
11588

23478
22467
23412
22390
23188

References

Mirza et al., 1993
Smith et al., 1990
Smith.et al., 1989
Deighton et al., 1995
Loo et al., 1989
Deighton et al., 1995

Loo et al., 1991
deFrutos et al., 1998
deFrutos et al., 1998
deFrutoset al., 1998
deFrutoset al., 1998
Morgan etal., 1997
Leonil et al., 1997
Ange1etti et al., 1998
Fanton et al., 1998
Smith et al., 1990
Angeletti et al., 1998
Fanton et al., 1998

Alli et al., 1998
Alli et al., 1998
Alli et al., 1998
Alli et al., 1998
Alli et al., 1998
Alli et al., 1998
Alli et al., 1998
Alli et 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 ~t al.. , 1995
Ferranti et al., 1995
Ferranti et al., 1995
Ferrantiet al., 1995
Ferranti et al., 1995
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ProteinslPeptides

Caprine (dst)
Variant A

Variant B

Variant C

Proteoso peptone p.p.8.1

Meat Proteins
Pepsin
Rennin
Actin
PlantProteins
Legum.e Proteins
Trypsin inhibitor

a-Amylase

Concanavalin·A

Phaseolin polypeptides

Phaseolinpolypeptides

Soybean Agglutinin (SBA)
SBAl

SBAII

Note

4P (191 amino acid)

8P (199 arnino acid)
8P (198 amino acid)
8P (191 amino acid)
8P (199 amino acid)
8P (198 amino acid)
8P (191 amino acid)
8P (199 amino àCid)
8P (198 amino acid)
8P (191amino acid)
dephosph(.nylated
Bo\1ine
Buffalo

Porcine
Bo\1ine

Soybean
P. vulgaris

Bacterial source
Kidney b~aru;

Jack bean
Al fragment
A2fragment
P.vulgaris
Fraction 1
Fraction 2
P.lunatus
Fraction 1
Fraction 2
Fraction 3
Glycoprotein
~ subunit
a subunit
~ subunit
y subunit
y' subunit
a' subunit
a subunit

MW
(Da)

22194

23362
23239
22351
23345
23215
22333
23267
23141
22252
21770
9170
8670

34584
35646
42000

20097
8406
8957
54700
54857
25573
12937
12653

49615
48075

26240
26113
24249

28000
29437
28000
28327
28627
29325
29437

References

Fen-anti et aL, 1995

Ferrantietal.,1997a
Ferranti et al., 1997a
Ferranti et al., 1997a
Fen-anti et al., 1997a
Ferranti et al., 1997a
Ferranti et al., 1997a
Ferranti etai., 1997a
Ferranti et al., 1997a
Ferranti et al. , 1997a
Ferranti et ai., 1997a
Angeletti et aL, 1998
Angeletti.etal.,1998

Loo et al., 992
Loo et al., 1992
Smith et al., 1990

Mann et al., 1989
Bergeron and
Nielsen, 1993
Fennet al., 1989
Gibbs and Alli, 1998
LOO et al., 1992
Loo ~tal., 1992
Loo et al., 1992

Alli et al., 1993
Alli et al., 1993

Alli et al., 1994
Alli et al., 1994
Alli et al., 1994

Mandal et al., 1994
Tang ~tal., 1994
Mandai et al.; 1994
Tang et al., 1994
MêlIldalet al., 1994
Tang et al., 1994
Mandal et al., 1994
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Proteins/Peptides

SBAill

Coconut Proteins
Coconut rnilk

Insoluble Bolids

Acid precipitate
Cereal Proteins
Glutenin (HIYIW Subunits)
Sicco isogèrte
Crunese spril1g
Cheyenne
Cheyenne
Cheyenne
Cheyenne
Crnnese spring
Katepwa
Katepwa
Katepwa
Katepwa

Agglutinin

Note

13subunit
ysubunit
a' subunit
a subunit

Fraction 1
Fraction 2
Fraction 3
Fraction 1
Fraction 2
Fraction 3
Fraction 3

lAxI
IDx2
IDx5
IBx7
IBy9
IDyl0
IDy12
Subunit 2
Subunit 7
Subunit 9
Subunitl0

WheatGerm

MW
(Da)

28000
28327
29325
29437

46640
50359..51209
35574& 4769
46640-46861
50376-51100
49040
48861-49142

87500
88379
88930
83500
72500
68360
69520
86202 & 87936
82279
73308
67280

17090

References

Tang et al., 1994
MandaI et al., 1994
Tang et al., 1994
MandaI et al., 1994

Sumual, 1994
Sumual, 1994
SumuaI,1994
Sumual, 1994
Sumual,1994
SumuaI, 1994
Sumual, 1994

Hickman .et al., 1995
Hickman etal., 1995
Hickmanetal., 1995
Hickman et al., 1995
Hickman et al., 1995
Hickman et al., 1995
Hickman et al., 1995
Dworschak et al., 1998
Dworschak et al., 1998
Dworschak et al., 1998
Dworschak et al., 1998

Yamashita and Fenn,
1994a
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3.3 ANIMALPROTEINS AND PEPTIDES

3.3.1 Eggs

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

Mf ofthe various eggproteinçomponents withoutpurification. The principal proteins of

egg, ovalburnin, conalburnin and lysozyme have aIl been characterized by ESI-MS; Mf

have been deterrnined for ovalburnin (44300),conalburnin(77.S00) and lysozyme (14

305) (Deighton et al., 1995). ESI-MS has alsù shown . that irradiation ofegg white

resulted in an increase in the Mf of ovalburnin t044 630 andconalburnin to 77 79.0

while the Mf of lysozyme WaS not affected (Deighton et al., 1995). Lysozyme, in

particular, has been the subjeèt of numerous MS studies on protein conformational

changes and· changes in charge-state distribution. Loo et al. observed that the charge

state of lysozyme was shifted from 12+ to 14+ by changing pH from 3.3 to 1.6,

reflecting the conformationalchange from compact nativestate to disordered state (Loo

et al., 1991). A similar shift. was observed in thermal denaturation. ùf lysozyme (Le

Blanc et al., 199 . Mirzaet al., 1993). A further shiftfrom 15+ ofdenatured lysozyme

to 20+ was observed by reducingfoUf disulfide bridges (Loo et al., 1990). Konermann

. and Douglas sirnilarly observed more net negative chargeuponunfolding oflysozyme

in negative mode (K,onermannand Douglas, 1998). The results indicated tha.t theprotein

wascharged, 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 smaU as a single proton

was used by Katta and Chait to study conformational changes in egg lysozyme by

hydrogenldeuterium (HID) exchange ESI-MS as each deuteration increases the protein

mass by 1 u (Kattaand Chait, 1991, 1993). The extent of HID exchange occurred in

different protein conformers over·defined time periods differed widely depending on the

conformation (Katta and Chait, 1991). Katta andChait demonstrated, on the basis of

both the changes in charge state distribution and HID exchange rates, that reduced

lysozyme exists in an unfoldedstate (Kafta andChait, 1993). Themechanism offolding

in egg lysozyme was investigated using H!D exchange technique both with MS and

NMR (Miranker et al., 1993).

3.3.2 Milk and Dalry Products

Theproteins of milk and dairy products have been the suqjected of numerous

MS investigations; these include identification of rnilk protein variants and glycoforms,

fingerprinting, degreeofglycoforms, detection of milk adulteration and identification of

peptides in dairy products.

3.3.2.1 Whey Proteins

ESI-MS studies with purified p-lactoglobulin (P-Lg) from bovine milk revealed

the presence ofmultiple Mr species ofp-Lg (A,B anp C variants) (Burr et aL, 1996). In

addition, the existence of multipleglycosylation ofthesebovine p-Lg variant have been

identifiedby 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

nonenzymatiç lactosylation of p-Lg occursunder rnild heat treatment. ESI-MS has also
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been used to rapidly characterize the complex mixture of glycoform.s of a-Iactalbumin

(a-Lac). without the need of further purification of these forms (Slangen and Visser,

1999). Alli et al. usedESI-MS to deteet the presence of glycoforms in bothp-Lg

(Figure 3.la) and-a-Lac (Figure 3.1b), in whey protein concentrate (WPC) and in

lyophilized whey; the presence of at least three glycoforms of p-Lg and. one glycoforms

of a-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 ofp-Lg in whey from Romagnola cow's milk

(Zappacosta et al., 1998). The result clearly shows thattwo ofminor components were

related to p-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 oneCa2
+ ion and suggested that ESI

MS can be used to determine the number and type ofmetalions that bind to protein.

MALDI-TOF-MS was used to study the effect of differel1t chromatographie

conditions on theelution of bovine serum albumin (BSA) in reversed-phase high

performance liquid chromatography (RP-HPLC) system (deFrutos etaI:, 1998);

multiple peaks of BSA were observed when shallow gradients were used for elution.

MALDI-TOF-MS revealed that theseRP-HPLC multiple peaks were aggregated forms

ofBSA (deFrutos et al., 1998).
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RP.-HPLCof commercial et-Lac (x=14 181; 0= 14278; 14 504). Reprinted
with permissionfrom(Alliet aL,1999).
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RP-HPLC of acid hydrolysates of whey protein conc.entrate (WPC) identified

three fractions in the unhydrolyzed WPC and three other fractions ~fter 18 h hydrolysis

(Pasdar, 1995). Each fraction was a mixture of a few to several peptides and their .Mr

was determined by ESI-MS. The results confinrted that organic acid hydrolysis ofWPC

resultedin 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 casem (CN) and

determined the M r of the various casein protein components. Cas~in is made upof

several components; the main molecular subunits are «SI-, «S2-, P-, l(- and y-eN (Table

3.1).

Combined use of ESI-MS and FAB-MSconfinned the primary structure of

mature ovine «sl ...CN asweU as the amino acid substitutions in variants A, C and D, and

identified the phosphorylationsites (Ferranti et aL, 1995). The mature proteinof each

variant was follnd to be mixture of two subunits, both with multiple phosphorylated

forms of the same protein; one subunitwas fuU-Iength (l99amino acid residues), which

accounted for about 80%, the otherwas.the deleted fonn which lackedisegment 141-148

of the mature proteiniand represented about 20%ofthe «sl-CN (Ferrantiet aL, 1995).

MS analysisalso. revealed that the differences among· the three genetic variants (A.,C,

and D) were simple silent substitutions, which involved the degree to which the protein

was phosphoryhlted (Ferrantiet~L, 1995). Similarly,MSstudy reveal~d.that mature

goat «s l-CN exists as a mixture of at least four variants (A,.B,. C and D) wruch differ in

peptide chain length and in the number ofphosphorylated serine residues(Ferranti et al.,

1997a). Variant A is the main component (48%) corresponds tofull-Iength of«sr-CN
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(199 amino acid). The three. short forms of the protein are variant B (198 amino acid,

29%) missing GIn 78, variant C (191 amino acid, 16%) missing residues 141-148 and

subunit D (191 amino acid, 7%) missing residues llO-1l7(Ferranti et al., 1997a).

MS was used to resolve the heterogeneity of caseinomacropeptide (CMP), a

polypeptide of 64 amino acids wruch is released frombovine K-casein by the action of

chymosin during the primary phase of milk· clotting (Molle and Leonil, 1995). This

study described the ability of RP-HPLC coupled with ESI-MS to characterizea

complex mixture like CMP. MS was alsoused to i<ientify 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

decreasing the pHtoa maximum at 3.6 (Reid et al., 1997).

3.3.2.3 Dairy productsapplication

MALDI-TOf-MS was used to detect thermal degradation and to determine the

protein content ofmilk samples obtained with different cOtlditions ofpasteurization (70

90 oC for 10-30 s) and sterilization (140.. 150 oC for 2-5 s) (Catinella et al., 1996a; b).

The capabilityofMALDI-TOf-MS to characterize protein profile from severa} cüw

milks was also studied (Catinella et al., 1996b); it wasfound that thè proteinfingerprint

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 etaI., 1996b).

MALDI-TOf-MS was also usedto evaluatethe protein profile· of cow's milk mer

different etlZYmatic and/or thermal treatments ofeleven infant milk formulas; the results

demonstrated the degreeof hydrolysis ofdifferent proteinhydrolysate formulas

(Sabbadin et al., 1999). Similarly.MALDI-TOf-MS wasused to evaluate the effect of
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diet and pathological states on the protein profile ofhuman milk (Catinella et al., 1999).

MALDI-TOF-MS has also been used to determinethe effects of Lactobacillus

delbrueckiisubsp. bulgaricus and Streptococcus thermophilus, on milk proteins during

yogurtpreparation{Fedele et al., 1999a); the results indicatedthat fermentation with the

formerqacteria resulted in the breakdo\Vn ofhighmolecular mass (higlI-Mr) casein with

the .production of a low molecular mass (low-Mr) peptide (3 850) while the latter

bacteria did not exhibit any prpteolytic activity. Proteolysis wasenhanced when 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 inproteolytic activity (Fedele et al., 1999a, b).

Angeletti et al. examined the capabilities of MALDI-TOF-MS for the

characterization of water-buffalo milk a.nd mozzarella cheese to .detect possible

fraudulence in mozzarella· cheese production (Angeletti et aL, 1998); results indicated

thatbuffald milk proteoso peptonep.p. 81 and aSI-CN had 10werMr (8 670 and 23406,

respectively). than that of bovine milk (9179 and 23 682, respectively)(Figure 3.2)

(Angeletti etaI., 1998). Furthermore, if \Vas detennined that (a) the relative abundance

of peaks due to aS2~CN and P-Lg was lower in buffalo milk than in bovine milk (Figure

3.2) and(b) a peak ofMr 15 790 (protein X), which is commonly found in buffalo milk,

was.stilldefected in water buffalo mozzarella cheese, indicatingthat this protein is

resistant to thermal and enzymatic processes (Angeletti et al., 1998). MALDI-TOF-MS

was used to detect adulteration of ewe'scheese with bovine milk (Fanton et al., 1998);

the màss spectrum of the ewe'$.milkindicated that P-Lg, Y2-CNand a-Lac have Mrof

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 rn/z Il 325
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(due to y3-'CN) from ewecheese and Cb) peak at mlz Il 869 (due to y2-CN) from bovine

cheese, can be used to.determine. the percentage of bovine milk fraudulently added t()

ewe'smilk, 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 etaI., 1998). MALDI-TOF-MS revealed that

eight peptides in cheddar cheese were derived fromas1-CN, seven from p-CNand one

from /Xs2-CN (Gouldsworthyet al., 1996). ESI-MS andelectrospray ionization tandem

mass spectrometry (ESI-MSIMS)identifieda total of twenty-five peptides in rnild,

medium and old cheddar cheese and a commercial cheddar cheese flavor (Alli et al.,

1998). Thirteen peptides were found to be derived forrn aS1-CN, seven from P-CN and

five from K-CN. Figure 3.3 (A) and (R) shows the rnass spectra of a single Mr specie

(Mr 1052) and two or more molecular species, respectively, while Figure 3.4 (A) and

(R) shows the ESI-MSfMS ofa singly charged specie ofMr 1 052 and a doubly charged

specie of Mr of 1 366, respectively (Alli et al., 19~8). MS results also revealed the

presence of N-terminal segments of P-, .. aS1- and aS2-CNand a-Lac i ll water-soluble

fract.ions of cheddar cheese; tbis was explained on the basis of known specificities of

lactococcal œIl enve10pe proteinases; such as chymosin, plasrnin and phosphatase

(Singh et al., 1997).

The relationship between thedegrees of hydrolysis (DR) of CN using trypsin

and pancreatin independently, and the re1ease of casein phosphopeptide (CPP) has been

studied by MALDI~TOF-MS (AdamsonandReynolds, 1997). Righest yields of CPP

wereobtained at casein DR of 17% and 19-23 % for trypsin andpancreatin,

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(l) proteoso peptone p.p. 8.1, (2) Y3-CN, (3) Y2
CN, (4) a-Lac, (5) ~-Lg, (6) K-CN, (7) YI-CN, (8) aSl-CN, (9) ~-CN and (10)
aS2-CN. Reprinted with permission from (Angeletti et al., 1998)
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Figure 3.3: .Interpreted ·mass spectra afa fraction containing a single l\1rspecie
(A) and Multiple species (B). Reprinted with permission. from (Alli et al.,
1998)
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ripening (4-38 months) was also studied usingFAB..MS; forty-five phosphopeptides (24

fromp-CN, 16 from aSI-CN and 5 aS2-CN) were identified (Ferranti etaI., 1997b).

Moreov~r,CPPinteraction with colloidal calcium phosphate (CCP)isolated by tryptic

hydrolysis was characterized by RP-HPLC-ESI-MS (Gagnaire et al., 1996). It was

shown thatamongthepeptides produced, fourte~n phosphopeptides were idtmtified.(8

aSI-CN and 6 P-CN) and half of SerP cluster from p-CN and aIl SerP fromasl-CN can

interactWith CCP (Gagna.ire etaI., 1996).

3.3.2.4 Meat and fish

In comparison with the proteins of milk andegg, there have.been relativelY

fewer MS studies onproteins of meat and fish. FAB-MS has shown that the tryptric

hydrolysate of calciprotein from crayfish contains at least eight peptides with M r

ranging from 375 to 1455 with close agreement in sequence information obtained by

FAB-MSand from aminoacid analysis (Aubagnac et al., 1988). ESI..MS revealed.the

presence of at least twehty-five polypeptides with Mr ranging from 2 000 to 42 800 in

the soluble nitrogen extract of fr~sh carp fish (Alomirah, 1996; Alomirah and Alli,

1996); a typical interpretedESI-MS mass spectra offishpolypeptide withMr of16 751

is iUustrated in Figure 5: .RP-HPLC-ESI-MS .demonstrated that the sarcoplasmic

protein extracted from ground and whole meat. contained at least twelve polypeptides

with Mr ranging from Il 000 to 42 000 (Alornirah et al., 1998). The relative .peak area

of 35 700 protein shown in Figure 3.6 decreased during storage of meat; this protèin

could be investigated as an indicatofoffreshne&s (Alomirah et al., 1998).
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Figure 3.5: A typical interpreted'ESI-MS mass •• spectra of carp fish· polypeptide
with Mf of 16751. Reprinted with permission From (Alomirah, 1996).
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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 ofMS·for characterizing plant

storage protein has been somewhat limited.

3.4.1 Cereal.s

Cereal grains cont(l.in complex mixtures of proteins with structurally different

molecular characteristics. The classification of these proteins as globulins, albumins,

gluteninsand prolamins is widely accepted; each of these groups .in tum, represent a

complexmixture ofproteins. MALDI-TOF-MS has been used in several studiesto

characterize the subunits of glutenin (Hickman et al., 1995; Dworschak et al., 1998). A

total ofsevenhigh-Mr subunits with a Mr of87 500, 88379, 88930,83 500,72500,68

360 and 69 520 havebeen identified (Hickman et al., 1995). In general, theMr ofthese

subunitsare close to those calculatedfrom gene sequence and within the range of

analytical error;this study demonstrated that the high-Mr subunits are not extensively

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 partiaUy purified wheat gluten prolamins (gliadin) and reducedhigh-Mr and

low-Mf gluteninsubunit fractions fromcommon and durum whea.t varieties without

prior separation by HPLC (Dworschaketal., 1998). Gliadins and low-Mr glutenin
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subunits showed complex MALDI mass spectra with Mr ranging from 30 000 to 40000,

while· the. mass spectra of high-Mr.glutenin subunits were fairly simple withMr ranging

from 87 936 to 71 520. Theresults indicated the feasibility ofusing MALDI-TOF-MS

in wheatbreeding programs for the rapidand routine identification of specifichigh-Mr

subunits associatedwith superior quality (Dworschaket al., J998).

rvIALDI-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 withgood correlation withdatafrom an· immunological assaymethod.

MALDI-TOF-MS canbe used as arapid screening technique for (a) the presence of

gliadins in foods by monitoring the occurrence.of the protonated gliadin masspattern in

the mass range from 25 000 to 40 000 and. (b) the presence of other toxic gluten cereal

prolamins fractions, suçhasbarley hordeins, rye secalins ·and oat.avenins (Camafeita

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

The major. wheat f10ur immunoreactive proteins that are responsible for baker' s

asthmahas.been identified asa member of the a-amylase family usingMS and the N.,.

terminal amino acidsequençe (Amano et al., 1998).

3.4.2 Légume Seeds

ESI..MS •has been used toçharacterize the quaternary structure· of the three

isolectins ofsoybeal1agglutinin (SBA), atetrameric glycoprotein previously reported to

consist of two subunits(Mandal et al., 1994). The ESI-MS results showed that the

quaternary structure composition of the three isolectins of SBA (SBA l, SBA II, and

SBA III) were approximatelya2p2, a2py (and a2py') and a2y2, fespectively.
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Similarly, ESI coupled with time-of-flight (TOP) has ··been used to investigate

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

A wide range of Mrs (8·000-23 000) have. been reported for trypsin inhibitors

(Ils) ofdry bearrs depending on the Jnethod used for estimating the Mr; (i.e.,

ultracentrifugation, Slze exclusion chromatography, SDS-polyacrylamide gel

electrophoresis and aminoacid composition). Plasma desorption mass spectrometry

(PDMS), using 252Cf as the ionizing source, was u~ed in the. partial characterization of

Ils ofgreatnorthern beans (Phaseoltts vulgaris) (Bergeron and Nielsen, 1993). The PD

MSofTIs reveàled twopeaks ofMr 8406 and 8 957, corresponding to Tlchainlengths

of76 and 81amino acid residues, respectively (Bergeron and Nielsen, 1993).

