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ABSTRACT

Lysozymes (LZM) conjugated with galactose, galactooligosaccharides (GOS), and galactan
through the Maillard reaction were produced. Mass spectrometry analyses revealed the formation
of LZM conjugated to up to 8 galactose moieties and to up to 4 GOS. LZM was conjugated to 3
galactan. The produced LZM:galactan conjugates exhibited higher solubility, thermal stability
and emulsion stability as compared to the native LZM. LZM:GOS conjugates demonstrated most
improvement in emulsifying properties. The immunoreactivity of all conjugates decreased as
compared to the native LZM. The optimization of the production of LZM:GOS conjugates by
response surface methodology revealed that molar ratio and temperature were the most

significant variables affecting the glycation of LZM with GOS.

Patatin (PTT) conjugated with galactose, GOS, and galactan through the Maillard reaction were
produced. The results revealed important changes in tertiary structure and in total secondary
structures upon glycation with GOS (61.2%) and galactan (36.7%). Upon glycation, more heat
stable forms of PTT, with higher unfolding temperature (70-90°C), were obtained compared to
the native protein (50—70°C). The conjugates exhibited also higher antioxidant activity (ICsy of
11.25-49.6 uM) than the native PTT (93.1 uM). PTT demonstrated an increase in
immunoreactivity when it was conjugated to galactose and to GOS as compared to the native
protein (ICsp of 0.70, 0.38, 1.19 ug/ml, respectively). The digestion of the PTT conjugates (14.2—
29.5%) was less effective than the native PTT (59.6%), leading to significantly smaller decreases
(2.76-4.90 pg/ml) in the immunoreactivity as compared to the native PTT (7.75 ug/ml). Selected
Maillard reaction inhibitors, including aminoguanidine, cysteine, pyridoxamine, and sodium
bisulfite, were evaluated for the efficient production of low cross-linked PTT:carbohydrate
conjugates. The results revealed 65.1 and 67.2% decreases in protein cross-linking and 60.2 and
2.6% increases in the percent blocked lysine of PTT:GOS and PTT:xylooligosaccharides
conjugates in the presence of cysteine and aminoguanidine, respectively. The use of these
inhibitors led to an increase in the protein digestibility (0.4-9.3% per 5% blocked lysine). Given
the success of the use of Maillard reaction inhibitors for the production of PTT:carbohydrate
conjugates, the production of PTT:galactose/xylose was optimized through response surface
methodology using a mixture of cysteine and sodium bisulfite. The incubation time was

identified as the most important parameter affecting the percent blocked lysine, whereas the
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cysteine to sodium bisulfite inhibitor ratio was identified as the most important parameter

affecting the particle size distribution of conjugates.

The galactosylated serine/threonine derivatives were synthesized through Escherichia coli f-
galactosidase-catalyzed glycosylation. The highest yield (23.2%) of transgalactosylated N-
carboxy benzyl serine methyl ester was achieved in heptane:buffer biphasic reaction system,
when o-nitrophenyl-S-galactoside was used as donor. The results also revealed the importance of
protecting groups of amino acid derivatives for the improvement of their transgalactosylation
yields. The binding of the investigated serine and threonine derivatives to the enzyme's active
site were stronger (-4.6—7.9 kcal/mol) than the natural leaving group, glucose. For N-tert-butoxy
carbonyl serine methyl ester (6.8%) and N-carboxy benzyl serine benzyl ester (3.4%), their
binding affinities and the distances between their hydroxyl side chain and the 1'-OH group of
galactose moiety were in good accordance with the quantified transgalactosylation yields.
However, the high bioconversion yield obtained with N-carboxy benzyl serine methyl ester
(23.2%) despite its unfavorable theoretical predictions by the docking simulations demonstrated