ESI~MS and ESI-MS/MS wereused to investigate the extent towhich the

polypeptide. subunits in a crysff;iUine protein isolated by citric acid fromdried seeds of

white kidneybeans (Phaseolus vulgaris) were simi1arto the subunits ofnative phaseolin

through the identification and characterization ofthephaseolin polypeptides (Alli et al.,

1993); theisolated crystaUine proteinswere shown tocontain polypeptides with average

Mr of 49 615 and 48 075 which were similar to those reported for a-type and p-type

phaseolin preCl1fSOrS, respectively (Alli et al., 1993).Using the same techniques (ESI

MS and ESI--MS/MS) for chatacterizinga crystalline protein isolated from .large lima

beans(P.lunatus), it was shown that a glycosylated phaseolin polypeptide fragment of

Mr 26 240 wa~ similar to a C-terminal segment of the phaseolin polypeptides of P.

vulgaris, while a.glycosylated subunit ofMr26 113 andits non-glycosylated variant of

Mr 24 249 were similar to an N-terminal segment of phaseolin polypeptides of

P.vulgaris. (Alli et al., 1994) (Figure 3.7).
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a-Amylase inhibit(.')fs which can effect. the. responseof blood glucose insulin or

general starch digestion and absorption in mammals. has studied by RP-HPLC-ESI-MS

(Gibbs <ind Alli, 1998). It was shown that in acrude extract prepared from white kidney

beans(P vulgaris), ahigha-amylase inhibitoractivity wa.s associated with

glycoprotein whose deglycosylated Mr Was estimated as 54 857 by ESI-MS.Figure 3.8

shows.· the mass spectra of the .. purified deglycosyla.ted· (A) ... and glycosylated (B)

inhibitors.

ESI-MS and ESI-MS/MS wete used to investigate the differences ln the tr)'ptic

digestion of crystaUine and amorphous (non crystalline) proteins isolated from

Phaseolusibeans by com.paring the peptides which resulted from thehydrolysis (Yeboah

et al., 1999); the results suggystedthattrypsinspecific peptide bonds locatedinthe ~

structure region of ~-type phaseoIin was resistant to trypsin hydrolysis while the most

accessible region to. tryptic cleavage were located within a-helix structures and

regions oLinterconnecting secondary structure. MS.has also been used to study the

proteolytic changes associated withRhizopus ôligosporusfermentation of soybean

prod.uce tempe from soybeans{Ismoyo, 1995). ESI-Ms showed several tempe peptides

withMrrangingfrom 569 ta 16688.

3.4.3 OtherPlants

Proteinsisolated from otherplantsourcessuch as coconut have been

characterizedby MS (Sumual, 1994). By use ofRP-HPLC and ESI-MSproteins vvith

Mr of 51 209, 50 359, 49 142, 49 040, 48 861, 47 679, 46640 and 3~ 574 were

sèparatedandidentified (Sumual, 1994). Figure 3.9. shows mass spectrum oftheprotein

component with Mrof46 640.
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Figllre 3.7: (A) Interpreted mass spectra of unfractionated crystalline. protein
from large lima bean and interpreted mass spectra of fractions FI (B), F2 (C),
and F3(D) obtained from crystalline protein of large lima beans. Reprinted
with permissionfrom (Alli et al., 1994).
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Figure 3.7: (continued).
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Figure 3.8: Mass spectrum oLdeglycosylated (A) and glycosylated (B) (X

amylase inhibitor ±rom white kidneybeans. Reprinted with permission ±rom
(Gibbs and Alli, 1998).
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3.5 OTHERPROTEINS

In addition to study of food. proteins, J'vIS is used. increasingly to identifY and

characterize other proteinswhich are not considered food proteins but whichare of

interest to food scientists. MALDI-TOF-N1S has been used effectively detect

baçteriocins in the culture supernatant ofproducer organisms (Rose et aL, 1999a), while

ESI-MS has been used to detennine the M;of bacteriocin (Reutericin 6, Mf 2 4(0)

producedby Lactobacillus reuteriLA6 (Kabuki et al., 1997). Both ESI-MS and

MALDI-TüF-MS were used toassess the purity <and stabiHty of nisin and its

degradation products (Cruz. et al., 1996). In· another stüdy, nisin, its variants and

degradation products were characterized and quantified using ESI-FTICR-MS

(Lavanant et al., 1998); it was shown that the· [nisin + 18 ul molecules present as a

minorcomponent in the mixture, was a species formed. predominantly via hydration of

nisinat·position 33 In addition, the fate .of nisin in meat products was monitQred by

MALDI-TüF..MS (Rose et al., 1999b). The results indicatedthatnisin was inactivated

in raw meat, but not in cooked meat, due toenzymatic reaction with glutathione (307 u)

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

MALDI-TQF-MS analysis of whole ceUs has been investigated as a technique

for bacterial chemotaxonomy (classification ·based on. biochernicai composition)

(Hollandet al., 1996); mass spectra of bacterial strains showed a fewcharacteristic

high-mass ions which are thought to. be derived from specifie bacterial proteins

(RoUand et aL,· 1996).MALDI-TOF-MS has aiso been used to study cellularproteins as

biomarkers frOID proteinsisolated from the whole· ceUs ofbaçteria; the observed

biomarkers facilitate the distinction between pathogenic andnon-pathogenic bacteria
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Figure 3.9: Interpreted mass speCtra ofcoconut milk proteinwithMr of 46640.
Reprinted with permission from (SumuaI, 1994).
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(Krishnamurthy et al., 1996) and between gtampositive and gram negative bacteria

(Krishnamurthy and Ross, 1996;. Welham et al., 1998) and therefore allows for rapid

chemotàXonomic classification of microorganisms. Furthermore, .differentiation

betweengtampositive and gram negative bacteria •. was also accomplished by RP-

HPLC-E8I-MS (Krishnamurthy et al., 1999); the advantages of thistechnique over

Iv{ALDI-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 spectrareproducibility of direct analysis of cellular prbteins as

biomarkers has been investigated by MALDI-TOF-MS(Wang et al., 1998). It was

demonstrated that although minordeviations in sample/matrix preparation procedures

for MALDI resulted in significant changes in observed spectra, a number of peaks are

conserved for the same bacteria and theseconserved peaks arepotentially biomarkers

for bacterial identification (Wang etaI., 1998).MALDI-TOF-MS was used to locate

five family specifie biomarkers for the family Enterobacteriaceae; these biomarkers

have spectralpeaks atm/zA 364, 5 380, 6384,6856 and 9540 while mass peaks at m/z

7 324, 7 724, 9 136 and 9 253 were· assigned as genus-specific· biomarkers .for

Salmonella (Lynn etaI., 1999). MALDI-TOF-MSand ESI-MShave also facilitaled the

ideIltification of biomarkers for specifie bacteria including Escherichia coli .spp.(E.

coli) (Welham et al., 1998; Wang et al., 1998; Lynn etaI., 1999; Dai et al., 1999; Domin

et aL, 1999; Demirevet aL, 1999; Chonget al., 1997; Amold and Reilly, 1998; ~aenz et

al., 1999; Arnold et al., 1999), Bacillus ssp. (Krishnamurthy et al., 1996; Krishnamurthy

et aL, 1999; Wang etaI., 1998; Demirevet aL, 1999; Saenz etaI., 1999; Birmingham et

al., 1999), Helicobacter pylori(Nilsson, 1999), Hae1110philus spp. (Haag et al., 1998),
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Clostridium difficile (Mauri et al., 1999), Brucella melitensis (Krishnamurthy etaI.,

1996; Krishnamurthy and Ross, 1996; Krishnamurthy et al., 1999), Francisella

tularensis(Krishnamurthy and Ross, 1996; Krishnamurthy et al., 1999), Yersinia pestis

(Krishnamurthyet 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 rapidlyincreasing use ofMS for the characterization and

identification of food proteins and peptides. The published work dernonstrate clear

advantages of ESI-MS and MALDI-TüF-MS in terms of accuracy,sensitivity,

reproducibility and short analysis time for obtaining structural information. MS now

serves a central role in many applications including the determination of Mr , peptide

sequencing, identification of post-translationai modifications (phosphorylation and

glycosylation), characterization of non-covalent protein-protein or ligand complexes,

identification ofprotein degradation products (enzymatically and chemiçally hydrolyzed

proteins), investigation of protein folding.
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CHAPTER 4

CHARACTERIZATIONüF ~-

FROM WHEY
SEPARATION AND
LACTOGLOBULIN AND a-LACTALBUMIN
AND WHEY PROTEIN PREPARATIONS

4.0 CONNECTING STATEMENT

l'he functional properties observed for whole whey proteins (WPs) is the sum of

the functionality. of individual WPs. The use of wholeWPs" rather than the individual

proteins can account for the rugh functional variability among commercially available

wpproducts and limits their .applications. This shortcoming could be addressed through

the development of novel and conunercially relevant whey processing technologies that

separate enriched fractions, containingmainly individual WPs. l'his may result·in better

understanding of the close structure-function relfttionship of WPs, wruch is essential for

their utilization in food system. l'he work described in trus chapter is the development

of aprocess for separating bovine p-Lg and.a-Lac from LW, WPI, and WPC using

different chelating agents and addresses the second objective discussed in the. "Rationale

and Objectives of Study" section of Chapter 1.

Note: Trus chapter is the text of a paper wruch has t>een. sut>mitted for

publication as follows:

Alomirah, H. F.;Alli, 1. Separation and Characterization ofp-Iactoglopulinal1d

a-Iactalbumin from Whey and Whey Protein Preparations. Int. Vatry J. (Submitted

Match, 2002)

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

An irnproved process for separatingbovine p-Iactoglobulin (P-Lg) and a

lactalbun1in (a-Lac) from liquid whey (LW), whey protein isolate (WPI), and whey

protein concentrate (WPC) was developed. The method is based onp-Lg solubilityat

low pH (3.9) and highi salt concentration, on the weak calcium·binding capacity of lX..

Lac below pH 3.9, .and on the ease of chelating calcium with calcium. sequestrates,

causingdestabilization and precipitationof calcium free a-Lac. The results indicate that

the use of sodium citrate (NaC) and sodium hexametaphosphate (SHMP) were more

effective in the separation p-Lg and a-Lac than the other tested chelatingagents. Yield

resuIts iridicated that 47-69 % of p-Lg originally present in the whey preparations was

recovered, with purities ranging from 84-95%, and protein contents ranging from 40

99%, depending on the source of whey protein preparations and type of chelating

agents. The yields of a-Lac in a-Lac enriched fractions obtained without pH adjustment

Were 23-89 %, withpurities ranging from 83-90%, andprotein contents ranging from

65-96%; the yields of a-Lac in a-Lacenriched fractionsobtained with pH adjustment

were 11-43 %, with purities rangingfrom 68-73%, and protein contents rangingfrorn

44-81%. The method canbe investigated further as a· means to ohtain commercial

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

Whey proteins{WP) are wellknown fortheir nutritiohal value and versatile

functional properties and are widely utilized in the food industry. The main proteins in

wheyare p-Iactoglobulin (P-Lg, 50%), a-Iactalbumin (a-Lac, 21%) and

immunoglobulins (10%); bovine .serum albumins (BSA, 5%) andproteqse-peptone

representminpr components (Kinsella and Whitehead, 1989). p-Lg,a-'Lacand BSA are

primarily responsible for the physicochemical properties of commercial whey proteins.

Native p-Lg and a-Lac are compact globular proteins with monomeric molecular

weight of about 18300 and 14200 Da, respectively. Each p-Lg molecule has two

disulfide bonds and one free thiol group,whichexhibit incre:a.sed reactivityabove pH 7,

while each a-Lac molecule has fourdisulfidebonds and one calcium ion which stabi1ize

the molecule against irreversiblethermaldenaturation (Kinsella and Whitehead, 1989).

The heterogenous nature of WP. is. typical of manycommercial food protein

preparations. For these protein preparations, the observedfunctionality of the complete

protein prep~ration is the SUffi of the functionality of individual proteins. a-Lac has

relative1y low solubility and low gelation ability, but good water absorption

characteristics after heating, and good emulsifying properties, and· it is weIl suited in

bakery products, meats, yogtlrt andprocessed cheese, p-Lg and "BSA, because oftheir

gelling properties through S-S bondformation,·and emulsion andfoaming properties, is

well suited for soups, gravies, sala.d dressing, sausages and baked goods. In many food

applications, WP are used, rather than the individual protein; thiS contributes to the

functional variabilityamong commercially available. WP and can linüt their applications

(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 top-Lg (Gryboski, 1991);

tms allergenicitycanbe reduced substantial1y if the protein is hydrolysed with pepsin,

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

Several techniques have been proposed for laboratbry scale separation of WP;

these include salting-out (Aschaffenburg and Drewry, 1957), selective precipitation

(Amundson et al., 1982; MaiUiartandRibadeau-Dumas 1988; Mate and Krochta, 1994;

Bramaud et al., 1995 and 1997), trichloroacetic acid precipitation (Fox etaI., 1967),

heating ai low· pH (Pearce, 1983), affinity chromatography (Blackberg and Hemel1,

1980), anion exchange chromatography(Skudder, 1985; Manji et al., 1985; Gerberding

and Byers, 1998), cation exchange chrornatography using conventional resins (Uchida

et al., 1996) or cation membranes (Chiu and Etzel, 1997), size exclusion

chrornatography (Hill et al., 1986),hydrophobic chromatography (Chaplin, 1986) and

combination ofenzymatic treatment and membrane filtration (Kinekawaand Kitabatal<.e

1996; POUliot etaI., 1999; Sannier et al., 2000). Although these whey fractionation

techniques can provide effective protein purificationat the laboratory scale, many have

not been widely implemented for commercial scale because of their .high cost,

complexity, lôw productivity, poor selectivity and/or unacceptable denatured products

(Zydney, 1998). On the other hand, sorne processes have been· patented with·· the

capability of 1)eing operated on a commercial scale. In sorne processes (Pearce, 1995;

Stack .et al., 1995), the mineraI content, especiaUy calcium ions, in whey is reduced

using electrodialysis and cation exchanger at around pH 3.8, and in other processes (de

Wit and Bronts, 1995) whey solutionis incubated with strongca1cium binding iornc

exchange resin to initiate the destabilization of ex-Lac.
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Our objective was to investigate the use ofa combination oftechniques reported

by Bramaud et al. (1995), Mailliart and Ribadeau-Dumas (1988) and Mate and Krochta

(1994) with modification, fOr the separation of p"Lg and a-Lac enriched fractions from

whey and whey protein preparations. Bramaud etaI. (1995) purified oruy a-Lac from

only whey protein concentrates. (WPC) by increasing the apparent molecular size. and

destabilization of a-Laç at pH 3.9 using only citric acid as chelating agent while

MaiHiart and Ribadeau-Dumas (1988) and Mate and Krochta (1994) usedhigh salt

concentration and low pH adjustments ta puriry only p-Lg from liquid whey CLW} and

whey protein isolates (WPI), respectively. In the present work, both.p-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 METROnS

4.3.1 Materials

Liquid whey (LW) obtained from mozzarella cheese preparation, was kept

frozen at -20 oC until it was used. Commercial WPC (>75% protein) and WPI (>90%

protein) were obtained from Arncan Ingredients (Lachine, Quebec, Canada) and René

Rivet Inc.• Ingredients (Laval, Quebec, Canada),respectively. Sodium citrate (NaC),

sodium .hexametaphosphate (SfIMP) and citric acid were purchased from Fisher

Scientific (Montreal, Canada). Ethylene diamine tetia acetic acid (EDTA), ethylehe

glycol tetra acetic acid (EGTA), p-Lg (containing variant A and B; L-O 130), a-Lac (L

6010) and BSA (B-4503) were purchased from the Sigma Chemical Co. (St. Louis,

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

In a preliminary experiment, only LWwas used with four chelating agents:

sodium-citrate (NaC), sodium hexametaphosphate (SRMP),ethylene diamine tetra

acetic acid (EDTA) andethylene glycol. tetra acetic acid (EGTA), each used

individually at a concentratiOrlofO.l M. On the basis orthe results from is preliminary

experiment, orlly.NaC and SHMP \Vere used in the remainder of the study. ·The flow

diagram used for separation of a-Lac andp-Lg from liquid whey (LW), whey protein

isolate •(WPI) and wlley protein concentrate (WPC) is shown in Figure 4. 1. LW was

used as is, whileWPI and .WPC \Vere dispersed in water to provide dispersions of 60

gVt,.based on previous work(Bramaud etaI., 1995, 1997; Gésan et al., 1999). LW and

the dispersions ofwPl and. WPC were each treated with NaC and SHMP{150 x 10-3

mol el). Thçmixtures were acidifiedto pH 3.9 using 6N citric acid, incubated at 35 oC

for 45 min, then centrifuged (5,000 x g,30 min, 4 OC) (Figure 4. step 1). Both the

supernatant and the precipitate fromstep 1 werewashed twice with 7% NaCI and

centrifuged(lO,OOO x g, 20 min, 4 °C)(Figure 4.1, step 2B and 2A). The supernatant

from step2B (çlesignatedasp-Lg enriched fraction) was dialyzed andlyophilized. The

precipitate frornstep 2A was resoIubilized in 0.1 M CaCh and centrifuged (IO,OOO xg,

20 min,4 OC); the supernatant (designated as a-i.ac enriched fraction obtainedwithout

pH adjustment) was dialyzed andlyophilized while the precipitate{step 3) \yas again

resolubilized inO.l MCaCh, adjusted to pH 7.5 and centrifuged 00,000 x g, 20 min, 4

OC). The supernatant (designated as a-Lac enriched fraCtion obtained with. pH

adjustment) was dialyzed and lyophilized.
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LW 2.5 L
WPC60gL-1

WPI60gL-1

C)

.... 150xlO-3mol L-1 ofNaC or SHMP
acidified to pH 3.9

Incubation
35 oC, 45 min.

.... Centrifuge (5,OOOx g, 30 min., 4 °

1 1

Precipitate Supernatant

Step 2A (v/w)
.......8:-------,. Wash twicewith 7% NaCI,

Centrifuge (lO,OOOx g, 20 min., 4 oC)

(w/v) Step2 B

Supernatant
(discard)

Precipitate

Resolubilize with 0.1 M CaClz
Centrifuge (1 O,OOOx g, 20 min., 4 oC)

Precipitate
(discard)

Supernatant

Precipitate Supernatant

Dialyze and Lyophilize

o:-Lactalbumin enriched fraction
, without pH adjustment

p-Lactoglobulin
enriched fraction

....

1 1

Resolupilize with 0.1 M CaCl2

adjustto pH7.5.
Centrifuge (10,OOOx g, 20 min., 4 oC)

Precipitate
(discard)

Supernatant
1 Dialyze and Lyophilize

o:-Lactalbumin enriched fraction
with pH adjustment

Figure 4.1: Flow diagram showingseparation procedure of(3-1actoglobulin
((3-Lg) and a-lactalbumin (a-Lac) from liquid whey (LW), whey protein
concentrates .cWPC) and whey protc::in isolates(WPI); NaC, sodium citrate;
SHMP, sodium-hexametaphosphate
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4.3.3 Electrophoresis

The identification of separated p-Lg and a-Lac proteins in the lyophilized

fractions was carried· out by polyacrylamide gel electrophoresis (pAGE) both under

native conditions (Davis, 1964) and in the presence of sodium dodecyl sulfate (SDS)

(Laemmli, 1970), usinga Bio-Rad Mini-Protean® II dual slab cell electrophoresis unit

(RicIunond, CA); estimation of molecular. weight was done using .. Bio-Rad

electrophoresis protein standard (Std-2522). The stacking gel and separation gel were

4% and 10% acrylamide, respectively for native electrophoresis and 4% and 12%

acrylamide, respectivelyfor 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

electrophoresis, 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 wascompletelyremoved. The destained gels were stored in

7% acetic acid until they were photographed.

4.3.4 Glycoprotein Detection

The p-Lg and a-Lac protein fractions which were separatedby SnS-PAGE

were transferred electrophoretically(90min at SO V) using Bio-Rad Mini Trans-Blot®

(170-3935, Bio-Rad Laboratories, ON, Canada), to a nitrocellulose membrane (Hybond

ECL, RPN-6SD, Amersham PharmaciaBiotech, QC, Canada). The transfer buffer (pH

S.3) consisted of25 mM Tris, 192 mM glycine, 20% v/v methanol.
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Glycoproteins on the nitrocellulose membrane were labeled using the ECL™

glycoprotein labelling system (RPN-2190, AmershamPharmacia Biotech, QC, Canada),

then incubat~d .for 1 min in ECL westem.blotting detectionreagents (RPN-;Zl09,

AmershamPharmacia Biotech, QC, Canada).· The membrane was wrapped with a saran

wrap andplaced Ina film cassette(FB-XC-~ 10, Fisher Scientific, QC, Canada). In a

dark roOll1, a sheetof autoradiography film (Kodàk BioMaxMS, 111-1681, Kodak,

Rochester, Nevv York) wasplaced on. top of the membrane and 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,andAsh

Dry matter was determinedby oven dryingat.l00 oc for 5h. (AOAC, 1980).

Ash content wasdeterminedby 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, 990); nitrogen was convertedloprotein using the

factor of6.38,

4.3.6 DeterminationofPurity and Yield of a-Lac and p-Lg

Thepurity of separatedex-Lacandp-Lg enriched fractions was determined as

the ratio of their peak areas to the total peak areaof peaks separated by RP-H:PLC.

Reversed-phaseH:PLC separation of ex-Lac and p-r.,g enrichedfractions wasperformed

witha WatersHPLC (Mode1l1!), C18 (0.46 x 25 cm length, Vydac Co., Hesperia, CA)

equipped with.a diode array, UV visible detector. Thefollowing two..buffergradient

system was used to elute the sampIes aia flow rate oL1 ml/min: buffer 0.1%
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trifluoroactetic acid (TFA) inwater(V/V, pH 2); buffer B, 0.1% T'fA in acetonitrile

(V/V); solvent B was increased linearly fromO ·to 80% over 60 min. The elute was

monitoredat 21Onm. The yield was. ca1culated based on total p-Lg and a-Lac in initial

whey m~terial (68% and 17.5%,respectively), and in the final separated fractions, on

dryl.Jasis.

4.4 RESULTSAND DISCUSSION

4.4.1PreUminary Experiments

Figure 4.2 shows the SDS-PAGE patterns ofthe precipitates obtained by heating

LW at 40 oC for 30 min withfour chelating agents (NaC, SHMP, EDTAand EGTA),

and without. che1ating agents (untreated). The results indicate that mainly. p-Lg and (X

Lac proteins were separated in NaC and SfIMP treatedsample~; a minor band

corresponding to BSA was also observed. The SnS-PAGEpatterns of the EDTA

treated LW were similar to those of the untreated LW; both showed a band with MW of

36kDa,considered tobea Qimer of P-Lg. EGTA treatedLW showed only faint bands

for p..Lg and a-Lac, compared to NaC and SfIMP treated LW and untreated LW

(Figure 4.2.). Based on the findings of thesepreliminary experiments,only NaC and

SfIMP were useQàs chelating agents irl the remainderof the study.

Figure 4.3 shows the SDS-PAGEpatterns ofthe preeipitates obtainedbyheating

LW at 25,35 and.40 oC for 45 min in the absence. and presence ofNaC and SHMP. The

intensity ofbands corresponding to precipitateQp-Lg and a~Lac ÏII the NaC and SHMP

treated LW,increased with increasing heating temperature. The intensity oftwo other
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Figure 4.2: .SDS-PAGE (l2%)patte.ms of precipitate obtained frOID liquid
whey (LW) by heating at 40 oC for 30 min with different chelating agents
(NaC, SHMP, EDTA, EGTA) and without chelatÏng. agents (untreated). STD =

molecular weight standards, BSA = bovine serum albumin, 13-Lg = 13
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 OC for 30 min withNaC and SHMP
and without chelating agents (untreated). STD = molecular weight standards,
BSA = bovine serum albumin, p-Lg == p-Iactoglobulin, a-Lac = a-Iactalburnin.
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bands corresponding to MW of 36 and 15 lilla alsoincreased with increasing heating

temperature. The former band is considered to be a dimer of ~-Lg while the latter band

is believed to be composed mairuy of polypeptides, such as proteose-peptone, formed

by partial proteolysis of ~-casein (de Wit, 1998). Heat treatment above 40 oC was not

used, since the extent ofBSA precipitation can increase whenthe temperature treatment

is > 40 (Bramaud et al., 1997). Consequently, heating at 35 oC was used in the

procedure to separate ~-Lg and a-Lac enriched fractions fromLW, WPI and WPC

(Figure 4.1.)

4.4.2 Composition of a-Lac and p-Lg EnrichedFactions

Table 4, 1 shows the composition ofLW, WPI, WPC and the separated p-Lg and

a-Lac enriched fractions from these materials using NâC and SHMP. The protein

contents of ~-Lg enriched fractions (Figure 4.1, step 2B) from WPI, .WPC and LW

extracted with NaC were 98.6, 69 and 70%, respectively; for p-Lgenriched fraction

WPI, WPC and LW extracted with SHMP, the protein contents were 53, 49 and 40%,

respectively. The lower protein contents in ~-Lg enriched fractions extracted with

SHMP, •compared those extractedwith NaC, is due to their higherash- contents (Table

4.1). Between pH 3.5' and 5.2 ~-Lg, is positively charged and associates to form

octamers of MW 144 illa; 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 contairting p-Lg and
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residual SHMP resulting ln high ash content ln these enriched fractions, despite

extensive dialysis.

The protein contents of a-Lac enriched fractions ·obtained without pH

adjustment (Figure 4.1, .step 2A), from WPI, WPCand LWextracted with NaC were

955, 76.2 and 28.8%, respectively; for a-Lac enriched fractions obtl,l.ined from WPI,

WPCandLW extractedwith SHMP, the protein contentswere 94.],71.6 and 65.1%,

respectively. These results indicate that prot~in contents of a-Lac enrichedfractions

from.WPI and WPC, depended On the source of the product, and not on the chelating

agents (NaC or SHMP), while the protein contents of a-Lac enriched fractions from LW

dependedon the chelating agents. For aU a-Lac enriched fractions obtained without pH

adjustment (Figure 4.1, step·2A), the·arnounts ofash ranged from 3.7 to 7.5 % except

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

The protein contents of a-Lac. enriched fractions obta.ined with pH adjustment

(Figure 4.1, step 3)from WPI, WPC andLWextracted with NaC, were 81.3, 69.9 and

18.7%, respectively; for a-Lac enrichedfractionsfrom WPI,WPCand LW extracted

with SHMP, the protein contents wete 72;1, 75.3 and43.8%, respectively. As ina-Lac

enrichedfractions obtained without pH adjustment (Figure 4.1, step 2A), a-Lac

enriched fractions from WPI and wpC obtained with pH adjustment (Figure4. l, step

3), showed different protein contentsdepending onthesource of the protein but not on

treatment with different chelating agents, while protein contents of a-r.,ac enriched

fractions from LW depended on the chelating agents. For aU·· a-Lac enriched fractions

obtained with pH adjustment(Figure 4.1, step 3), theamountsofash ranged frorn6.1 to

13.7%.



Table 4.1: Chemical.composition of initial whey preparation and sep~rated J3
Lg and a-Lac enriched fractions; valuescalculated as % dry weight basis a

.

Samn'e Dry matter Ash TtO!all)/ Purity" Yield<
,,' 0/ 0/ pro cln /0 0/ (J/

;'0 ;'0 (N X 6.38) /0 /0

f3-Lg enriched fractions (Figure 4. 1, step 2 B)

WPI NaC 94.03

SHMP 94.11

WPC NaC 96.20

SHMP 94.16

LW NaC 93.72

SHMP 93.53

Initial whey preparations

WPI

WPC

LW

95

96

6.88

2.5 90

3 75

7.7 12.35

1.56 98.6 94.8 63.1

42.60 53.2 NDà ND

31.18 68.9 83.4 46.7

50.27 48.8 ND ND

5.30 70.0 88.8 68.6

60.78 40.1 ND ND

a-Laccnriclled fractions withoutpH adjustment (Figure 4.1, step 2 A)

WPI NaC 88.67 7.26 95.5 90 34.8

SHMP 89.34 3.65 94.1 89.9 88.6

WPC NaC 91.43 8.65 76.2 83.1 22.9

SHMP 89.41 7.46 71.6 86.1 43.5

LW NaC 92.02 24.41 28.8 96.1 7.1

SHMP 94.07 4.62 65.1 88.3 80.3

a-Lac enriclled fractions with pH adjustment (Figure 4.1, step 3)

WPI NaC 90.61 6.92 81.3 73.2 24.4

SHMP 90.83 13.73 72.1 70.1 10.9

WPC NaC 90.40 10.48 69.9 71.2 16.6

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 43.8 68.4 16.3

a Meap.s of duplicate detenninations

b Expressed as % of the ratio oftheir peak area to the totaLRP-HPLC peakarea

C Yielclbased on total f3-Lg and a-Lac in initial material (68% and 17.5%, respectively) and in [mal products
on drybasis

d Not detennined

WPI::; wheyprotein isolate; WPC::; whey protein concentrate;LW ==liquid wheY;NaC == sodium,cÏtrate;

SHMP ::; sodium-hexametaphosphate



4.4.3 Yield and Purityof a-Lac and ~-Lg

Fîgure 4.4 shows the RP-HPLC chromatogram of WPI; the 5 identified peaks

wereIg, BSA, «-Lac and ~-Lg (B and A); the RP-HPLC chromatograms ofWPC and

LWwere similar. ~-Lg (1\ and B) (not shown) and «-Lacrepresentapproximately 68%

and 17.5 %, respectively, of the total peak area in the WPI, WPCand.LW

chromatograms.Thëse •• values are ·in agreement with values reportedby MaIT. and

Foegeding (1990), Mate and Krochta (1994), and. Caessens etaI. (1997). Theyield of

the •~-Lg enriched fraction from WPI extracted with NaC, was approximately 63%

(based on the total protein % and on ~-Lg content in the wpI on dry weight basis), with

a purity of 95% (Table 4.1). Mate and Krochta (1994) obtainedyield of 65% (95%

purity), of the ~-Lgpresent in WPI using 7% NaCI at pH 2 and Caessens etaI. (1997)

reported yield of 60% (95% purity) of purified ~-Lg obtained fromwpI using· 3%

trichloroacetic acid at pH 3.5. TheyieId of ~-Lg enriched fraction from WPCarid LW

extractedwith NaC were 46.7 and 68BYo, respectiveIy; this low yield of the ~-Lg

enriched fractions obtained from LW can be related to its high ash content. The ~-Lg

enriched fractions obtained by extraction with SHMP werenot separated by RP-HPLC,

since acidifiedsolution of these fractions· faiIedto pass through the 45flID syringe

membrane fiIter (Millipore, Beford, MA),prior to HPLC separation. This could bedue

to .the interaction of p-Lg with SHMP resulting in the. formation of large protein

aggregates in acidic solution (Dziezak, 1990). Although the yield% of ~-4genriched

fractions could not be determined,it canbe assumed to be low because oftheir hîgh ash

contents, whichranged from 43 to 61% (Table 4. 1). Based on the higheryield and lower
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Figure4.4: Reversed-phase high-performance liquid chrornatography ofWPI.
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ashcontent. of ~-Lg enriched fractions extracted with NaC, the use of NaC as a

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

SHMP.

The yields of a-Lac in the a-Lacenrichedfractions obtained from WPI, WPC

and LW extracted with NaC .and SHMP without pH adjustment (Figure 4. l, step 2A)

areshown in Table 4.1. These yields.from WPI, WPC and LW extracted withNaC wete

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, WPCandLW extracted withSHMP 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

resulting ingreater destabilization and subsequent precipitation of a-Lac. Mailliart and

Ribadeau~Dumas (1988) reported thatthe yield of a-Lac in the a-La,c enriched fraction

obtained from LW using 7% NaCI at pH 2 before a desalting step, was approximately

77%, and Gésan et al. (1999) reported yield of 43% (52% purity) of purified<:x-Lac

obtained.from WPc. Our recoveries of a-Lac in thea"Lac enriched fractionsextracted

with SHMP, were higher than reported values, but were lower in the a-Lac enriched

fractions extracted with NaC, with purity higher than 83% fot both chelating agents.

Basedon the higher yields. and purities and lower ash contents of a-Lac enriched

fractions extracted with SHMP, the use of SHMP asachelating agent for the separation

of a-Lac enriched fractions is preferredto the use ofNaC.

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

extracted with NaC and SHMP with pH adjustment to .7.5 and resolubilizing with °.lM
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CaCh. (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, withpurities of 73.2, 71.2 and 70%, respectively; theyields of a-Lac

enriched fractions from WPI, WPC and LW extracted with SHMP were 10.9,.43.0 and

16.3%, respectively, with purities of70.1, 73.2 and 68.4%, respectively.The decrease in

purities of a-Lacenriched fractions extracted with NaC and SHMP and with pH

adjustmentcompared to those obtained without pH adjustment canbe attributed to the

effect of higher pH (7.5) on resolubilization of a-Lac and possiblyother proteins such

as BSA (Bramaud et al.; 1997).

4..4..4. Electrophoresis and GlycoproteinDetection

Figure 4.5 shows the electrophoretic patterns for p-Lgenriched fractions

obtained from LW, WPC and WPI extracted 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

nitrocellulose membrane with labelled carbohydrate moieties (Figure 4.5 C). RP-HPLC

chromatogram of p-Lgenriched fractions from LW, WPI and WPC extractedwith NaC

is also shown in Figure 4.5. Individual proteinbands were identified from LW, WPI and

WPC; sirnilar bands were alsoidentified by Manji et al. (1985). Another band appeared

in aIl p-Lg enriched fractions between the bands of p-Lg (variant B) and BSA (Figure

4.5 A); this band wasalso visible in the weIl corresponding to p-Lg standard and could

be thedimer of P-Lg. Figure 4.5 (A and B) indicate that p-Lg énriched fractions

obtained from LW andWPI extractedwith NaC and SHMP (Figure 4.l,step2 B)
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Figure 4.5: Electrophoretic patterns for enriched p-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 mairtly band correspondingto P-Lg; minor bands correspondiI1gto a-Lac and

BSA Vl/ere noted in NaC treated fraction. RP-HPLC (Figure 4.5) confirmed the identity

the bands sèparated by native electràphoresis. Electrophoreticpattems ofp-Lg

enriched fraction ~from WPC under native.· conditions (Figure ·4.5 showed greater

migration and diffused bands. In thépresence of SDS(Figure 4.5 B),thep-Lg enriched

fractions obtained from WPC showed band with MW 19,11.8 Oa compared to 18,080

Da for the same fractions from LW and WPI. This couldbe due ta heating anddrying

treatments (duringcommercial WPC preparation),which· can result in reaction of

lactose with<available lysine oftheP-Lg (Morgan et al., 1998). This was confirmed by

carbohydrate specific identification (Figure 4.5 C) which revealedthat p-Lg enriched

fractions from WPC is glycated with. greater.glycation in p-Lg enriched fractions

obtainedwith NaC thanwith SHMP.

Figure 4.6 shows the electrophoretic patterns for a-Lac enrichèd fractions

obtained from LW, wpC and .WPI extracted with NaC·. and SHMP without pH

adjustment (Figure 4.1, step2 A)undernativeconditions (Figure 4.6 A),in thepre~ence

of SOS œigure 4.6 B) and on nitrocellulose membrane with labeledcarbphydrate

moieties (Figure 4.6 C). RP-HPLC cIJ,romatogram of a-Lac enriched fraçtions from

LW, wpI and WPC extracted with NaC iSalso shown in Figure 4.6. a-Lac enriched

fractions fromLW, WPland WPC extracted withNaC. and SHMP without pH

adjustment (Figure 4.1, step 2 A), showed a mainband corresponding toa-Lac;minor

bands corresponding tOp-Lg and BSAwere also noted. The RP-HPLC chromatograms

ofa-Lac.enrichedfractionextracted with NaC without pHadjùstment (Figure 4.6)
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shows singlepeakscorresponding to a-Lac. Co-separation of p-Lg andBSA and other

proteinfractions, represent less than. 11% in aIl. a-Lac enriched fractions. (Table 4.1).

The co-separation of BSA may be explained bythe fact thatcalcium 1S a stabilizer of

BSA (Gurnpenet al., 1979) as it is for a-Lac (Bramaud etaI., 1995, 1997), and the use

of calcium sequestrant (suçh as NaCand SliMP).would result in a decrease of free

calcium ion cdncentrationand thus in botha-Lac and BSA destabilization.

Electrophoretic patterns of a-Lac enriched fraçtion from WPC under native conditions

(Figure 4.6 A) showed greater migration and diffused bands. In the presel'1.ce of sns

(Figure. 4.6 B), the a-Lac enriched fractionsobtained from WPC showed band with

MW 14,770 Da compared to 14,060 Da for the same fractions from LW andWPI. This

. can be related reaction ofIactose withavailable lysine of the a-Lac. This was confirmed

in Figure 4.6C which indicated that a-Lac enriched fractions from WPC is glycated and

co-separated p-Lg anq 13SA fractions werealsoglycated.

SnS-PAGEelectrophoretograms of a-Lac enriched fractions obtained. from

LW, WPC andWPI .extracted with NaC and SHMP with pH adjustment (Figure 4.1,

step 3) are shown in Figure 4.7. RP-HPLC chromatogrfim of a-Lac enriched fractions

from LW, WPI and WPC extracted with Nat with pH adjustment isalso shown in

Figure 4.7. The resùlts showed· that along with the· separation of a-Lac, minor bands

corresponding to ·BSA and P-Lg were.•. alsoobserved.Moreover, two faint bands

appeared above and below the bands of BSA .inall a-Lac enriched fractions and

between the bands of p-Lg and a-Lac in a-Lac enriched fractions obtained fromWPI.
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On average, theseco-separated bands represent .about 29% of the Ct-Lac enriched

fractions (Table 4. 1), indicating that solubilization of precipitated Ct-Lac with CaCh 1S

more selective without pH adjustment.

4.5 CONCLUSIONS

The present work has established the relative performance ofNaC and SHMP,

in combination with high salt concentration at low pH, to separate p-Lg and a-Lac from

LW, WPC and WPL Results showed that the use of NaC and SHMP were more

effective than other chelating agents. The use ofNaCas a chelating agent resulted in

yield of 47-69% of p-Lg enriched fractions· with purities ranging ±rom 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 purities 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 CaCh was more selective without pH adjustment. Our process

is an improvemènt over comparable processes for preparation ofcommercial quantities

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

THERMAL DENATURATION AND CONFORMATIONAL
STABILITY OF ~-LACTOGLOBULIN ISOLATED FROM
WHEY ANDWHEYPROTEIN PREPARATIONS

S.O CONNECTING STATEMENT

InChapter 4,.a methodwas developed to isolate p~Lg with re1atively high purity

and yi~lds,from ·liquidwhey (LW),. whey protein isolate (WPI), and whey protein

concentrate (WPC) usingdifferent chelating agents. Results showed that the useofNaC

and SH;rvIP were more effective than otherche1ating agents and the use ofNaC resulted

inhigh yield of p-Lg isolated fractions. The work descrihed in this chapter is an

evaluation of the thermal denaturation and structural stability of p-Lg fractions isolated

from whey .and whey protein preparations in Chapter 4, and addresses. the third

objective discussed in the "Rationale and Objectives ofStudy" section of Chapter 1.

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

publication as follows:

Alomirah, F.; Alli, 1.; ISI11ail, A. A.; Konishi Y. Thermal Denaturation and

CoIlformational Stability of p~lactoglobulin Isolated fromWheyand Whey Protein

Preparations. J. Agric. Food Chem.

Contribution co..authors: Alli, L (thesis supervisor); Ismail, A.. A.

(contributed to interpretation ofFTIR spectra); Konishi, Y. (contributed to interpretation

ofMS data).
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5.1ABSTRACT

The thermal and structural properties of p-Iactoglobulin (P-Lg) fractions isolated

from fresh liquid whey (LW),.· wheyprotein isolates. (WPI) and whey protein

concentrates (WPC) with sodium-citrate (NaC) or sodium-hexametaphosphate (SHMP)

were .investigated by differentialscanning calorirrtetry (DSC) and Fourier transform

infrared (FTIR) spectroscopy, respectively. The theromgrarnof p-Lg isolated fraçtions

showed a single transition with pe~k temperature (TÙ ranged from 80.7 to 83.5 in

deuterated buffer andrangedfrom 76.5 to 79.2 in aqueous buffer dependingon whey

source. Thep-Lgisolat~d. .fractionsshowed higher thermal stability compared to

commercial p-Lg standard. FTIR results showed that although using NaCand SHMP

may have p~rtially Unfol4ed certain regions of p-Lg isolated fractions, il may have

conferred stabilitYl0 other regions asevidenced by their higher. 1692 cm- I band

intensity at 75 oc. The FTIR spectraofp-Lg isolated fractions revealed a shift in the

1677, ·1635, 1625·cm -1 bands by 2cm-} compare to p-Lg standard,.indicating that their

structure was relatively tight and inflexible.Upon heating, p-Lg isolatedfractions

denatured without the formation ofaggregates as indicated by low intensity ofthe bands

. at 1684 and 1616 cm-l, suggesting thatthe addition ofNaC and SHMP may have the

ability to inhibit aggregate formation.
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5.2 INTRODUCTION

The most common functional properties attributedto whey proteins are

solubility, .viscosity, emulsification, foarning, water absorption and gel· formation. These

functional properties have been demonstrated to be affected by intrinsic (hydrodynamic

and thermodynarnic properties)·and· extrinsic •(environrnental conditions and processing

treatments) factors (Damodaran, 1994). These factors canalter the structure of whey

proteins andconsequently affect its functionality.Moreover, thevariability in whey

composition can also affect its functional properties. For example the relative ratios of

the proteins present in whey, such as .~-lactoglobulin (P-Lg), a-Iactalburnin (a-Lac),

bovine serum alburnin (BSA) and irnrnunoglobulins may vary as a function of the

bovine breeds, season,.arid animal feed. In qlost food applications,. whey proteins are

used as is, ratber than separating the individual protein, this accounts for thehigh

functional variability among cornrnercially available whey proteins products thereby

limiting their applications (Morrand Ha, 1993; Mate and Krochta, 1994). The use of

whey proteins in infant foods is limited due to the allergenicity of p-Lg of someinfants

(Gryboski, 1991), Accordingly, selective fractionation of the major whey proteins may

be one way to reduce the allergenicity .ofthe whey proteins. Furthermore, large scale

separation of the individual. wbey proteins can result in a better understanding of the

stru.cture-function relationship of these proteinsand inprovidingsuperior control of

protein composition.

p-lactoglobulin isapproximately 50% of the whey proteins in bovine rnilk, and

is primarily responsible for the physicochemicalproperties ofwhey proteins (Schmidt

and Morris, 1984; Kinsella and Whitehead, 1989). p-Lg consistsof 162 anüno acid
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residues andcontain two intramolecular disulfide bonds and one free buried thiol group;

the reactivityofthethiol group increasesatpHvalues above 6.8 (Haque and KinseUa,

1987), upon heating (KinseUa, 1982), or high pressure (Hosseini-nia et al. 1999) •and

may participatein forming intermoleculardisulfide bonds and in thiol-disulfide

interchangereaction. The secondary structure ofp-Lgconsists ofan a-helical content of

10-15%, a p-structurecontent of 50% and 20% tums, and the remaining 15-20%

represent .amino acid residues in arandomcoil arrangement (Casai et al., 1988) while

crystallographic studies indicated that tertiarystmcture of p-Lg is made up of nin~

antiparallelp-strands, eight of whichwrap round to fom ap-barrel, with an helix at the

external face .. This configuration has the ability. tobind and transportapolar, .lipophilic

or labile compounds (Papiz et al., 1986). At room temperature and neutral pH, the

quaternary structure of p..Lg· exist as a dimer. At pH· between 3.5 and 5.5, the dimll1ers

associate to form octarners which dissociate to monomers below pH 3.5 and above pH

7. 5 (Timasheff et al., 1966; Hamblinget aL, 1992).