the importance of the thermodynamically driven nature of the transgalactosylation reaction.
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RESUME
Les lysozymes (LZM), conjugués avec le galactose, les galactooligosaccharides (GOS), et la
galactane par la réaction de Maillard, ont été¢ produits. Les analyses par la spectrométrie de
masse ont révélé que les LZM ont ét€¢ conjugués avec un maximum de 8 substituents de
galactose et de 4 GOS. Trois galactanes ont ¢été conjuguées a la LZM. Le conjugué
LZM:galactane a démontré une grande solubilité, une bonne stabilité¢ thermique et une grande
stabilit¢ de I'émulsion formée par rapport aux protéines natives. L'immuno-réactivité de tous les
produits conjugués a diminué par rapport a celle d'un LZM naturel. L'optimisation de la
production des conjugués LZM:GOS par la méthodologie de surface des réponses a révélée que
le rapport molaire et la température sont les variables les plus importantes qui affectent les

parametres de la glycation de la LZM avec les GOS.

Les patatines (PTT) conjuguées avec le galactose, les GOS et la galactane par la réaction de
Maillard ont été produites. Les résultats ont révélé des changements importants dans les
structures secondaires totales causés par la glycation avec les GOS (61,2 %) et avec la galactane
(36,7 %). Apres la glycation, des formes de PTT conjugées thermostables ont été¢ obtenues avec
une température de dénaturation plus élevée (70-90°C) que celle de la protéine native (50—
70°C). Les PTT conjuguées ont aussi démontré une activité anti-oxydante supérieure (ICsy de
11,25-49,6 uM) que celle de la PTT native (93,1 uM). Bien que I'immuno-réactivité¢ a diminué
apres un traitement thermique de la PTT native (ICso de 2,77 ug/ml), elle a augmenté lorsque la
PTT a été conjuguée avec les GOS (0,03 pg/ml). Des inhibiteurs de la réaction de Maillard
sélectionnés, tels que l'aminoguanidine, la cystéine, la pyridoxamine, et le bisulfite de sodium,
ont ét¢ évalués pour produire, d'une fagon plus efficace, des conjugués PTT. Les résultats ont
révelé des diminutions de 65.1 et de 67.2% de réticulation des protéines et des augmentations de
60.2 & 2.6% des lysines bloquées des conjugués PTT:GOS and PTT:xylooligosaccharides en
présence de la cystéine et de 'aminoguanidine, respectivement. Vue le succes de I'utilisation des
inhibiteurs de la réaction de Maillard pour la production de conjugués de PTT:glucides, la
production des conjugués PTT:galactose/xylose a ét€¢ optimisée, avec la méthodologie de surface
de réponse, en utilisant une combinaison de la cystéine et du bisulfite de sodium. Le temps

d'incubation a été identifi¢é comme étant le parameétre le plus important qui affecte le pourcentage



des lysines bloquées, et le rapport des inhibiteurs a ét¢ identifié comme étant le parametre le plus

important qui influence la taille des particules.

Les dérivés galactosylées de la sérine/thréonine ont été synthétisés a travers une réaction de
transgalactosylation catalysée par une f-galactosidase de I'Escherichia coli. Le rendement le plus
élevé (23,2%) d’ester méthylique de serine benzyle carboxylique galactosylée a été obtenu dans
un systéme réactionnel biphasique composé de I'heptane et de la solution tampon lors de
l'utilisation de I'o-nitrophényl-fS-galactoside en tant que donneur. L’affinité de fixation des
dérivés de sérine et de thréonine au site actif de I'enzyme a été généralement plus élevée (4,6 a
7,9 kcal/mol) que celle du groupe naturel, le glucose. Pour I’ester méthylique de serine butoxyle
carbonylique (6,8%) et I’ester benzylique de serine benzyle carboxylique (3,4%), leurs affinités
de fixation au site actif de ’enzyme et les distances entre leurs chaines latérales hydroxyle et le
groupe 1'-OH du fragment du galactose ont été en accord avec les rendements de
transgalactosylation quantifiés. Toutefois, le haut rendement de bioconversion obtenu avec
I’ester méthylique de serine benzyle carboxylique (23,2%) malgré ses prédictions théoriques
défavorables par la simulation interactive de 1'assemblage moléculaire a démontré l'importance