Currently, thereis growing interest studying protein stability-function

relations (PSFR) rather than· traditional structure-fimction relations (Apenten •... a.nd

Galani, 1999) sim:e stability is easier to quantify than structure. Although, there is a

relative abundanceof information in the literatureon factors affecting the stability of

whey protein$and indiVidual whey protein standards (Boye 1995; Boyeetal., 1996b,

1997b, 2000), there is relatively limited information on the structural stability of p-Lg

proteins isolated from different whey protein· preparations. Inthis study, differential

scanningcalorimetry (DSC) and Fourier transform infrared (FTIR)spectroscopy; two

complementary techniques thathave becomewidely accepted for studying the thermal



and structural behaviour ofproteins (CasaI et al., 1988); were employed to investigate

the thermal and structural changes in P-Lgisolated from fresh liquid whey (LW),. and

solutions of whey protein isolates (WPI) and wheyprotein concentrates (WPC) using a

cheIating agent [sodium-citrate (NaC) or sodium-hexametaphosphate (SHMP)latpH

3.9 in the presence of 7% NaCI (Chapter 4).

5.3MATERIALSAND METROnS

5.3.1 Materials

p-Lg standard (containing variant A and B) (L...O130) was obtained from Sigma

Chemical Co. (St. Louis,MO) and used as received. Deuteriumoxide (D20) (> 99%)

was from Aldrich (Milwaukee, WI).

5.3.2 Samples Preparation

Protein solutions of p-Lg fractions isolated.from WPI, wPC and LW.extracted

with NaC or SHMP (Chapter 4), were extensively dialyzed against excess. volumes of

water fot 3•days.Prior to meastirer)1ents, aU proteins fractionswere further desalted 4

times using Centricon-lO filters (Amicon Ine., MA, USA). Desalted sampleswerethen

lyophilized and. stored at 4 oc. Complete absence of ehelatingagent attached to the

protein was eonfirmed byeleetrospray ioruzation mass spectrometry (ESI-MS) (Chapter

7).



5.3.3 Differentiai Scannlng Calorimetry

Solutions of. p-Lgstandard andp-Lg isolated fractions were prepared by

dispersing •• ~he .proteins in aqueous (H20) and deuterated (D20) phosphate buffer

solutions (0,01 M,pH 6.8; in this work the relation pD = pH + 004 was used) tomake

20% (wlv) solutions. The rationale for studying the effect of D20 and H20 as a

solvent was to determine whether replacement ofH20 with D20in FTIR experiments

influence the cOnformational stability of P-Lg. Typically,· 25·· j..I.L of each solution, were

placed in pre-weighed differential scanning calorimetry (DSC) pans, which were

hermeticallysealed and· weighed accuràtely. The samples were placed in the DSC

(TA3000, Mettler Instrument Corporation, Greifensee, Switzerland) and scannedfrom

. 15 to 100 oC at a programmed· heating rate of 5. oC/min. For each run, a sample pan

containing the buffer used for dissolving the proteins was used as reference. Mer

heating,the samples were allowed to cool to room temperature and theheating cycle

""as repeated under the same experimental conditions to determine the .degree to

which. the denaturation was reversible. Cooling of the samples betweenthe two

heatingcycles was done bythe use of a liquidair tank attached to the DSC. Degree of

reversibility was determined from the ratio of the areas ullder the second and first

endothermal peaks(Boye and Alli, 2000). The DSC was calibrated by use of indium

standards. Peak temperature of denaturation (Td) and heat of transition or enthalpy

(1:l.H) (area underneath peak) were computed from each thermal curve. I:l.H values are

based on the total weight of the protein solutions. Purity percentages samples were

determined .as the ratio ofp-Lg enthalpy (Mf) divided by total enthalpy (!:l..H)
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calculated by DSC for each sample. AlI DSe measurements were done in at duplicate

or triplicates.

5.3.4 Fourier Transform Infrared Spe.ctroscopy

Solutions of eachprotein sample (15%w/v) were prepared usingdeuterated

phosphate buffer solutions (pH 6.8)approximateIy one hour prior to the start of the

infrared measurements. Infrared spectr~ were recorded on a 8210E FTIR spectrometer

(Nicolet, Madison, WI) equipped with a deuteratedtriglycine sulfate detector. The

spectrometer was purged continüously with dry air from a Balston dryer (B(l1ston,

Haverhill, MA). 7 ilL oftheprotein solution was placedbetW~en two CaF2 windows

separated by 25 Ilm spacer and held in. a temperature-controlled infrared. ceIl. The

temperature of the sample was regulated by an Omega temperature controller (Omega

Engineering, Laval,. QC). The temperature was. increased in 5 oC increments and the

infraredcell allowed to equilibrate forS minprior to data acquisition. The reported

temperatures are accurate to within ± 0.1 oC. A total of 512 scansco-added at 4cm- l

resolution. Deconvolution of theobservedspectra wasperfol1:11ed usingOmnic 5.0

software (Nicolet, Madison, WI). The.deconvolution of the inftared 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- l with a band narrowing factor. of

2.4. The band assignments in the amide 1 area (1600-1700 cm- l
) were based on band

assignments from previous FTIR studies (CasaI et al., 1988; Susiand Byler, 1988; Boye

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

504.1 Thermal Stability ofp-Lg

Figure 5. LshowstheDSC thermograms of~-Lg~tandard and ~-Lg fractions

isolated from WPI, WPC and LWextraeted with. NaC or SHMP (Chapter 4);. the

thermal analysis was done in deuterated (D20) phosphate buffer(pH 6.8). Table 5.1

shows the puritY % of ~-Lg.isolatedfractions and the thermodynamic.parameters. With

the expectation of ~-Lg isolated from WPI with NaC (p-Lg-WPI-NaC), the purity .ofthe

~-Lgjsolated fractions ranged from 82 to 95%. Thesevalues are in agreement with

values obtained by RP-HPLC for the same ~-Lg isolated fractions (Chapter 4). RP

HPLC also revealed the presence of sma1l.amounts ofa-Lac and.I?SA.A notable

exception is the ~-Lg-WPI-NaC fraction. RP-HPLC revealed that this fraction had a

puritygreater than 93% (Chapter 4), whereasa 56% purity was estimated from the DSC

data. The source oftmsdiscrepancy may be attributedto the presence of srnaH peaks at

thelow temperature sicle ofthe main ~-Lg transition peak in the DSC thermogram. Qi et

al., 1995, reported that~-Lg solutions at lowconcentration andat pH6.75 .and pH 8.05

gave complex thermograms with smaH pëaks at the low temperatureside of the peak.

These peaks were attributed to the .dissociation of the dimer beforedenaturation(Qi et

al., 1995).

The theromgram of ~-Lg standard in deuterated buffer (Figure 5 1) shows one

transition withpeaktemperature (n) at 75 oC and enthalpy (1.lH) oflAJ/g (Table 5.1).

Similar values have beenreportedbyBoye et al. {1996b)under the same conditions.

Cooling of the sample followedbyreheating (second heating cycle)tesulted in the
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Figure. 5.1:. DSe thermograms of p-Lgstandard andp-Lgfractions isolated
from WPI, WfC and LW extracted with NaC or SHMP. Heating at 5 0 C/min
from15 to 100 oC in.deuterated phosphate buffer(O.01 M, pHA8). p-Lg = p
lactqglobulin; WPI = whey protein isolate; WPC= whey protein concentrate;
LW = liquid whey; NaC = sodium-citrate; SHMP sodium
hexametaphosphate.

96



Table5.1:DSC chttracteristics of p""!actoglobulinstandard and p-lactoglobulin
fractions isolatedfrom wheyproducts Il

name

p-Lg-STD

P-Lg-WPI-NaC

P-Lg-WPI-SHMP

p-Lg-WPC-NaC

P-Lg-WPC-SHMP

P-Lg-LW-NaC

p-Lg-LW-SHMP

lst heating cycle 2nd heating cyèle

solvent Td AH Purity Td fjJf Reversibility

eC) (J/g) (%) COC) (J/g) (%)

D20 75 1.4 100.0 77.1 0.05 3.3

D20 80.7 0.6 56.3 81.7 0.05 7.9

020 80.8 9T9 78.5 0.08 13.3

D20 82.5 0.6 82.2 77.7 0.04

D20 83.5 0.6 88.7. 80.9 0.02 3.8

D20 81.3 0.7 95.3 0.00 0.0

D20 81.1 0.7 89.0 0.00 0.0

P-Lg~STI) H 20

P-Lg-WPI-NaC H20

p-Lg-WPI-SHMP H20

p-Lg-WPC-NaC H20

p-Lg-wpC-SHMP H20

p-Lg-LW-Na.C H 20

p-Lg-LW-SHMP H20

72.5 1.5

76.5 0.7

78.3 0.8

79.2 1.5

76.5 1.0

77,.5 0.6

78.1 0.4

98.5 70.3 0.02

50.0 75.9 0.04

81.7 0.00

96.5 0.00

98.1 0.00

91.7 75.7 0.01

75.0 0.00

1.5

5.9

0.0

0.0

0.0

2.0

0.0

a Td, peaktemp.erature of denaturation;l1lf,enthalpy ca1culated asarea undemeath P
Lgpeak; % purity, enthalpy calculated for p-Lgdivided. by total enthalpy calculated
for each sample x 100; %reversibility, enthalpy calculated fromeach heating cycle
divided byenthalpy of thefirst heatinKcycle x 100; p-Lg. p-Iactoglobulin;WPI =

whey protein isolate; WPG=\\ihey proteinconcentrate; LW = liquid whey; NaC =

sodium-citrate; SHMP =sodium~hexametaphosphate.
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reappearance of one transition with peak temperature (Td) at77.1 (le and low.enthalpy

(tili) ofO.OS J/g, indicating3.3 % reversibility (Table S.l). These resultsdemonstrate

that p-Lg no longer show endothermal heat effect of unfolding in the second heating

cycle. Jhese results agree with statement that .p-Lg isirreversible once intermoleêû1ar

aggreg(l.tÎonhas began{\Vong etat., 1996). The TdOfp-Lg isolated fromWPI with NaC

and SHMP was 80.Tand 80.8 (lC respectîvely, fromWPC wereS2.5 and .83.5 (lC

respectivèly, and from LW w~re 81.J and 81.1 (lC, respectiveIy. These results indicate

that p-Lg fractions showed different Td depending on the source of whey {i.e.,WPI,

WPC and LW),butnoton theuseofdifferent chelating agents. (i.e., NaC.and SIfMP).

The increase in the thermal stability of aU p-Lg isolated fractions. compared to

. that ofp-Lg standardcannot be attributed to presence ofotherproteins in these fractions

sincepreviousreportsindicate that p-Lg was legs thermally stable when heated in the

presence of a-Lac (l3oye etaI., 2000) ofK"casein (Park and Lund, 1984). AIso, the

therrnalstability could not arise from the presence of NaClsînce all. sam.ples were

extensîveIy desalted. Therefore, increased thermal stabiIity ofp-Lg isohlted fractions

may be attributed to conformational change inp-Lg. Table 1 shovvs thatMi ofp-Lg

isolated fractions ranged between 0.6 and 0.7 J/g whichis substantially 10werthan&H

ofP-Lg standard (1.4 J/g). It is interestingto note that while p-Lg îsolatedfractions are

more thermally stable, they required less amount· ofenergy to.unfold than ·p-Lg

standard. These results suggest that theaddîtion ofachelatingagents (NaC andSHMP)

may have partially unfolded certain regibns of P-Lg resulting in .lowering the .t:Jf and

conferred stability in other regions of the protein resulting in higher Td . Similar effects

were reported for P-Lg heated in the presence of SDS (BoyeandAIli, 2000).
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Furthermore, ESI-MS .. analysis of p-Lg samples revealed the absence of residual

chelating agents, therefore, it is unlikely that theichange in the M-land Td are attributed

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

Table 5.1 shows the Td of p-Lg isolated from WPC, extracted with NaC and

SHMP, increased by 1.8 and 2.7 oC respectively compared to the Td ofp-Lg isolated

from WPI,and increasedby 1.2 and 2.4 oC compared to the Td of p-Lg îsolated from

LW.· Cooling of p-Lg fraction isolated from WPC followed by reheating (second

heating cycle) was found reversible by 6.5% for NaC-treated WPC andA% for SHMP

treated WPC samples. These values are higher than the "reversibility (3.3%) of p-Lg

standard. Similar results were also obtained forWPI, whichexhibiteda reversibility 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 stabilityand reversibility of p-Lg fractions obtained

from WPCand WPI. The stabilizing effect may be .attributed to the presence of lactose.

Previous studies employing electrophoresis (Chapter 4) and ESI-MS (Chapter 7)

indicated ~hat the p-Lg frac~ion isolated from WPC. and WPI were partially glycated,

while p-Lg isolated from LW was nonglycated.G1ycation of thesefractions couldbe

due ~o the presence ofhigh concentrations oflactose during the preparation ofWPC and

the processing ofWPI. In the case of LW, the samples were less than one-day old,

therefore, rninimizing the chance of p-Lg glycation. Earlier studies using DSC (Boye

and Alli, 2000) and FTIR (Boye et al., 1996b) have confirmed the. stabilizing influence

of sugarson P-Lg.· Bouhallab· et al. (1999) suggest that la.ctose protectsp-Lg from

precipitation through sterie hindrance and high surface hydrophilicity that prevents the
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thiol-disulfide exchange reactions. ESI-MS studies (Chapter 7) also revealed that ~-Lg

obtained from WPC containedapproximate1y 12-14 sugar residues per prQtein

molecule, while only 2-4 residuesdfsugarwere found in the ~-Lg isolated from WPI. It

is of interest to note that the percentage reversibility· of ~-Lg .isolated from WPI was

greater thanthat of ~-Lg isolatedfrom WPC..It may be possible that the number of

sugar residuesattached to theprotein mayplaya key role in the reversibility of the

protein.

Figure 5.2 shows the DSCthermograms of ~-Lg standard and ~-Lg fractions

isolated .from WPI, WPC and LW extracted with NaC or SHMP (Chapter 4); the

thermal analysis was done in aque01.~s (H20) phosphate buffer (pH 6.8). l'able 5.1

shows that purity of ~-Lg isolated fractions, except for ~-Lg fractions isolated from

WPI and extracted with NaC (~-Lg-WPI-NaC), ranged from 75 to 98%; these values

are relatively lower than values obtained by RP-HPLC for the sameisolatedfractions

(Chapter 4). The theromgram of~-Lg standard in aqueous buffer shows single transition

with peak temperature/Td) at 72.5 oC andenthalpy (LlH) of 1.5 J/g (TableS.l). Similar

values havel:'>eenreported by Boye and Alli (2000) under similar conditions. Cooling of

tms sample foUowed by reheating (second heating cycle) resulted in the reappearance of

onetransition withpeak temperature{Td)at 70.3 oC and 10w enthalpy (LlH) of0.02 J/g

indicating 1.5% reversibility compared to 3% reversibility in deÎlterated buffer (Table

5.1). The Td of ~-Lgstandardinaqueous bufferd.ecreased by 2.5 oC from Td of ~-Lg

standard in deuterated buffer (Table 5.1). Similarly, Verheul et al. (1998) found that ~-
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~-Lg-LW-SHMP

~-Lg-LW-NaC

~-Lg-WPC-SHMP

~-Lg-WPC-NaC

~-Lg-WPI-SHMP

~-Lg-WPI-NaC

~-Lg-STD

60 70 80
Temperature (0 C)
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Figure 5.2: DSC thermogramsofp-Lg standard andP-Lg fractions isolated
from WPI, WPC and LW extracted with NaC or SHMP. Heating at 5 0 C/min
from 15 to 100 oC in agueous phosphate buffer (0.01 M, pH 6.8).p-Lg = p
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 oC higher in D20compared to H20. The stabilizing

effect of D20 was explained by an increase in hydrophobie interactions and/or an

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

AU ~-Lg. isolated fractions in aqueous buffer showed increased thermal stability

compared to ~-Lg standard but withlower MI. The Td of an~-Lg isolated fractions in

aqueous buffer were lower by 2.5t07 oC over that in deuteratedbuffer, indicating less

conformational stability. Table 5.1 indicate that MI of p-Lg isolated fraction, except for

~-Lg fractions isolatedfrom WPC, were more or less the same. as in. aqueous .buffer

(~0.6 J/g). Similar findings have been reported by Verheul et al. (1998) that MI of the

transition of a ~-Lg is not significantly influenced by D20.

5.4.2 Structural Changes ofp-Lg by FTIR Spectroscopy

In trus study changes in the position and<relative intensities of the amide 1bands

in the amide 1 band absorption region between 160.0 and 1700 cm- l in the infrared

spectra of the protein was considered. Figure 5.3 (A-D) shows deconvoluted infrared

spectra of the p.,Lg standard and~-Lg fractions isolatedfrom WPI, WPC and LW

extractedwith NaC or SHMP (Chapter 4) in deuterated phosphate buffer(pH6.8) at 25,

55, 75 and 95 oc. Theprinciple bands in the spectraof~-Lg are shown .in Table 5.2.

The band assignmentsin Table 5.2 are based on previous infrared studies of ~-Lg by

Susi and Byler, 1988, CasaI et al., 1988; Boye et al., 1996b. FTIR spectroscopy data

revealed that at ambient temperatures the secondary structure of the ~-Lg isolated

fractions were comparable to that of the ~-Lg standard. Examination of the infrared

spectra of ~-Lg fractions isolatedfrom WPC at ambient temperature, revealedthe
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Figure 5.3: Deconvoluted infrared spectra of. p-Lg standard and f3-Lg isolated
fractions (15% w/v) in deuterated phosphatebuffer (pH 6.8) at temperature 25
(A), 55 (B), 75(C) and 95°C (D).f3-Lg == p4actoglobulin;WPI == whey
protein isplate; WPC == whey protein concentrate; LW == liquid whey; NaC ==
sodium·cit1""ate;.sHMP==sodium~heX:ametaphosphate;
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Figure 5.3: (continued).
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Table 5.2: Frequencies (cm-1
) and band assignments of the amide I regions of p

lactoglobulin a

peak position ••. .. peak position
. (cm-1) ·bandasslgnment (cm-1) band assignment

1690-1693

1683

1674-1680

antiparaUeLp-tums 1643

antiparaUeI p-sheet 1637
orp-fums

antiparaUeI p-sheet 1630-1635

randomcoiI

antiparallel p7"sheet

antiparaIleI p-sheet

1656-1658 a-helix 1623-1625 p-sheet

1647-1650 a-?elixand random 1612
coll

p-sheet aggregated strands

a Susî and Byler, 1988, CasaI et al., 1988; Boye et al., 1996b.
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presence ofbroad amide l compared to the other protein spectra (Figure S.3A). The

absence ofwell defined peaks may be attributed to the presence. of multiple populations

of p-Lg with varying amounts ofglycation. -ESI-MS data revealedthepresence of(3-Lg

with 2-14 sugarresidues (Chapter7). The infrared spectraof(3-Lg at 25 OC (Figure 5.3

A) shows a weak band at1692 cm-l, attributed to p-type structure (Boye et al., 1996b).

Changes inthebandintensity of the 1692 em-1band have been attributed to hydrogen

deüterium exehange in p-type structure andassoeiated with theonset ofunfolding of (3..

Lg upon mild heattreatment ofthe protein(Boye et al., 1996b) and thus may ref1ect the

tertiary structure of theprotein. Aeeordingly, the 1692 cm-1 bandean be used as an

indicator of the native state of the protein. Results indicate that the relative intensity of

this band was dependent on the nature of the chelating agent. At 25 oC, p-Lg extraeted

with SHMP showed lower intensity of 1692 cm-I to that of the p-Lg standard while p

Lgextracted with NaC. show a marked decrease in the intensity of the 1692 em-1 band.

Theintensity ofthe 1692cm-l band graduaUy decreasedupon heating the p-Lg solution.

These results are in agreement with thQse previouslyreported by Boye et al. (1996) who

reported the disappearance of the 1692 .cm-l band at 65 oC. However,allp-Lg isolated

fractions were more thermally stable than the p-Lg standard. This was refleeted in the

faet that aU p-Lg isolatedfractions had to be heated to 85 oC in order to unfold the

protein. Heatingabove 90· oC,. resulted in the complete disappearanee of this band in aU

samples. The results suggest that although addition ofeh(;;lating agents CNaC and

SHMP) used for the isolation of p-Lg may have partially unfoIded certain regionsof p

Lg resulting in aninitialdeerease in the 1692.cm-l band intensity, it may have eonferred

stabilitytoother regions ofthe protein. These findings are eonsisten.twith thé DSCdata,
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wruch show~d that the ~ ..Lg isolatedfractions have higherthermal stability compared to

commercial ~-Lg standard.

Agove 75 oC, p-Lg standard artd~-Lg isolated fractions showed the appearance

of two new bands atapproximately 1684 and 1618 cm-li these bands have been

assigned previously to intermolecular antipara.llel ~-sheet stemming from aggregate

formation, upon denaturation, with the. simultaneous decrease in band intensities 1677

and 1635 cm-l (assigned to intramolecular antiparaUel p-sheet) and .1625 cm-l (~-sbeet)

(Susi and Byler, 1988, CasaI et al., 1988; Boye et al., 1996b). The extent ofaggregation

was significantly variable based on 1684 and 1618 cm-1hands intensity. p-Lgfraction

isolated from WPI· extracted with NaC denatured to the same extent as the ~-Lg

standard. Ail othersamples showed milÛmal aggregate formation. This is supported by

the observation thatafterscanning in the DSC, these samples formed weak gels.

Furthenllore, p-Lg obtained .frmn WPI extracted with SHMP aggregated the least and

upon coolingit was found to retain sorne ofitssecondary structure (Figure 5.4). This is

further supportedbythe DSe data that showed a 13.3% reversibility ofthis.fractlon.

In order to ascertain effect of ternperature on.· the· majorsecondary· structure

domainsof·p-Lg. a plot of the percent decrease in the intensity of the 1635 cm"l

(antipara.Uel ~-sheet) band in IR spectraof ~-Lg standard and~-Lg isolatedfractions as

a filllction of increasing ternperature was generated (Figure5.5). Thedecrease in the

intensity of the 1635cm-1 band in IR spectra of ~-Lgfractionsextracted with NaC and

SHMP were simila.r and· accordingly only the plot ofthe drop in the intensity of1635

crn-Iband in IR. spectra of~-Lg fractions extracted with NaC are shown in Figure 5.5.

The similarity in .. thermally-induced unfolding of the antiparallel p-sheets in all~-Lg
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fractions extracted with NaC and SHMP revealedthatnature of the chelating agent did

not affect thedenaturation profile ofthe protein while the source of whey (WPI, WPC

and LW)· had a more pronounced effect. Thesefindingsare consistent with the DSC

data, which showed similar thermal stability for ~-Lg fractionsextracted with NaC and

SHMP for the same whey sources.

Beatingthe p-Lg standard.from 25 to 55°C, resulted in a graduaI decrease in the

intensityof 1635 cm~l; tbis drop is attributedto the partial unfoldingof the protein

without aggregate formation (Boye etaI., 1996b). Above 60°C, the intensity of 1635 cm

-1 decreasedrapidly indicating substantialunfolding of the antiparalleI p-sheets in the p

Lgstandard (Figure 5.5). The decrease in the intensity of 1635 cm-1 for p-Lgfraction

isolated from WPC extracted with NaC <p-Lg-WPC-NaC) as a functionof increasing

temperature was similar to thatofthe p-Lg standard. However, the rate unfolding ofthe

protein was much slower in the case ofWPC (Figure 5.5), will multiple tnmsitions. The

presence of multiple transitions could result from the heterogeneous population of

glycatedp-Lg isolated from theWPC. Thetheromgram in the DSC ofp-Lg from the

wpC was also broader indicative ofthe presence of a heterogeneous population· (Figure

5.1).

On theotherhand, P-Lg fractions isolated from WPI and LW (p-Lg-;WPI-NaC

and P-Lg-LW-NaC) showed similar drop in the intensity 1635 cm---1 in the

temperature rangebetween 25-55 oC and 55-100 oC; with p-Lg..LW-NaC exhibiting a

slower rate ofunfolding relative toP-Lg-wpI-NaC.In aIl cases, thep-Lg isolated

fractions unfolded at a slower ratecompared to the p-Lg standard. These findings are
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Figure 5.4: Deconvoluted infrared spectni of P-Lgi standard and P-Lg-WPI
SHMP fraction (15% w/V) in deuterated phosphatebuffer (pH 6.8) at
temperature 25 oC after heating to 100 oC. p-Lg = p-Iactoglobulin; wpI=
whey protein isolate; SHMP = sodium-hexarnetaphosphate.
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Figure 5.5: Plot of drop%in theintensity ofthe 1635 cm-} band in the infrared
speçtra ofp-Lg standard and p-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 p-Lg isola.ted fractions.

Another difference between the infrared spectra of standardp-Lg and p-Lg

isolated fractions as a function of increasing temperature, wasthe shift in the 1677,

1635, 1625 cm -1 bandsby2 cm-1tohighefwavenumbers in allp-Lg isolated fractions

as compared to that ofp-Lg standard. This· shift. in the amide 1 band to hig4er

wavenumbers canbe attributed to increase in the strength· orthe C=O bond stretching

vibration resulting from adecrease in hydrogen bonding (Krimm and Bandekar, 1986).

This suggests th:it the structure ofaUp-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 spectroscopie studiesrevealed that the secondary structure at

ambient temperatureof p-Lg isolatedJrom different whey sources (WPC,WPI, LW)

was comparable to that. of the p-Lg standard. In addition, the use of SHMP as a

chelating agent resulted in an increased stability of. the. native structure ofP-Lg.

However, the thermally induced unfolding of p-Lg isolated fractions was more

dependent on the source of the protein than on the chelating agent employed to isolate

thep-Lg. Furthermore, FTIR. and DSC results indicated that aIL~-Lg isolated fractions

exhibitincreased thermal stabilityover the ~-Lg standard. Both DSC and FTIR studies

also revealed that p-Lg .fractionsisolated from WPC contained aheterogeneous

population ofglycated p-Lg with varying thermal transitions.
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CHAPTER 6

THERMAL DENATURATION AND CONFORMATIONAL
STABILITY OF a-LACTALBUMIN ISOLATED FROM .WHEY
AND WHEY PROTEIN PREPARATIONS

6.0 CONNECTING STATEMENT

In ·.Chapter 4, a.method was ·developed to isolate a-Lac with re1atively high

purity and yields, from liquidwh~y (LW),wheyprotein Isolate (WPI), and whey protein

concentrate (WllC) using differentchelating agents. Results showedthatthel1se ofNaC

and SIDv1P were more effective than other che1atingagents 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 stabilityof a-Lac fractions

isolated frOID whey and whey. protein preparations in Chapter 4, andsatisfies 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 Oe. submitted. for

publication as foUows:

Alomirah, H. F.; Alli,!.; lsmail, A. . Konishi Y Thermal Denaturation and

Conformational Stability of a-lactalbumIn Isolated from Whey and Whey Protein

Preparations. J. Agrie. Food ClJem.

Contribution of to-authors: Alli, I. (thesissupervisor); Ismail, A. (côntributed

to interpretation of FTIR spettra); Konishi, Y (contributed tb interpretation of MS

data).
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6.1 ABSTRACT

The thermal and structural properties of a-Iactalbumin (a-Lac) standard and a

Lac fractions isolatedfrom fresh liquid whey·(LW), whey protein isolate.(WPI) and

whey proteinconcentrate.(wpC)extractedwithsodium-cîtrate (NaC) or sodium

hexametaphosphate (SHMP) at lowpH (3~9) wereinvestigatedby differential scannirig

calorimetry (DSC) and Fourier transfonn infrared (FTIR)spectroscopy, respeetiveIy.

The theromgram of a-Lac standard.in deuterated buffer shows two reyersible transitions

Withpeak temperature (Td)at 35 oC and 645 °Ccorresponding to the denaturation of

the apo-form (Ca2+-free) and holo-form (Ca2+ .-bound) of a-Lac, respectively.

Reversibility percent of .holo-form was higher than that of apo-form indicating that

removal of Ca2+greatly decreasesthe thermal stability of a-Lac but the protein retains

the folded conformation in the absence of Ca2+ Thethermograrns of a-Lac isdlated

fractions in deuterated bufferrevealed the presence of a single thermal transition (holo

a-Lac) with Td lower than that of a-Lac. standard· but with higher reversibility percent.

DSC showed that the use ofNaC resultedin a slow interconversionbetween apo-form

and. holo-form when a-Lac solutions have concentrations of Ca2+higherthan that of

protein. FTIR results •iIlustratedthat hold-a-Lac haye .lo-wer relatiye intensity values of

31O-helix and a-helixthanapo-a-Lacindicating slower rateofHJDexchange in the

undeuterated 3 1O-hêlix(H) component due to.· increased structural·.stabjlity.··Moreover,

resuIts showed that a-Lac fractions extracted with SHMP have lower values of310-helix

and slower rate of increase ina-heIix than in a-Lac extracted with NaG,suggéstiI1g less

unfolding in the helical structure of SHMPtreated sampIes.
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6.2 INTRODUCTION

a-Lactalbumin(a-Lac), i8 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. a-Lac presents major interest

for the foodindustry because of itsfunctional and nutritional charaeteristics. For

example, a-Lac can be used in infant fonnulae instead of whey to·· mimic human milk

which result in reduced Jevels of p-Iactogl6bulin which.· is a potential allergen

(Gryboski, 1991). Alsq, a-Lac can be used innutraceutical because of its high

tryptophane content and in meringue-like formulations due toits enhanced whippability

(Zydney, 1998). The primary structure of this globularprotein consists. of 123 amino

acid residues,· contains four intramolecular disulfidebonds, and contains no free· thiol

groups. Crystallographic studies reported that the secondary structure of a-Lac·consist

ofan a-helical. content of 30%, a 310 helices content of20% with p-structure content of

6% and the remaining 44% represent amino acid residues in a random CoiI arrangement

while the tertiary structure a-Lac is made<up of a-domain which consists of four a

helices. and twoshort 310 helices and ofp-domain which consists of a triple-stranded

antiparallel p-sheet, a ~ 10 helix and seriesofloops (Acharya et al., 1989; Pike et al.,

1996). This macromolecular structure of a-Lac has a high degree of homology with

lysozyme.. a-Lac contains a single tightly bound calcium (Ca2+), the binding site being

essentially identical in aIl the knowna-Lac crystal structure. (Pike et al., 1996). The

binding site for the Ca2
+ is located in a loop between the 3 10 helix (p-domain) and an a

helix (a-domain).
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The binding of Ca2+stabilizes the structure of native a ..Lac (Hiraoka.et al.,

1980). The apa-form (Ca2+-free) and holo-fonn (Ca2+ "bound)of a-Lac has peak

temperature (Td) at 35 and 64 oC corresponding to the denaturation, respectively (Boye

et al., 1997a;Baye and Alli, 2000). Although theapo-fonn is less stable tha.h the holo

fonn and its refolding Is much slower. (Hiraoka and Sugai, 1984; Kuwajima et al., 1989;

Forge et al., 1999), thefolded confonnatipn of the two native forms .aresimilar

(Kuwajima et al., 1986; Kuwajima et al., 1989; Forge et al., 1999), based onen and

NMR studies; they concluded that the stability of molten globule (native-likestructure

inpartiaHy folded protein) fonned. under refoldingconditions. is enhanced by Ca2+,

When a-Lac is subjected to various physicochemicalconditions such as low pH values,

heated above 50 oC andbinding ofions, the native state(N) of a-Lac mayundergo

various conformational transition to form themolten globule state(A), which isa stable,

partiaHy folded state (Kronman, 1989). Underthèse conditions the protein will

aggregate and precipitate. This phenomenan of a-Lac has beçh applied ta the

fractionation of individual wheyproteins (Bramaud .et al., 1997).

Presently, there is growing interest in understanding the relationship between

structure stabilityand protein furlCtion té improve the utiliz;ition of wheyproteins in

food systems; tbis is because stability is easier to quantify than structure (Apenten and

Galani, .1999). Although, there is a relative abundance of infonnation in the literature on

factors meeting the stability of whey proteins and individual whey proteih standards

(Boye 1995, Boyeet al., 1996, 1997a, b; Boyeand Alli, 2000), there is relatively limited

information on the structural stability. of a-Lac .proteinsisolated from different whey

protein preparations. In tbis study, differential scahning calorimetry (DSC) and Fourier
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transform infrared (FTIR) spectroscopy; two complementary techniquesthat have

become widely accepted for studying the thermal and sttucturalbehaviourof proteins

(CasaI et aL, 1988); were employed to investigate the thermal and structural changes in

a-Lac isolated from fresh Iiquid whey (LW), and solutiqns ofwhey pfotein isolates

(WPl) and whey ptot~inconcentrates(wpC) usingachelatingagent [sodiuI11~citrate

CNaC) or sodium-hexametaphosphate (SIDv1P)] at pH 3.9 inthe presence of 7% NaCI

(Chapter 4).

6.3<MATERIALS AND METROnS

6.3.1 Materials

The a-Lac standard (L-6010, calcium depleted containing less than 0.3 mot of

Ca2+/mot of a-Lac) wasobtained fromSigmaChemical Co. (St. Louis, MO) andused

as received. Deuterium oxide (D20) (> 99%) was from Aldrich (Milwaukee, WI).

6.3.2 Sampies. Preparation

Protein solutions of a-Lac fractions isolated from WPI, WPC and LW extracted

with NaC or SHMP (Chapter 4), were extensiyely dialyzed against excess volumeS of

water for three days. Prior to measurements, all proteins fractions were further desaIted

4 timesusing Centricon-lO filters (Amicon Inc., USA). Desalted samples were

theJ1lyophilized.and storedat AOC. Complete absence ofchelating agent attached to the

protein was confirmed by eIectrosprayioni~ation mass spectrometry (ESI-MS) (Chapter

7). The holo-conformer was obtained byadding CaCh to a-Lac deuterated solution toa

final concentration orO.5 M(Boye etat, 1997a).

116



6.3.3 Differentiai Sca.nning Cél10rimetry

Solutions of a-Lac standard and a-Lac isolated fractions wereprepared by

dispersing the proteins in aqueous (HzO) and deuterated (D20) phosphate buffer

solutions (0.01 M,pH 6.8; in this work the relation pD = pH + 0.4 was used) to ma.ke

20% (w/v) solutions. The rationale for studying the effect of0 20 and H20 as a solvent

wasto determine whether replacelllentofH:zO with D20 inFTIRexperiments influence

the conformational stability ofcx-Lac.Typically, 25 ilL ofeach solution, were placedin

pre..weighed differential scanning calorimetry. (DSC) pans, which were hermetically

sealed and weighed accurately. The sample$ Were placed in the DSC (TA3000, Mettler

Instrument Corporation, Greifensee, Switzerland) and scanned from 15 to 100 oC at a

programmed heatingrate of 5 oC/min. Foreach run, a sample pan containingthe buffer

used for· dissolving theproteins 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 twoheating cycles was done by the I.lse

ofa liquid air tank attachedto the·OSC. Degree of reversibility was determinëd 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

(Td) and heat oftransition or enthalpy (6.H)(area underneath peak) were computed from

each thermal curve. /1H values are basedon the total weight of the protein solutions.

Purity percentages of samples were determinedas the ratio of apoand holo-IX-Lac

enthalpies (6.H) divided by totàlenthalpy (/1H) calculated by OSC for each sarnple. AlI

OSC measurements were done in at leastcluplicate.
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6.3.4 Fourier Transformlnfrared Spectroscopy

Solutiqnsofeachproteinisample (15% w/v) were pn:~pared using deuterated

phosphate buffer solutions (pH 6.8) approximatelyone hour prior to the startof the

infraredmeasurefuents.. lnfrared spectra were recorded on a 8210E FTIR Specttometer

(Nicolet, Madison,WI) equipped i with deuterated tnglycine sulfate detector. The

spectrometer was purged continuously with .dry .air from. a iBalston dryer (Balston,

Haverhill, MA). 7 I-tL of the protein solutionwas placed between Caf2 windows

separated by 25 I-tmspacer and held in atem.perarure-controlled infrared ceU. The

temperatureof the sample was regulated by an Omega temperaturecontroller (Omega

Engineering, Laval, QC). The temperature wasincreased in 5 oC incrementsand the

infrared cell aUowed to equilibrate for 5 minprior to data acquisition. The reported

temperaturesare accurate to within ± 0.1 oC. A total of 512 scans co"added at 4cm-1

resolution. Deconvolutionof the· observed spectra was performed using Omnic 5.0

software (Nicolet, Madison, WI). Thedeconvolution <?fthe infrared spectra was camed

outas described by Kauppinen et al. (1981). The signal-to-noise ratio \Vas >20000:1,

and ~he bandwidth used fordeconvolution was 13 cm- I with a bandnarrowing.factor of

2.4. The band assignments in the amide 1 a.rea (1600-1700 cm- l
) were based on band

assignments from previousFTIR studies (CasaI et al., 1988; Susi and Byler, 1988; Boye

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

6.4.1 Thermal. Stability of a-Lac

Figure 6.1 shows the DSC thermograms of a-Lac standard and a-Lac fractions isolated

from WPI,. WPC and LW extractedwith NaCor SHMP (Chapter 4); .the thermal

analysis was done in deuterated (P2()) 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 isolatedfrom WPCwith NaC (a-Lac-wPC-NaC), the

purity of the a-Lac isolated fractions ranged from 83 to 95%. These values agree \Vith

valuesobtained by RP-HPLCfor the same isolatedfractions (Chapter 4). The lowpurity

.% in a-Lac-WPC-NaC (73.9%) can be attributed to the presence of additional peak

between thetwo main transitions of a-Lac (transition A and B)(Figure 6.1). This peak

has a peak temperature (Td) ai 44.0 oC and enthalpy (t:..H) of0.22 (datanotshown). It is

possible that tms peak represent the glycated apo-conformer of a-Lac aspreviousstudy

reported that apCl-a-Lac in deuterated buffer containing.50% (w/v) of glucose and

sucrose has Td of44.6 and 43.7 oC, respectively(Boye etaI., 1997a).

The theromgram of a-Lac standard.in deuteratedbuffer shows two transitions

with peaktemperature (Td) at 35 oC (transition A) and 64.5 oC (transitionB) and with

enthalpies (Ml) of 0.91 and 0.62 J/g, respectively (Table 6.1). Similar values havebeen

reported by Boye et al. (1997a)·. under the same. conditions. These transitions are

corresponding to the. denatllration of the .• apo-form (Ca2
+-free) and ho10-form (Ca2

+ 

bound) of a-Lac (Relkin et al., 1993; Boye et al., 1997a; Hendrix etai., 2000; Boye and

Alli, 2000). Results indicatethat 600/0 of a-Lac standardexist as apo-fofl11andholo-
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a-Lac-LW-SHMP

ex-Lac -WPC-NaC
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Figure 6.1:DSC thennQgramspfa-Lac. standard and a-Lac fractions iso1ated
fromWPI, wpC and LW. extracted with NaC or SfIMP. Heating at 5 oc /min
from 15 to 100 oC in deuterated phosphate buffer(O.Ol M, pH 6.8).a.,.Lac == (X

lactalbumin; WPI· ==Vihey proteinisolate;WPC = whey. protein .concentrate;
LW = .liquid whey; NaC = sOdium-citrate; SfIMP = sodium
hexametaphosphate.
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Table 6.1: DSC characteristics of apo andholo-a-Iactalbumin standard and a-Iacta.lbumin·.ftactions isolatëd .from whey
productsa

---........-------------..................---................--.........- ........-----................- .......- ....-................-----
name solvent

lst heating cycle
A (apo) B (holo)

Td Ml Td Ml
(OC) (J/g) eC) (J/g)

Purity
(%)

2nd·beating cycle ~..dheatingcycle
A (apo) B(bolo) A (apo) B (holo)

Reversibility
(%)

a-Lac STD

a-Lac-WPI-NaC

a-Lac-WPI-SHMP

a-Lac-WPC-NaC

a-Lac-WPC-SHMP

a-Lac-LW-NaC

a-Lac-LW-SHMP

DzO

D20

DzO

D20

D20

DzO

DzO

35.0 0.91 64.5 0.62

37.6 0.12 61.4 0.62

34.00.06 62.7 0.89

33.5 0.24 66.0 0.39

34.4 0.06 63.0 0.97

39.7 0.19 60.0 0.56

34.4 0.04 62.4 0.80

96.9

87.4

92.3

73.9

91.0

95.4

82.6

60.2

86.1

76.0

27.4

57.4

15.8

0.0

70.3 37.2

89.3 71.1

96.5 43.3

82.7 17.0

69.5 47.5

90.0 14.0

68.4 0.0

45.5

82.9

91.8

82.3

58.2

63.6

44.1

>-'
N
>-'

a-Lac STD H20 32.5 0.80 62.8 0.79 98.0 81.4 81.5 47.4 73.7

a-Lac-WPI-NaC HzO 60.5 0.94 95.1 83.3 61.3

a-Lac-WPI-SHMP HzO 61 1 1.19 94.5 65.1 13.6

a-Lac-WPC-NaC H20 37.3 0.04 60.0 0.36 87.9 62.3 72.0 0.0 51.2

a-Lac-WPC-SHMP H:zO 31.2 0.07 61.7 0.89 93.0 66.7 77.6 0.0 33.0

tt-Lac-LW-SHMP H20 31.6 0.10 60.2 0.87 94.0 22.3 70.0 0.0 44.7
"AB firstandsecondtransitionsobservedin the DSC thennogriunct.Lac; Td,peaktemperature ofdenaturatiollpftransitions A ~ldB; MiehthalpyoftransitionA
and 1:3 calculatedasarea undel'1leath peaks; %pllrity, enthalpy calculated for transition A andBdividedbytotal enthalpy calculated foreach sample x 100;%
reversibility, enthalpy calculateç! from. each heatîng. cycle divided by.enthalpy of the frrst heatillgcycle. x •• 100; .apo =•. Ca2

+-free; .holo = Ca2+ ••bound;.a-Lac =ct
lactalbumin; WPI = whey protein isolate; WP C = wheyprotein concentrate; LW = liquid whey; Na-C = sodium-citrate; SlIIviP = sodium-hexametaphosphate.



form represent only 40% based on their f!1H. Sinûlar findings were reported by Boye et

al. (1997a). Cooling ofthe samplefoUowedby reheating (second heating cycle) resulted

in the reappearance of transition A and Bwith f!1HofO.64 and O.JT J/g, respectively

indicating 60% and-70% reversibilîty for transition A 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 a-Lac standard unfolded. atdifferent temperatures,

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

refoldingof holo-form. Therefore, removal of Ca2
+ greatly decreases the thermal

stability of a~Lac but the protein retains the folded conformation in the absence ofCa2
+.