de la nature thermodynamique de la réaction de transgalactosylation.
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Candidates have the option of including, as part of the thesis, the text of one or more papers
submitted, or to be submitted, for publication, or the clearly-duplicated text of one or more
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a cohesive unit with a logical progression from one chapter to the next. In order to ensure that
the thesis has continuity, connecting texts that provide logical bridges between the different

papers are mandatory.

The thesis must conform to all other requirements of the “Guidelines for Thesis Preparation” in
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As manuscripts for publication are frequently very concise documents, where appropriate,
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When previously published copyright material is presented in a thesis, the candidate must
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CONTRIBUTION OF AUTHORS

The present thesis consists of eleven chapters.

Chapter I provides a general introduction and a short literature review on the field, and outlines

the objectives of the study.

Chapter II reports on the literature review of protein:carbohydrate conjugate production through
the Maillard reaction and through the enzymatic glycosylation. An explanation of the chemistry
involved in the Maillard reaction, the factors affecting the Maillard reaction, and the Maillard
reaction inhibitors are provided. A brief explanation of the transgalactosylation mechanism of /-
galactosidase is presented and the computational docking analysis method for the structural
analysis of the enzyme and its substrates is introduced. The functional properties that can be
improved upon carbohydrate conjugation are outlined. The target proteins that will be
investigated in this study are presented. The chapter ends by demonstrating some of the

analytical techniques used to characterize protein—carbohydrate conjugates.

Chapter III to IX are presented in the form of manuscripts, and have been or will be submitted
for publication. The connecting statements in between the chapters provide the rationale linking
the different chapters presented in this study. Chapter III covers the production of lysozyme
(LZM):carbohydrate conjugates and their structural and functional properties. Chapter IV
describes the optimization of the production of LZM:carbohydrate conjugates. Chapter V
presents the production of patatin (PTT):carbohydrate conjugates and their structural and
functional properties. Chapter VI deals with the effect of PTT glycation on its immunoreactivity.
Chapter VII demonstrates the effect of Maillard reaction inhibitors on the production of
PTT:carbohydrate conjugates. Chapter VIII covers the optimization of the production of
PTT:carbohydrate conjugates using Maillard reaction inhibitors. Finally, Chapter IX reports on
the production of galactosylated serine/threonine derivatives through f-galactosidase-catalyzed

glycosylation.

Chapter X provides a general conclusion to the thesis with a summary of major findings.
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Chapter XI outlines the contribution of this study to the field and gives recommendations
regarding the direction of future research in the topic of protein:carbohydrate conjugate

production.
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CHAPTER1

GENERAL INTRODUCTION



Innovative research efforts to improve the functional properties of food proteins are needed to
meet the increased demands for multifunctional food ingredients that can be easily incorporated
into a wide range of processed food products. While many genetic-, chemical-, and physical-
based modification methods (Ali et al., 2010; Jegouic et al., 1997; Nakamura et al., 1993; Park et
al., 2000) have already provided the capability to generate a variety of modified proteins, there
have been only few successful developments of food proteins with improved functional
properties. The carbohydrate conjugation to proteins, through the Maillard reaction or by the
enzymatic glycosylation, has emerged as a highly promising modification approach to improve
the functional properties of food proteins. The functional properties of proteins are improved
upon conjugation with carbohydrates as a result of changes in their charge, solvation, and/or
conformation (Darewicz & Dziuba, 2001; Khan et al., 1999). Conjugation of proteins with
carbohydrates can lead to a more heat stable form of the protein (Shu et al., 1996) and to an
increase in the protein solubility (Saeki & Inoue, 1997). In addition, the improvements in the
emulsifying properties have been reported with protein:carbohydrate conjugates (Wong et al.,
2011). The protein glycation was also found to be a very efficient approach to decrease, in vivo,
the allergenicity of proteins (Arita et al., 2001). Moreover, the conjugation of prebiotic
oligosaccharides with a protein could potentially increase their colonic persistence, allowing
them to reach the distal colonic region, where most of chronic gut disorders originate (Gibson et

al., 2004).