These results are consistent with the findingsof previous studies usingCD and NMR.

that folding in the presence of Ca2
+ is. sinûlar 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 h()lo~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 attributedto the use of

excess concentration of CaCh required to resolubilized a-Lac in the isolation m~thod

(Chapter 4). The Td ofholo~a~Lacisolated trom WPI, WPC and LW extracted With

NaC were61.4, 66 and 60°C respectively, and Td ofholo-a~Lac extracted With SHMP

were 62.7, 63 and 62.4 oC respectively. On average, these values were lower than that
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observed for holo-a-Lac standard {64.5 OC). LowerTd ofholo-a-Lac isolated fractions

may be attributed to the broaqens of their endothermic peak indicating that nature of

transitionftom native to denatured state of these samples was less cooperative; if

denaturation occurs within a narrow range of temperature, the transition is considered

highly· cooperative (Boye et aL, 1997a). The Td of holo-a-Lac isolated fractions were

similar to Td ofholo-a..Lacin the absent of excess Ca2+(~ 64 OC). This indicates the

absence of freecalcium in a-Lac isolated fractions resulting from extensive desalting,

since the addition of calcium (1-10 mM) resulted in transition at ~ 70 oC (Boye et al.,

i 997a; Hendrix etaI., 2000). Table 6.1 shows that percent reversibility of transition B

(holo-'-form) in a-Lac isolated fractions extracted withNaC ranged from 83 ta 90 in the

second. heating cycle and ranged from 64 ta 83 in the thirdheating. cycle. These

reversibility values are greater than that oftransition 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 SHM;P was approximately 69% in the

second heatingcycle andwas 51% in the.third heating cycle. Jhese reversibility values

were.similar to that of transition B in a-Lac.standard, suggesting similar refoldingrates.

However, second and third heating cycle of a-Lac-WPI-SHMP .showed 96.5 and 92%

reversibility of transition B (holo-form), respectively; these reversibility values are

greater than that of transition B ina-Lac standard. These results indica.te that a-Lac

fractions showed different reversibility percent depending on the source of whey (i.e.,

WPI, WPC and LW and on the use of different chelatingagents (i.e., NaC andSHMP).

The Td of apo-a-Lac isolated from WPI, \\!pC and LW extracted with NaC were

37.6,33.5 and 39.7 °Crespectively, and rd ofapo-a-Lac extracted with SHMPwere 34,
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34.4 and 34.4 oC respectively. On average, the Td of the apb-a-Lacisolated fractions

extracted with NaC (37 OC) were higherthan that ofa-Lac standl:lrd (35 OC) but they

showed amarked decrease in their·!:li! compared to a-Lac standard; 25% of a-Lac

isolated fractions .exist as apo-form compared to 60% ina-Lac standard. The average Td

of apo-a-Lac isolated fractions extracted with SHMP (34.3 OC) were similar to that of

a-Lac standard (35 OC) but with lower !:li!; 5.6% ofa-Lac isolated fractions exist as

apo-form comparedto60% in a-Lac standard. It is interesting to notice that Td and !:li!

of apo-a-Lac isolated'fractions extracted with NaC werehigher than those ofapo-a-Lac

isolated· factions extracted with SHMP (Table 6.1). This indicates that the use ofNaC

resulted in a slow interconversion between apo-form and holo-fonn when a-Lac

. solutions have concentrations of Ca2+ higher than that of protein. If .is tempting to

speculate here that, NaC may have altered partially the structure ofthe protein, probably

at the C~+ binding site, which mayhave prevented the. complete interconversion of the

apo-form to the. holo-form in the presence of excess Ca2+. However, this partial

modification afa-Lac structure did not alter its refoldingproperties as shown by its high

reversibility percent.

Figure 6.2 shows the nsc thermograms of a-Lac standard and a-Lac fractions

isolated from WPI, WPC and LW·· extracted with NaC or SHMP (Chapter 4); the

thermal analysis wasdone in aqueaus (H20) phosphate buffer (pH 6.8). Table 6.1

shows that purity of a-Lac isolatedJractions ranged from 88 to 95%. These values are

in agreement with values obtained i)y RP-HPLC for the same isolated fractions (Chapter

4). The a-Lac-WPC-NaC sample showed the least purity percent (88%) among

analyzed isolated factions; this decrease inpurity was more pronounced in deuterated
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o.-Lac-LW-SHMP
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Figure 6.2: DSC thermograms of a-Lac standard .and a-Lac fractions isolated
from WPI, WPC and LW extracted \'\Tith NaCor SHMP. Heating al5 oC /min
from 15 to 100 oC in àqueous phosphate buffer(O.Ol M, pH 6.8). a-Lac = a
lactalbumin;WPI = whey protein isolate; WPC = whey prot~in concentrate;
LW = liquid whey; NaC = sodium-citrate; SHMP sodium
hexametaphosphate.
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buffer. The theromgram of a-Lac standard in aqueousbuffer shows two transitions with

Td at 32.5 oC (transition A, apo-form) and 62.8 oC (transition B,. holo-form) and with

enthalpies (!il!) of 0.80 and 0.79J/g, respeetively (Table 6.1). These values areslightly

lower than previously reported Boye and Alli (2000) under similar conditions. Cooling

of tms sampIe folldwed by reheating (second heatingcycle) resulted in thereappearance

of transition A andB bothW'ith Ml of O. 65 J/g, indicating percent reversibilityQf 81.5%

(Table 6.1). Tmrd heating cycleresultedindifferent reversibility percent oftransition A

(47.4%) and B (73.7%). Inaqueous buffer, apo- and holo-a-Lac standardiexist in equal

amounts (50%.each}andtheir Tddecreased by 2.5 and 1.7 .oCfrom Tdofapo- and.holo

a-Lac standard in deuterated buffer (Table 6.1). The stabilizingeffectof D20 was

explained by an increase in hydrophobie interactions ànd/or an isotope effect on

hydrogen bonding (Verheuletal., 1998).

The results revealedpredominance of the. holo-formin a-Lac isolated fractions

with the complete disappearance ofapo-form in a-Lac isolated from WPlextracted with

NaC andSHMP. The Td of holo-a-Lac obtainedfrom WPI, WPCand LW extracted

with NaC and SfIMP ranged from 60 to 61.. 7 0 These values were lower than that

observed for holo-a-Lac standard (62.8 °C)~ this maybeattributed to lowercooperative

denaturation transitions. Table 6.1 shows thafpercentreversibility oftransition B (holo

form) in a-Lac isolated fractions extraeted with NàC andSfIMP ranged from 65 to 83%

in the second heating cycle andranged from ·14 to ·61% in the·third .heating cycle.

Reversibility of a-Lac isolated fractions extracted with NaC werehigher than those

extracted with SfIMP.
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6.4.2 Structural Changes of a-Lac byFTIR Spectroscopy

ln This study transitions effecting position and intensities of the anlide 1 band in

the frequencyregion between 1600 and 1700 cm -1 was considered.. Figure 6.3 (A-D)

shows deconvolutedinfrared spectra of a-Lac standard and a-Lac isolated fractions

(15% w/v) in deuteratedphosphate buffer(pH6.8) attemperature 25,55, 75 and 95 oc.

The principle bands in the spectra of a-Lac are shown in· Table 6.2. The band

assignmehts in Table 6.2 are based onprevious infrared studies of a-Lac by Casai et al.,

1988; Susiand Byler, 1988; Boye et aL, 1997a; Dzwolaket aL, 1999; TrouHier et al.,

2000 and Dzwolak et aL, 2001. To determine the contribution of apo-forro and holo

fonn of a-Lac to the transitions observ~d in the FTIR and DSC, the FTIR spectra of a

Lac standard dispersed in 0.5M CaCh (holo-a-Lac) wererecorded (Boye et aL, 1997a).

The spectrumat 25 b C shows four main bands at 1656 (a-helix), 1648 (randomcoil),

1639 (3 1O-helix), and 1637 cm-1 (antiparaUel p-sheet) and two shouiders at 1679

(antiparaUel p-sheet) and 1612cm-1 (side chain). Increase in temperatureJrom 25 to 35

oC (not shown) resulted in the graduaI decrease in intensity of the 1656 cm-1band

accompanîed by the gain inintensity of 1653 and 1641 cm-1bands indicatingpartiall08s

of secondary structure at temperature 35 oC. These changes were more noticeable in the

spectra of a-Lac standard (apo and holo-form) than in holo-a-Lac standard and a-Lac

isolated fractions. This temperature is close to the Td()f transition A(apo-form, ~ 35

OC) observed 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 (Dzwolaket al., 1999) treatments can ind1Jce structura1changes in a-Lac at

temperature between 35-40 oC. Heating above 55 oC (Figure 6.3 B) resulted inl08s of
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Figure 6.3: Deconvolutedinfrared spectra. of standarda~Lacanda-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 =\Vhey protein concentrate; LW = liquid whey; NaC = sodium
citrate; SHMP = sodium-hexametaphosphate.
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Figure 6.3: (continued).
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31O-helix1687-1685

Table 6.2: Frequencies (cm- l
) and bandassignments ofthe amide 1 regions of

a-lactalbumina

peak· .position . peak. position ...
(cm-I)· band asslgnment (cm-I )· . • band asslgnment

antip~ranelp-sheet1639-1641
or f3-turns

1672-1679 antiparallel p-sheet 1637 antiparallel p-sheet

1664 tûms 1631 p-sheet

1656 ex-hélix 1619-1616 p-sheet aggregated
strands

1648 ex-helixand
random coiI

1612 side chain

a CasaI 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- l
(~-sheet)and 1679 (antiparallel~-sheet) and increasein intensitiesof the

foUowing bands: 1685 (antiparaHel~-sh,eet or tums), 1671 (antiparan~l ~-sheet), 1664

(tums) and 1648 cm-l (random coil). This temperature(above55 OC) iscloseto Tdof

transition B (holo-fotIn, OC) observed in DSC. The FTIR results suggestthat at

high temperature~-sheetstructures were transformed to tums and unordered structure

indicating proteinunfolding. Boye et al. (1997a) and Dzwolaket al. (2001) reported

similarfindings and indicaied that unfoldingobserved on heating, was reversible on

cooling. As the temperature was increasedto 95 oC, the intensity of 161J.(side chain),

1617 (p-sheet aggregated strands) and 1685 cm- l (antiparaUel ~-sheet ortums), bands

increased. An increase in the intensity of the latter band accompanied by formation of

anotherband below 1620 cm-l is indicative of the· formation ·ofa intermolecular

hydrogen-bonded.antiparallelp-sheet structure resulting fromreàssociation ofunfolded

peptide segments wruch leads toformation of gel and aggregatestructure (Clark et al.,

1981).

Figure.6.4 shows the relative intensities of the foUowing infraredm~in bands;

1656 (a-helix), 1648 (random coil), 1641 (31O-helix).At 25 oC, the intensityofbands at

1656, 1648,1639 cm- l werehigher in holo-formthan in ap.o-form in a-Lac standard and

higher ina-Lac îsolated fractions extractedwith SHMP than in a-Lac isolated fracti.ons

extraçted with NaC (Figure 6.4). The increase in intensity of these bands can be

attributed to the relative stable secondary structure of holo-a..Lac standard anda...Lac

isolated·· fractions extracted \Vith SHMP.. These findings supports the results obtained

fromDSC which sho\Ved higherTdand t:ili ofa-Laclsolatedfractions
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SHMP and slower interçonversion between apo-form and holo-form in excess of Ca+2

for samples treated with.NaC.

Previous FTIR, studies (Boye et al., 1997a; Dzwolak et al., 1999, 2001) have

suggested lhat structural changes in apo-ct-Lac were consisted with graduaI hydrogen

deuterium (HIO) exêhange process taking place mostly in the helical structure of the

protein. In order to better visualize the heat-induced changes in the helical structure

region6f a-Lac, plots of relative ratio of intensitiesof the bands ai 1657 (a-helix) and

1641. (31O-helix) 7 cm-lto that at 1948.8 cm-1 (random coil) as a function oftemperature

is shownin Figure 6.5. Rationing the intensity of the helical structure of a-Lac to

random coil was performed because tms band is weU resolved and has mgh intensity.

Moreover, this band should not Interfere with H/D exchange process, since considerable

portion of ct-Lac overaU random coil is located in the very flexible ~-subunit and the

random coil witmn the ct-subunit is highly accessible to solvent (Acharya et al., 1989;

Pikeet al., 1996). Figure 6.5 shows that at aU temperatures and in aU ct-Lac samples, the

ratio ofband at 1641 cm-1 (3 1O-helix) were constantly higher than ratio ofband at 1657

cm-1.(a-helix)both relative to band 1647 cm-1 (random coil). At temperature 25 oC,

apo-ct-Lacstandard have intensity ratio of approximately 1 and 0.9 for 31O-helix (1641

cm-1
) and a-helix (1657 cm-1

), respectively. Heating resulted in graduaI increase in

relative intensity of a-helix (1657 cm-1
) and graduaI decrease in relative intensity of3 1O

helix (1641 cm-1
) and at ~95 oC both helices havealmost the same relative intensity. At

temperature 25 oC, holo-ct-Lac standard have intensity.ratio of approximately 0.9 and

0.85 for 31O-heli;1{ (1641cm-1
) and ct- helix (1657 cm-1

) respectively, which are lower
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Figure 6.5: Plot ofrelative ratio of intensities of the bands at 1657 (t.) an<:l 1641
C·) cm-] to that at 1648 cm- I in the infrared speCtra of a-Lac (ap()and ho10
form) standard and a-Lac fractions isolated from WPI, WPC and LW extracted
with NaCor SHMP as a functionoftemperature.
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than values obtained for apo-oc-Lac standard. Similarly, heating resulted in graduaI

incre.ase in relative intensity of oc..helix(1657 cm-1
) and gradual decrease in relative

intensity of 310.-'helix(1641 cm-I
) and at ~95 oC both helices. have almost the same

relative intensity. Dzwolak et al. (1999 and 2001) have proposed that peak centered

around 1654 (oc-helix) in oc-Lac actually contains two spectralicomponents: one

originated trom the undeuterated 31O-helix (H) and theother one trom thedeuterated a

helix (D). Crystallographic studies indlcated thatthe structure of a-Lac .contains four

31o~helix, two at the termini (residues 12-16 and 115-119) and the another two remain in

proximity to calcium-binding loop (residues 76-82 and 101-104). (Acharya et al., 1989;

Pike. et al., 1996). Therefore one can assumethat hydrogens in the two terminal 310

helix ex:change rapidly \vith deuterons and complete H/J)ex:change in the buried 310

hefix (close to calcium binding loop) can be achieved only with induced heator pressure

(Dzwolak et al., 1999). Accordingly, we can relate the graduaI increase observed in

relative intensity ofthe .a-hefix to graduaI hydrogen-deuteriutn (H/D) exchange process

taking place in the undeuterated 31O-helix (H). Boyeet al. (1997) have related the

unfolding of apo-oc-Lac to the Ioss of 31O-helixconformation and an increase in p-sheet

and related unfolding of holo-a-Lac to the loss of 31O-helixconformation and an

increase in the formation ofturns. Therefore,. graduaI decrease··in relative intensity of

deuterated 31O-helix(D) (1641 cm-1
) observedjn Figure 6.5 canbe relatedto unfolding

ofthe helicai structure probably in the Ca2
+ binding region. At 25 °C,·all a-La.c isolated

fractions extracted with NaC and SIIMP showed lower values of a-helix (1657 cm-1
)

relative intensity than that ofapo-a-Lac standard (Figure 6.5). This indicatesslower rate

of HID exchange in the undeuterated 31O-helix(H) cbmponent suggesting that the
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structure of alla-Lacisolated fractions were relatively more compa.ct and inaccessible

to solvent as cOmpared toapo-a-Lac standard structure. Figure 6.5 shows that a-Lac

fractionsisolatedfrom WPI, WPC and LW andextracted with SHMP havelower values

of 3 Io-he1ix CO) (1641 cm-1
) compareto a-Lac extracted with suggesting less

unfolding in the helical structure of SHMP treated samples.Moreover, the rate of

increase in the relative intensity of a-helix (1657cm-1
) wasslower.in S"HMP treated

samples thllnin NaC treatedsamples suggesting slower rate of HID exchange in the

undeuterated 31O-helix (H) componentdue to structure stability. These findings support

the results obtained from. OSC which. showed higher Td and !lH in a-Lac fractions

extractedwithSHMP and slower interconversion betweenapo-form and holo-form in

excess of Ca+2 fora-Lac fraction extracted with NaC.

6.5 CONCLUSIONS

In this study, the thermal and structural properties of a-Lac isolated fractions

were found different from thatof a-Lac standard. OSC data, indicatc that purity

measurement were not influenced by solvent composition (OzO or UzO). The

thermograms of a-Lac. isolated fractions extracted with NaC and SHMP revealed

mainly the presence of a single thermal transition (transition B)· with reversibiIity

percent greaterthan a-Lac standard; suggestingfaster refolding rates. FTIR shows that

tnmsition A(apo-form, - 35 OC) observed in OSC is related thegradualdecrease in the

1656 cm-l bandandaccompanied bythegain in intensityof 1653 and 1641cm-1 bands

while transition B (holo-form, - 64 °C) is. associated by breakdownof~-sheet structure

and iIlcrease in tums andunordered structures.FTIRconfirmed OSC findings that the
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use· of NaC resulted in a slow interconversion between apo-fonn •• and holo-form in

excess of Ca+2
. We have shown that the relative ratio of intensityofa-helix and 3 10

helix to that at random colican be explained exclusively in terros of a complex H!D

exchange process~- Results illustrated that holo-a-Lac have lower relative intensity

values of3 1O-helix and a-helix than apo-a-Lac indicating slower rate ofH/D exchange

in the undeuterated 31O-helix (H) component due· to increased structural stability.

Moreover, results showed that a-Lac fractionsextracted with SHMPhaveJoweryalues

of 3lo-helix and slower rate of graduaI increase in a-helix than in a-Lac extract~dwith

NaC, suggesting less unfolding in the helical structure of SHl\!fP treated samples.
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CHAP R 7

STUDY OF CONFORMATIONAL STABILITY OF (X

LACTALBUMIN AND ~~LACTOGLOBULIN ISOLATED
FROM WHEY PREPARATIONS BY ELECTROSPRAY
IONIZATIONMASS SPECTROMETRY

7.0 CONNECTING STATEMENT

In Chapters 5 and 6, the thermal and structural propertiesofp-Lgand a-Lac

isolated fractions were found to be different from that of p-Lgand a-Lac standard. By

use of differential scanning calorimetry and Fourier transform infrared spectroscopy,a

relationship between the thermal transitions occurring during heat treatrnent and

changes in the secondary stfuct1.lre of p-Lg and ex-Lac isolated fractions were

established. The work described in thischapter addresses the structural stability of a-

Lac and p..Lg by monitoring changes in charge state distribution as. affected by pH and

storage time and by probinghydrogen-deuterium exchange rates using ESI-MSand,

satisfies fourth Objective discl.:1ssed ih the "Rationale.and Objectives of Study"

section bf Chapter 1.

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

publication as follows:

Alotnirah, F.; Alli,!.; Konishi, YStudy of Conformational Stability of a-

Lactalbumin and p-Lactoglobulin Isolated from Whey Preparations·by Electrospray

Ionization MassSpectrometry.J. Agric. Food Chem.

Contribution ofco-authors:Alli, 1. (thesis supervisor); Konishi,Y.

(contributed to interpretationofMS data).
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7.1 ABSTRACT

Conformational stability of a-Iactalbumin (a-Lac)· and p-Iactoglobulin (P-Lg) in

response topH (3-8)· andstorage lime (0-10 days) wereinvestigated by monitoring

changes in charge state distribution (CSn) intheir electro~prayionization(ESI)spectra.

Storage of a-Lac at pH 3 resulted insubstantial changes in its csn involving the

emergence ofnew ion species and shifting of its chargestate toward higher values

indicating lessstable conformation. ESI spectra of a-Lac at pH 5 for 4 days showed

stable conformationhoweverextending the storage period resulted in substantial

changes in its csn and a decrease in the relative· intensity of metal adduct (Ca2+)

indicating less stable conformation. The relative intensity ofholo-form (Ca2
+ -bound)of

a-Lac increased at.pH 6.8 and decreased at pH 8. during storageindicating folded and

partially folded conformation,respectively. During storage, p-Lg showed stable çsn at

pH J with substantialchanges at pH 5 and narrow changes at pH 6.8 and 8.

Conformational stability of a-Lac and p-Lg fractions isolated from fresh liquid whey

(LW), whey protein isolates (WPI) and wheyprotein concentrates (WPC)extracted

with sodium-citrate (NaC) .or sodium-he:xametaphosphate (SHMP) .were studiedby

. measuring hydrogenldeuterium (HID)exchange ratesusingESI-MS. TheH/D exchange

results demonstrate that the conformation of holo-a-Lac was more stable than that of

apo-a-Lac and conformation ofp-Lg variant B was more stable thanp-Lg variant A.

Kinetics of HlDexchange indicated that a-Lac andp'"Lg isolated fractions obtained

from whey protein preparations have thesame or improved conformational stabilities

comparedtothat of a-Lac and P-Lg standard.
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7.2 INTRODUCTION

During the past two decades, considerable effort has been devoted to structural

characterization of foodproteins and peptides.A1th(}l.lghmuchusefulinformation has

been optained through numerouS spectroscopie methods, .they give telatively little

information on specifie regions undergoing structural· changes and require relatively

high concentration and large quantities of purified protein· and long analysi~·time. By

contrast, MS can accl1rately and precisely probe the eonformational .changes of

relatively large protein molecules in relatively short analysis time (10-90 min). The:

application of mass spectrometry (MS) to.large. biomolecules has revolutionized in the

past decade with the development of electrospray ionization (ESI) (Fenn et al., i989;

Alomirah etaI., 2000).

The utility of ESI-MS lies in its ability to generate multiply eharged gas phase

ions fromprotein molecules in solution. ESI-MS now plays an important role in studies

of primary (covalent and non-covalent) structure of proteins. I~s raIe is more than

determination of MW of proteins, since a relationship between the structure ofproteins

in solution under different environmental conditions and their charge stale distributions

(eSD) in EST spectrum has been established (Loo et al., 1990, 1991; ChowdhurayetaI.,

1990; Mîrza .etal.,J993). Thus, the changes "ÏnCSD ofa protein can béinterpreted in

terms of changes in its conformational stability.CSD is sensitive to tuning conditions in

the mass spectrometer, ta slight variation in pH and tocounter-ion effect(Robinson,

1996). Therefore, more reliable method for detectingprotein conformational stabilityis

required. Protein conformational can be studied by ESI-MS usingamidehydrogen

exchange technique. This technique isbasedon the mass spectrometrie measurement of
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the extent of hydrogen/deuterimll (HID) exchange· that occurs ln different protein

conformers over defined periods oftime (Katta and Chait, 1991, 1993). Higher order

structural (secondary and tertiary) features of proteins canaffect 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~cid

and base. Therefore, the isotopic exchangerates are highly pH sensitive and this dictates

careful control of pRin an HlDexperiments(Smith et al., 1997). Exchange rates of

amide hydrogenare also. affected by inductive ~md steric effect of the adjacent aminù

acid side-chains, but relatively insensitive to more distant side-chains. The effect of

neighboring side-chains can decrease the amide hydrogen exchange rates byas much as

ten fold, while secondary and tertiary structuraLfeaturesoffolded proteins may decrease

amide hydrogen exchange ratesbyas much as 108 (Smith et al.,1997).Jn this context,

amidehydrogen exchange is considered as a sensitive probe for detecting and·.locating

conformational changes in proteins. The application of H!D exchange to the study of

proteinconformatiùnal stability in solution was first demonstrated by Kattaand Chait

(1991) and has since been applied to study protein conformational stability under

differellt environmental conditions. Ithas·been used to study the native state ofa protein

(Katta and Chait, 1993), exchange rates ofa-helices and p-sheets (Wagner et al., 1994),

foldingpathway of native (Mirankeret al., 1993) and reduced (Eytes et al., 1994)

lysozyme, to monit6rprotein/protein (Ehring, 1999), ligandiprotein (Wang et al., 1997,

1998) and metal/proteininteractions (Johnson and Walsh 1994; Nemirovskiy et aL?

1999) and thermal (Zhang and Smith 1996; Maieretal., 1999) and orgarnc solvent

(Babu et al., 2001) unfolding ofproteins.
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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 affecting structural stability of whey proteins,

there is relatively lirnited information on the structural stability of commercially

prepared, individual p-Iactoglobulin (p-Lg) and a-Iactalbumin (a-Lac), isolated from

different whey protein preparations. In tbis study, we have used CSD determinationsby

ESI-MS to monitor changes in the conforrnational stability of a-Lac and p-Lg standard

induced by change in pH and storage period. In addition, the conformational stability of

a-Lac and p-Lg fractions isolated from fresh liquid whey (LW), whey protein

concentrates (WPC) and whey protein isolates (WPI) using the combinational effects of

bigh salt concentration (7% NaCI) and chelating agents (sodium citrate (NaC) or sodium

hexametaphosphate (SHMP)) at low pH (3.9) (Chapter 4) were probed by HID

exchange ESI-MS.

7.3MATERIALS ANDMETHODS

7.3.1 Materials

p-Lg (containing variant A and B; L-0130) and a-Lac standard (L-6ülO,

calcium depleted containing less than 0.3 mol. of Ca2+jmoL of a-Lac) were obtained

from Sigma Chernical Co. (St. Louis, MO). p-Lg and a-Lac isolated fractions

previously prepared in our laboratorywere obtained from whey protein isolates (WPI),

whey proteinconcentrates (WPC) and fresh liquid whey (LW) extractedwith NaC or
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SHMP (Chapter 4).. Deuterium oxide{D20) (> 99%) was from Aldrich (Milwaukee,

WI). AlI chemicals were of an analytical grade.

7.3.2 CSC and ESI-MS

Solutions (0.5 mg/llÛ) of a-Lac and p-Lg standard were prepared by dispersing

the proteins in aqueous volatile solution, with.pH 3 (l%acetic acid), pH 5.5.(water), pH

6.8 (10111M ammonium acetate) and pH 8 (10 mM ammonium bicarbonate) and ston~d

for 0, 2, 4, 8, 10 days at refrigerated temperature (4 ± l OC). 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 protollated lysozyme. AlI CSD experiments were done in duplicate.

7.3.3 HIC Exchange and ESI-MS

a-Lac andp-Lgfractions isolated from WPI, WPC and LW (Chapter 4), were

dialyzed against excess volumes of water for 3days. a-Lac and p-Lg standard and (X

Lac and p-Lg isolated fractions were further desalted (x 4) using Centricon-10filters

(Amicon Ine., MA, USA). The desalted samples were then lyophilized. Desalting step

was essential to obtain a mass speetrumwith good· sensitivity. For ESI-MS

measurements of HID exehange rates, desalted protein samples were first dissolved (1

mg/100 fiL) in 10 mM ammonium acetate aqueous buffer (pH 6.8). After l h, theHID
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exchange was initiatedby diluting 25 ilL of the protein buffered solution in 225. ilL of

10 mM deuterated ammonium acetate toproduce a final concentration of 1 mg/ml. The

final relative amounts .0fJabiledeuterium atoms in this mixture is 90%. Initiation of

HID exchange kinetics in this study was done by diluting a concentrated solution of

protonated proteins in D20, as an alternative for dispersing lyophilized protein in D20 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.aI.,

2001). This solution was immediately infused iuto the iornzation chamber of the MS

from a syringepump (ModeI 22, HarvardA.pparatus, South Natick,.MA,.USA) at a rate

of 2 ilL/min. The enc1qsed iornzationchamber of the MS was kept at room temperature

(21 ± 2 OC) and atmospheric pressure. It was constantly flushed with ultra high-purity

nitrogen to prevent the back exchange of dejJterated atomsby hydrogens in the

laboratory air. Ultra high-purity air was used as thenebulizing gas. Underthese

conditions, exchange ofhydrogen bydeuterium occurred only in the solution phase, and

back exchange of deuterium. by hydrogen was negligible duringESI~MS analysis in the

gasphélse (Wagner et al., 1994). Collection of the initial MS datawas started as quickly

as possible,usually within 10-20 s of dilution. A small m/z range (70 unit) containing a

selected charge. state of the molecular ions, •normally the ion with maximum intensity,

was scahned repetitivelyüsing a step size of0.2 pa and dwell time of 10 ms in the first

45 minutes .whenexchange is· rapid .•···Fewer time points are necessary to define the

kinetic curveat .1ater times (60, 2880, 5760,8640, 11520, and 14400 minutes)

(Robinson, 1996). The molecular mass at each timepoint was calculated from the

measured m/z (mass-to-charge) ratios and thepredetermined charge state.· At each time

point •(t), the average number of unexchangeable hydrogens was determirted by
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subtracting the molecular mass at time t from the 90% deuterated molecular mass

(Szewczuk etaI., 2001). The average numbers ofunexchangedhydrogens were plotted

against time to give the exchange curves. AU HID exchange .experiments were done in

duplicate.

7.3.4 Data Analysis

Theapo-form (Ca2+-free) of a-Lac contains 123 amino acidresiduesanda total

of 225 hydrogens (Table 7.1 ),. of which 120 are on the amide backbone, .102 are on. the

sidechains,and 3 on the two termini; the total numbers ofhydrogensin the holo..form

(Ca2+ -bound) of a-Lac is 223, due toCa2+ binding to the proteinmolecule. In our

experiment, HID exchange was initiated in a solutionof90% D20, therefore, tQtallabile

exchangeable hydrogens for 90% deuterated apo- and holo-a-Lacar~ 203 and 201,

respectively(Table 7.l).p-Lg (variant Aa.nd B)contains 162 amino acid residues.and.a

total of 279 (278 for variant B)hydrogens (Table 7.2), ofwmch 153 are on the amide

backbone, 123 (122 for variant B) are on the side chains, and 3 on thetwo termini. The

total numbers oflabile exchangeable hydrogens for 90% deuteratedp-Lg (A) and p-Lg

(B) are 251 and 250, respectively (Table 7.2). Free hexose sugar has 5 exchangeable

hydrogen.The first hexose sugar that bindsto protein molecule will haveonly 4

exchangeablehydrogen.s. Additional hexose sugar binds to the first hexose. sugar will

have 4 exchangeable hydrogens; the first hexose sugar will have 3 .Attachmentofs1.lgar

residues to protein molecule will result in removal of onehydrogenatomfrom protein

molecule. Data (number of unexchanged hydrogens versus thetimein minutes after

addition ofD20) werefit to the sum oftwo exponentials from the foUowing expression

(Smith et al., 1997; Szewczuk et al., 2001):
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y = A.exp (ok] t) + B.exp (ok
2

t)

Where Y. is the .number of unexchanged hydrogens remaining; t is the· time in minutes

after addition of D20; A and B are numbers of intermediate and slow exchanged

hydrogensdass with exchangerate constants of k] and k2, respectively. Thenumber of

hydrogens undergoing exchange at very fast rate CC) was. calculatedby subtracting total

exchangeable hydrogens (90%) from A+B.

7.4 RESULTS AND DISCUSSIONS

7.4.1 CSDofa-Lac

Figure 7.1 A to Dcompares the mass spectra of a-Lac dispersed in solutions at

pH 3, 5.5, 6.8 and 8 respectively, and stored for 0, 2, 4, 8, 10. InitiaUy, 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 basedon the number of basic

residues (i.e., arginine, lysine,histidine and N-terminal with a primary amine) (Figure

Tl A). The most intense peak was observed for species +8. Storage for 2 days resulted

in the emergence of+10 species with relativelyhigh intensity and substantial increase

in the intensityof the +9 species. This indicates increased solvent accessibility to buried

basic amino acid residues due toless stable conformation of a-Lac. At day 8 the + Il

species was observed. Further storage to day 10 resulted in increase in the relative

intensity of charge state +Il indicating decrease in a-Lac conformational stability. At

pH 5, the spectrum.of a-Lac initiaHyexhibited 3 peaks with a maximum charge state of

+8, 9 charges less than the total number ofbasic residues (Figure 7.1 B). The mûst
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Figure 7.1: ESl massspectra of a-Iactoglobulin atpH 3 (A), 5.5 (B), 6.8 (C)
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intense peak was observed for species +7. The molecular mass (M r) obtained for the

molecularion (M") was 14, 178Da and forthemetal adduct was 14,216 Da representing

the apo-form (Ca2+-free) andholo-form(Ca2
+ -bound) of a-Lac, respettively. It is

known .that a-Lac ·is a Ca2
+ binding proteinand the binding of' Ca2+. 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 signalintensity ofa-Lac.~ (apo-form) and in

an increase in the relative signal intensity of metal adduet (holo-form) (Figure 7.1 B).

The predominant of the relative M rof 14,216 Da and the narrow CSD demonstrates

that the a-Lac retains its nativé structure under these conditions for the first 4 days of

storage (Robinson et al., 1994; Chung et al., 1997). Extending the storage period t08

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, shifting of a-Lac

charge state toward higher values (i.e., lower m1z values}and adecrease in the relative

intensity of metal adduct (holo..form) indicating changes in the a-Lac conformation.

The spectrum of a-Lac at pH6.8 during 8 days ofstorage exhibited a v~ry narrow CSD

in which·each spectrum contains orny 2 ion peaks, charge states 6 and +7 (Figure 7.1

C). The relative signalintensity of Ca2+adduct (holo-form)increased with a decrease in

the relative signal intensity ofM+ (apo-form) indicating stable conformation of a-Lac

during storage at pH 6,8. On the otherhand, the qualityofESI mass spectrumsobtained

at this pH is not optimal since basic. groups are not protonated in solution and the use of

aml110nium acetate causes a shift inçharge state of a protein toward lower values (i. e.,

higher m1z values) (Wang and Cole, 1997). lnitially, the spectrum of a-Lac atpH 8

shows a maximum charge. state •of +8; .this CSD .was essentially un.changed .during
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storage(Figure 7..1 D).· Unlike the results obtained at pH 6.8, the relative signal intensity

ofCah adduct (holo-form)decreased with an increase inthe relative signal intensity of

W (apo-form) indicating unstable conformation of a-Lac duringstorageat pH 8. The

results revealed that the structure of a-Lac was initiallyunstable at pH 3 and further

storage resulted in substantial loss of stable conformation while the structure of a-Lac

initially at pH 5.5 retai1led its native conformation .and further storage resuJted in

conformat~onchanges. The structure of a-Lacat pH 6.8 waS,stable and storage at pH 8

resulted in unstable conformation. Theabove results show the capability ofCSDby ESI

mass spectrometry to study a-Lac conformational .stability as a function. of·pH and

storage lime; however the information were only qualitative of relatively low resolution

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

7.4.2 CSO of p-Lg

Figure 7..2 A to D compares the mass spectraofp-Lg dispersed in solutions with

at pH of 3, 5.5, 6.8 and 8 respectively, and stored for 0, 2, 4, 8, 10. InitiaIly, the

spectrum of p-Lg (variant B and A) at pH 3 stored for 12 d'lYS exhibited 3 peakswith a

maximum charge state of +1 0, Il charges less than the total number ofbasic aminoacid

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 p-Lg

at pH 3. These MS findings are consistent with the results from DSC and FTIR which

showed thatp-Lg has maximum thermal stability at pH 3. (Boyeet aL, 1996b). At pH 5,

the spectrum of p-Lg exhibited 4 peaks with a maximum charge state of +11, 10

charges less than the. total number of basic residues (Figure 7..2B). The mûst intense

peak was observed for species +9. Storage for 2, 4 and ·6 d'lYs resulted in a graduaI
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decrease in the relative signal intensityof peaks with charge +9 and +8 and graduaI

increase in the relative intensity ofpeakswith higher charge state(i.e., +10 and +11). At

day 10, the spectrmn ofp-Lg shows the emergence ofthe +12 species. The emergence

of new. charged species with the. shiftin an intense peak toward higher CSD, indicate

thar p-Lg basic amino acid residues are more accessible to .• solvent under these

conditions. The spectruni of p-Lg at pH 6:8 shows oruy 2 ion peaks with· charge states

of+8 and 9+ at dayO (Figure.7.2C). At day 2, new species carrying +10 wasobserved.

Afterday 4, the relative intensity ofcharge +9 and +10 progressively increased. At pH

8, thespectrum of p-Lg shows oruy 2 ion peaks with charge states of +8 and 9+; this

CSDwas unchanged during. storage .(Figure 7.2 D). Thei relatively minorchanges

observed in themass. spectra ofp-Lg at pH 6.8 and 8canbe attributed to the inability of

ESI toproduce multiply chargedprotomited molecule of nativep-Lg inb(isicpH

solutions (Figure 7.2 C and D)resulting in (i shift of proteinCSD toward lower values,

in the higherm/z axis. These. changes are beyond thecapabilities of quadrupole

analyzers. Theresults revealed. that initially, the conformation of p-Lgat pB 3 was

stable and has .less stable conformation .(it pH· 5.5. Stor(igeat pH .•• 6. 8resulted •in

conformational changes of P-Lg with unchanged CSD al pH 8. These results show the

capability ofCSD by ESImass spectrometry to studyp-Lg conformationalstability at

acidic pH but withlesseffectiveness at basic pH.
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7.4.3 H/D Exchange of a-Lac

Figure 7.3 shows a representative spectrum of apo- and holo-et-Lac. standard

incubated.in deuterated buffer (pH 6.8) for different time periods. Similar spectra were

generated for aU a-Lacisolated fractions to obtain the number of unexchanged

hydrogensasa function of time (min) after addition of D20. Table Tl shows the

number ofhydrogens exchanged in iIltermediate (A) and slow (B) category,which

exchanged with rate constants of k1 and k2, respectively. The number of hydrogens in

the very fast (C);(exchanged before MS measurements), categorywas calculated as the

total number ofexchangeable hydrogens (90%) minus A+B. Themost reasonable

interpretation of reduced HID exchange rates in folded proteins are in termsof reduced

accessibility of solvent to amide hydrogens (solvent exclusion; Woodward etaI., 1982)

and! or increase in amide hydrogenbond stability (local unfolding; Englanderand

KaUenbach, 1984). It has been shown that, exchange of hydrogen for exposed. side

chains and ullstructured backbolle amides can he essentiaUy complete within minutes in

D20 (pH>5) at room temperature (Englander and Mayne, 1992). Therefore, the

unexchanged hydrogens in a-Lac remaining after 5 minareexpected to be those

involved in. hydrogen bonding in secondary structure or those on side chainburied

inside the hydrophobie core (Table 7.1). Figure 7.4 shows the HID exchange rates for

apo- and holo-a-Lac standard asafunctionoftime (min) at pH 6.8. After 60 s, the total

number of unexchanged hydrogens in apo-a-Lac standard were 54 (or 26.6%

unexchanged hydrogens) compared to 72 in holo-a..Lac standard (or 35.8%

unexchangedhydrogens). The fast exchanged hydrogens are assumed to be on the

exposed side. chains .and on unstructured backbone amides, while the remammg
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exchangea.ble hydrogens are assmned tobe either buried, orinvolved in intramolecular

hydrogen bonding (Smith et al., 1997). The difference inextents of unexchang~d

hydrogens between apo- and holodx-Lacstandard remained constant for the first 2Q

minutes (difference of9.7% unexchangedhydrogens at 5 min and 9% at 20 min, Figure

T4and Table 7.1). At 45 and 6ûmin, the percentage oful1exchanged hydrogens was

5.8% and 4.0%, respectively. After which the difference between the two curves

remained aboutthe same forperiod of10days(data not shown). Table 7.1 showsthat

(i) 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 hydrogensand (iii) 71% belongs to the very fa.st (C) exchanging category. The

results forholo-a-Lac,. whichcontains Ca2+,show 62% of the very fast (C), 17% of the

intermediate. (A), and 21% of the slow (B) exchangeable. hydrogens. Thèse results

demonsttate the. effectof Ca2+ on the stability of the structure of holo-a-Lac. These

results are cOl1sistentwith HID-MS dataofChung etaI. (1997) who reported that in the

absence of Ca2+,protection against hydrogen exchange isdecreased.. The accelerating

HlDexchange rates in apo-a-Laccompared to holo-a-Lac can suggestthatthe absence

of. Ca2+ can causes exposure ofmany amide groups to the solvent or possibly the

breakage ofmany hydrogen bOl1ds.Recel1tly, X-Tay (Chrysina et al., 2000) and NMR

(Wijesinha et al., 200!) studies have shown that removal of Ca2+ froma"'Lac effect

mainly the Ca2+-binding region of the protein. The NMR study sl10wed that the amide

hydrogens in holo-a-Lac are more protected against exchange compared to apo-a-Lac;
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Figure 7.3: ESlmass spectrum of apo-. and holo-a-Iactoglobulin standard
incubatedin deuterated buffer(pH 6.8)for different time periods.
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Table 7.1: HydrogenIDeuterium exchange characteristics of a-lactalbumin standard and a-lactalbumin isolated from wheypreparations

Total Exchangeable Unexchanged Intermediate .. Slow .Very~ê'lst (A) (8) Total
. . . . . .. .. . ... ... .. .... k1 .lczE)(challged (A) f;xchanged (8) Exchanged (C) .. . ••

Ongm of a-Lac l-fydrogens Hydrogens Hydrogens After (....1) ( . ' •.1) H d.. .. • (O.1t)H· d ... • (GA) H cf. •. (GA) Amide Amide Amide
(100%) (~O%) . . mm mm y ~~fenso y ~~fens 0 y ~~fens 0 (%) (!!fo) (%)

5 min 20 min 45 min

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 0.122 0,012 33 17 42 21 125 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 93 .46 49 41 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 0.370 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
WPC-NaC+5Hex 238 215 82 55 33 0.042 0.012 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 11 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

WPC-SHMP+5Hex 238 215 83 57 36 0.041 0.007 58 27 37 17 120 56 49 31 79

~

0'1
N



these most rughly protected.~mide groupsa,re clustered around the Ca2+-binding region

(Ca2+-binding loop and theC-helix) and residues 53 to 62, Which aread.jacent to this

region (Wijesinha et al., 2001). This could explain the increased involvement ofthe

total amide % in holo-a-Lac standard (63 .3%) compared to those.ofapO-a-U1C standard

(48.6%) l.11easun~d in our experiment (l'able 7.1).

Figure 7.5 shows ESI spectraofa-Lacfractiolls isolated from LW, WPI,WPC

extracted withNaC or SHMP. The speçtrum of a-Lac standard was similar to that of a

Lac isolatedfrom LW. The a-Lac isolated fromWPI contained 2 glycated species with

2 and 4 hexosesugar units, whilea-Lac isolated from WPC contained glycated species

with 2· to 10 hexose sugarunits andextend of glycation has more than 10 hexose sugar

uruts. For aU a-Lac fractions isolatedfrom LW, WPI and WPC, Table 7.1, shows the

HJD exchange for orny theholo-form of the .a-Lac, since the relativeintensity of its

mass-to-charge ratio (m/z) peak is more abundant compared to m/z of apo-form. a-Lac

fraction isalated framwPI extractedwith NaC (a-Lac-WPI-NaC) shawed 77 (ar 38%)

unexchanged hydrogens after 5 min wruch ishigher thall that of holo,-a-Lac standard

(58 or29%).After 5 min, unexchanged hydrogens in a-Lac-WPI-NaC and holo-a~Lac

standard were similaf. For a-Lac-WPI-NaC, the % of very fast (C) exchanging

hydrogens (48%) was less than· that .for. holo-a-Lac standard (62%), .the % of

intermediate (A)exchanging hydrogens (32%) was greater than that of holo-a-Lac

standard (17%) samples the % of slow (B) exchanging hydrogens was sirnilar.

These results, along with increased involvement of the total amide % in a-Lac-WPI

NaC sample (87%) comparedto those ofholo-a-Lac standard (63%), indicatethat a-
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Lac-WPI-NaC is more protected against hydrogen exçhange than holo-lX-Lac standard

due to increase in structured hydrogen bonding in its secondary structure. Table 7.1

shows thenumber of unexchanged hydrogens after 5,20 and 45nùn and the rates of

H1Dexchange ·ofa-Lac fractionisolated from WPI extracted with SHMP (a-Lac-wP1

SHI\1P). The a-Lac-WPI-SHMP sample showedhigher unexchanged hydrogens than

the a-Lac-WPI-NaC sample. The % of slow {B} exchanging hydrogens in the a-Lac

WPI-SHI\1P.sample (24%) washigher than that.of a-Lac-wPI-NaC sample (20%) with

little decrease in the very fast (46%) and intermediate (29%) exchanging hydrogens and

with an increase in total amide.hydrogen % ina-Lac-WPI-SHMP samples (90%)

compared to that in a-Lac,-WPI-NaC (87%}· These resultsindiçate that a-Lac fractions

isolated from· WPI extracted with SHMP were more protected against hydrogen

exchange than a-Lac fractions. isolated fromWPI extracted with NaC, andtherefore

more than holo...a ...Lac standard, due to increase in structured hydrogen bonds in its

secondary structure. Our DSC study (Chapter 6) showed higher T'cl and !:lB for the a

Lac-WPI-SHMPthat those for thea-Lac-WPI-NaC, whereas. our FTIR study showed

less unfoldingin the helical structure of Ct.-Lac-WPI-SH1VIP sarnple thanin the lX-Lac

WPI-NaG sample (Chapter 6).

Table 7.1 shows the number ofunexchanged hydrogens.after 5, 20 and 45 min

and the rates of HID exchange of a-Lac-LW-NaC and a-Lac-LW-SHMP. The % of

slow (B) exchanginghydrogens 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 a-Lac-LW-SHMP sample (53%) was less than that for a-Lac-LW-NaC

sarnple(64%}with an increase in total amidehydrogen% in a-Lac-LW-SHl\1P sample

165



(78%) comparedto thatin 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

SHMPextractionwas more protected against hydrogenexchange than a.-Lacfractions

obtained with Nat extraction.

Table7.! shows that 14% of unexchanged hydrogens in a-Lac"LW.,NaC

belongsto the interrnediate(A)exchangingcategory, 22.5% to the slow (B)exchanging

class and 64% belongto the very fast (C) exchanging .category with involvement of

61% of total number of amide backbonehydrogens. These values are comparable to

those obtained for holo-a-Lac standard; however the rates ofexchange (k] and k2) ofa

Lac LW-Nat (0.072 and 0.008 min-l) was much slower, than that of holo-a-Lac

standard (0.122 and 0.012 min~l). Similarity, the rate of exchangein a-Lac-LW-NaC

was slower than that ofa-Lac-WPI-NaC (0.095 and 0.017 min-1).This explains the

highernumber ofunexchangedhydrogensafter 20 and 45 min in a.,Lac-LW-C (4? and

33)compared to those ofholo-a-Lac standard (36 and 25) anda-Lac-WPI-C (38 and

23). The increased protection against HlDexchange in a-Lac-LW-Nat compared to

those of holo-a-LacstandardOr a-Lac-WPI-NaC, can beattributed to less structural

modifications induc.ed bypreparation conditions of a-Lac from LW when compared to

preparation conditions of a-Lac fromtheother sOurces.

Table 7.1$hows the nUIllber ofunexchangedhydrogens after 5, 20.and 45 min

and the rates of HID exchange in glycated a-Lac isolated from WPC 6 hexose

residues) extracted withNaC (a-L-ac-WPC-NaC) and SfIMP(3to 5 hexose residues)

(a-Lac-WPC-SHJ\1P). shouldbe noted tha1.based on molecular mass mèasurement,

the discrimination between the addition of lactose unit and multiple hexose fesidues
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cannot be achieved. The results. show that the numhers ofunexchangedhydrogens in. a'-

Lac-WPC-NaC and a-Lac-WPC-SHMP increasedas the number of hexoseresidues

attachedto them increased. Also, the rates ofexchange (k) andk2 ) ofa-Lac-WPC-NaC

and a-Lac-WPC..;SHMP were generally. slower, as th~ numbers of attached sugar

moieties increased (Table 7.1). Two possible explanations for the ohserved decrease in

the H/D exchange rate in glycateda-Lac-WPC-NaC and a-Lac'-WPC-SHl\1P, are (i)the

hexos~ r~sidues cover a region of a-Lac protein surface, protec~ing it from solventand

delaying its exchange (tms is evident from the decrease in. % of very fast (C) exchange

hydrogens with the increase in numbers of sugar moieties attached to theprotein) and

(ii)attachment of3 or more hexose residues toa-Lac.protein could result in more stable

conformational structure, making·localunfolding, and therefore HID exchange .slower

(tms is evidentfrom the increase in the % oftotal number of amide backbone hydrogens

involved in a-Lac \Vith th~increase in munbers ofattached sugar moieties). Mor~over,

both explanations could. becoutributing to someextent tocause the observ.ed change.

The number of unexchangedhydrogens after5, 20 and 45 min and the rates.of HID

exchange in a-Lac-WPC-NaC· and a-Lac-WPC-SHl\1Pglycated with same number of

sugar residues was essentially the same. This indicales that the increasedprotection

against hydrogen exchange in a-Lac fré;j.ctions extractec.i with SHMPcompared to a"Lac

fractions extracted with NaC, WétS removedby glycation.

7.4.4 H/PExchangeof p-Lg

There are tWO.lllaJor variants of p-Lg, A (18,363.3 Da) and B (l8,27T2Da)

wmch havemass differen.ce 0[86 Daaccounted for thetwoamino acid substitutions

occurring in the B variant (ASp64 -+Gly and Vah18 -+Ala.). Figure 7.6 shows the.ESI
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spectrum of p-Lg standard (variant AandB) incubated in deuterated buffer (pH 6.8) for

different time.periods. Similar spectra were generated for p-Lg fractions isolatedfrom

LW, WPI and WPC extracted with NaC to obtain the mnnber ofunexchanged

hydrogens as a function oftime (min). after addition of D20. p-Lg fractions isolated

from WPI, WPC and LWextracted with SHMP were riot measured by MS, since

aqueous liquid solutions of these fractions failed to pass through the 451lm syringe

membrane .filter (Millipore, Beford, MA), prior to MS measurernent. This could

probably be due to the interaction of p-Lgwith SHMP resulting in the. formation of

large protein aggregates. Figure 7.7 shows the ESI spectrum of p-Lg (variantB and A)

fractions isolatedfrom LW, WPI andWPC extracted with NaC The results show a

similarity between. spectrum of p-Lg standard and that of p-Lgifractionjsolated from

LW. p-Lg fraction isolated from WPI was glycated with 2 and 4 hexose sugar uruts,

while p-Lgfraction isolated from WPC was highly glycated with the extent ofglycation

greater than 12 hexose uruts. The high level ofglycatjon in p-Lg fractionisolated from

WPC resulted in complicated mass ·spectra which made the HID exchange kinetic data

difficult to interpret. Therefore,HID exchange experiments were carrÎed oruy for p-Lg

standard and p-Lgfractions isolated from LW andWPI extracted with NaC.

Table 7.2 shows the number ofunexchanged hydrogens after 5, 20 and 45 min

and the rates ofHID exchange of p-Lg (variant B and A) standard andp-Lg (variant B

and A) fractions isolated from LW and WPI extracted with NaC The res~lts show that

(1) 39%unexchanged hydrogens ofp-Lg (variant B) standard belong t() the intermediate

(A) exchanging category, corresponding to 64% orthe backbone amide hydrogens, (ii)
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Table 7.2: HydrogenIDeuterium exchange characteristics of p-Iactoglobulin standard and p-Iactoglobulinisola.t~d from whey preparations

Total E h eabl UneXChal'1géd Intermediate Slow Very Fast (A) (B) Total
•• Il ... xc ang e H d . . . • 1<1 1<2 Exchanged A Exchanged B Exchanged C • • .• .' .•

Ongm ofp-Lg Hydrogens Hydrogens y . ragens After (. -1) (. • -1) Ud (OJ) ud ..(0/) ud . (lU) Aml.de Amide Amide
(100%) (90%) mm mm ny r~gens JO ny r~gens 10 ny rrigens 10 (%) (%) (%)

5 min 20 min 45 min ( ) ( ) ( )

STD(l3) 278 250 77 46 38 0.244 0.007 98 39 51 21 101 40 64 34 97

STD (B)+Nt:t 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 71 31 102

WPl (B) 278 250 79 46 40 0.238 0.005 105 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
WPI. (B)+2Hex 284 255 75 42 35 0.211 0.006 91 36 46 18 118 46 5930 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
WPI (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

-......:J-



21% belongto the slow (B) exchanging category, corresponding to 34% of the

backboneamide hydrogens ·and (ili).· 40% belong to the very. fast (C) exchanging

category. Table 7.2 shows that (i)43% unexchanged hydfogens of fJ"'Lg (variant A)

standard belong to--the intermediate (A) exchangingcategory, corresponding to· 71 %. of

the backbone amide. hydrogens, (ii)4'7% belongto the slow(B) exchanging category,

corresponding to 31% of the backbone amide hydrogens and (iii) 38% belong to the

very fast(C)exchangingcategory. It isnoteworthy thatthe high values oftotal amide %

in aB samples (Table 7.2)arenot onlyoriginating from exchangeable bonded amide

hydrogensbut also from side-chain hydrogensthat are assumedto be buried or involved

in intramolecular hydrogen bonding.. Figure 7.8· shows the HID· exchange rates for p-Lg

(variant B and A) standard as a function aftime (min) at pH 6.8. Afier 60 s, the total

number of unexchanged .hydrogens in p-Lg variant B and A was 140 (or 56%

unexchanged hydrogens). The numberof unexchanged hydrogens in variant B and A

after 5-min was 77 (31% urtexchanged hydrogens) and 74 (29% unexchanged

hydrogens), respectively. After 20 min, the extents ofunexchanged hydrogens between

variantB and A of p-Lg stanqardwassimilar. The rate of exchange in the intermediate

category (k1) ofp-Lg (variantA) standard (0.264 min-l) was [aster than thatof p-Lg

(variantB) standard (0.244 min-l).These results indicate that p-Lg (variant B) standard

is more protected againsthydrogenexchan,ge than that of p~Lg. (variant A) standard.

These resultsare consistent with results reported by variousmethods. DSe .showedthat

p-Lg variant B seems to be thermaUymorestable than p-Lg variant A (Imafidohet al.,

1991; Huang et al., 1994a;Boye etaI., 1997b). Also, it has been reported that gels made

with p-Lg B have a higher gelation point (Huang et al., 1994b), display a higher

elasticity (Allmere et al., 1998) and the geL matrix is formedby larger aggregate
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structures (Boye et al., 1997b) than those made with p-Lg A. Proteolytic susceptibility

of p-Lg (variant A) wasgreaterthan thatof p-Lg (variant B); indicating increased

structural flexibility ofp-Lg (variant A) (Huang et al., 1994a). Under pressure, FT1R

(Hosseini-nia et al., 1999) and NMR (Belloque et al., 2000) studies found tljat the

structure off3·-Lg (variant A) was more sensitive and unfold faster than that ofp-Lg

(variant B), respectively. Belloqueet· al. (2000) suggest that the relative structural

flexibility of p-Lg (variant A) arises from the structural difference existing between the

variants, causedby the change of the residue Valu8in p-Lg variant Ato Alau8 in p-Lg

variantB. On theother hand, crystallographlc $tudy suggest that cr~ation ofa cavity by

the loss of two methyl groups (Valu8 -'Ala) with no movement of the protein main

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

Figure 7.9 shows the rates ofH/.[) exchange of p..Lg (varianfB 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 functionoftime atpH6.8. Theresultsindicate.that p

Lg variant A, isolated.from WPI (glycated and nonglycated) and LW, has less numbers

ofunexchanged hydrogens after 5,20 and 45 and has faster rate ofexchangein the

intermediate category>(kJ) than that ofvariant B; indicating more flexible structure

(Table 7.2). The presences Of Na+ adduct ion in an p-Lg (yariant B and A) isolated

fractions did not alter theirprotectiohagainst hydrogen exchange. This isevident from

the similar values obtained forCi) unexchangedhydrogen after· 5, 20 and 45 min, (H)

rates ofexchange (k1and k2) and (iii) distribution of exchanged hydrogens in

intermediate(A), slow (B) and very fast(C) category in eath p-Lg isolateqfraction.

However, binding oftwo hexose.sugar residues tOp-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 glycatedp-Lg (variantB) (two hexose

residues) was less than that for nonglycated p-Lg (variant B) sample (Table 7.2).

Glycation of p-Lg variant B resultedin a decreasein the % ofintermediate (A) and slow

CB) (36 and 18%) exchanginghydrogen compared to nonglycated p-Lg variant B (42

and 20%), respectively and increasein the % ofvery fast exchanging hydrogens (C) in

glycated p-Lg variant B (46%) compared to nonglycated p-Lg variant B(38%).

Similarly, the binding of two hexose sugar residues to p-Lg variant Aisolated from

WPI resulted in less proteinstable structure. One possible explanationfor the observed

change in exchanging behavior is that large conformational change in p-Lg occurred

upon attachment of two hexose residues and this could result in accel~rated HID

exchange rate. This is evident from. the increase in. the % of. very fast exchanging

hydrogens (C) in glycatedp-Lg. variant B (46%) •compare to in nonglycated p-Lg

variantB (38%); this increase was more pronounced in glycatedP-Lg variant A (Table

7.2). FTIR studyrevealed that sugars promote the unfolding of p-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 im.portant

conformational changes of p-Lg as probed by fluorescence, susceptibility to pepsin and

immunochemical characterization.

7.5 CONCLUSIONS

The results showed the· capability of CSD ofESI mass spectra to investigate «

Lac and P-Lgconformational stability as a function ofpH and storagetime; however
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the information obtained was only qualitative and was of relatively low resolution at

basic pH. HJD exchange rates measured· byMS, provided a sensitive measure of

conformational stability of the whey proteins. The. HlD exchange results demonstrate

that the conformation of holo-ex-Lac was more stable than that of apo-ex-Lac and

conformation of .p"'Lg variant B was more stable than P-Lg· variant A. Kineticsof HID

exchange indicated that ex-Lac and p-Lg fractions isolated from whey protein

preparations, using chelating agents, have the same or. improved conformational

stabilities compared to that of ex-Lac and p-Lg standard. GeneraUy, ex-Lac and p-Lg

fractions extracted with SHMP were more stable than those extracted with NaC. The

covalent binding of 3 or more hexose residues to ex-Lac enhanced its conformational

stability but covalent binding of two hexose residues to p-Lg resulted in less stable

conformation.
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GENERAL CONCLUSIONS

Selective fractionation ofwhey major proteins mayallowexploitation of their

different functional, nutritional and therapeutic properties and may resu.lt· in b~tter

understanding of the close structure-function relationshipof theseproteins which is

essentiaFto utilizewhey protein prodtlcts completel)' in food system. In this study the

structuraLand thermalproperties of a"lactalbumin (a-Lac)andlJ-Iactoglobulin(p-Lg)

fractions isolated from differentwheyprotein sources were investigated.

The results obtained showed that the use.ofhigh salt concentration and chelating

agents at low pH was effective in isolating IJ-Lg and a-Lac, with relatively high purity

and yield, from different whey protein sources. Resultsshowed that the use of NaC and

SHMPwere more effective than other chelatingagents. The use ofNaC as a chelating

agent resuhed in high yield % of IJ-Lg isolated fractions while the use of SHMP resulted

inhigh yield % of a-Lacisolated fractions and solubilization ofprecipitated a-Lac with

CaCh was mqre selective without pH adjust:rnent.

Comparison of thelJ-Lg and a-Lac isolated fractions from different whey

protein sources showed that aU IJ-Lg isolated fractions exhibits an increase thermal

stability over IJ-Lg standard and difference in thermal· properties depend in protein

source (WPI,WPC and LW) but not bychelatingagent type (NaC or SHMP).'R.esults

detnonstrated a stabilizingeffect of SfIMP in IJ"Lg isolatedfractions over NaC andboth

may have the ability of inhibiting aggregate formation uponheating.All a-Lac isolated

fractions showed mainly the presence ofasingle thermal tra-nsition (Ca2
+ -bound fortll,

holo-a-Lac). with. reversibility percent greatet than a-Lac standard, Stlggesting. faster

refolding rates. Denaturation qf apo-a-Lac was. related the graduaI decrease in the a-
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helix band and accompanied bythe gain in intensity of 1653 and 1641 cm-1bands while

denaturation of holo-a-Lac was associated by breakdownofp-sheet structure and

increasein tums and unordered structures. Results illustratedthatholo...a-La.c has lower

relative intensity values of 31O-helix and a-helix than apo-a-Lacindicating slower rates

of hydrogenldeuterium (HID) exchange in theundeuterated .3 1o-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 emergenee 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 showedstabile conformation, however,·extending the storage period

resulted in substantial changes in its CSD and a decrease in the relative intensityof

metal adduct (Ca2+) indicating less stabile conformation. During storage, p-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. HID exchange ratesméasured by electrospray ionization mass spectrometry

(ESI-MS), provided a sensitive measure of conformational stability of whey proteins.

The HID exchange resultsdemonstrate that the conformation ofholo..a-Lac was more

stable than that ofapo-a-Lac and conformation ofp-Lg variant B was more stable than.

p-Lg variant A. Kinetics of HID exchange indicated that a-Lac and p-Lg fractions

isolated from different wheyprotein sources havé thésame or improved conformational

stabilities compared to that of a-Lac and p-Lg standard.
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