The Maillard reaction comprises complex series of naturally-occurring reactions in which the
formation of protein:carbohydrate conjugates occurs during the early stage, where the free amino
group of a protein reacts with the carbonyl group of carbohydrates to form Amadori products.
During the advanced stages of the reaction, the products resulting from the degradation of the
Amadori products can undergo numerous transformations under various pathways giving rise to
peptide-bound adducts, to protein cross-linking, and to the formation of brown and polymeric
materials (Horvat & Jakas, 2004). To limit the Maillard reaction to its early stages, its parameters
(protein:carbohydrate ratio, temperature, incubation time, pH, ay) need to be controlled.
Although many studies (Jakas et al., 2008; Jiménez-Castafio et al., 2005; van Boekel, 2001) have
provided a good understanding of the effects of Maillard reaction parameters on the glycation
rate, only few of them have looked at the interactive effects of these parameters on the glycation

rate. To our knowledge, the glycation of proteins with oligosaccharides have been little
2



investigated (Sanz et al., 2005; Trofimova & de Jongh, 2004; Zheng et al., 2013). Moreover,
there are no systematic studies comparing the effects of type (pentose/hexose) and size (mono,
oligo/ polysaccharide) of carbohydrates on the glycation rate and on the functional properties of
the produced protein conjugates. Considering the conflicting results reported in the literature
(Groubet et al., 1999; Kato et al., 1998; Matsudomi et al., 1994), there is a need to further
elucidate the effects of carbohydrate and binding numbers on the structural and the functional
properties of the glycoproteins. Moreover, due to the complexity of the Maillard reaction, the use
of inhibitors is required to better control its progress and to limit the protein cross-linking. To our
knowledge, to date, no literature has systematically compared the efficiency of selected
inhibitors, aminoguanidine, cysteine, pyridoxamine, and sodium bisulfite, for the purpose of
producing functional protein:carbohydrate conjugates. In addition, the effects of the carbohydrate
structure (chain length; pentose/hexose) on the efficiency of these inhibitors have not been
studied. The understandings of the mechanisms behind the improvements in functional properties
of glycated food proteins, upon the modulation of the Maillard reaction parameters and the use of
inhibitors, are expected to result in a more effective production of glycated proteins with

enhanced functional properties.

The enzymatic glycosylation of amino acids/peptides/proteins can be catalyzed by glycosidases.
The glycosidases naturally catalyze the cleavage of glycosidic bond; however, they can also form
glycosidic bonds wunder thermodynamically and/or kinetically favored conditions. p-
Galactosidase is a commonly used catalyst in the food industry (Husain, 2010) that has
demonstrated a promising transgalatosylating activity (Johansson et al., 1991). However, only
limited studies have investigated the production of galactosylated amino acid/peptide derivatives
using f-galactosidase and reported poor transgalactosylation yields (Attal et al., 1992; Becker &
Kuhl, 1999; Layer & Fischer, 2006). In order to improve the transgalactosylation yields, the
elucidation of the binding affinity, interactions and orientations of amino acids and peptides as
acceptor substrates in the f-galactosidase’s active site would be necessary. Such molecular
mechanistic study is expected to contribute to a better understanding of the enzyme's
transgalactosylating specificity towards different acceptors and subsequently to the identification

of more suitable acceptor substrates.



Lysozyme (LZM), derived from hen egg white protein, and patatin (PTT), being a major potato
protein, were selected as the model proteins because they are well characterized and have many
desirable properties. Indeed, the desirable properties of LZM as a food protein include
antimicrobial activity and heat stability (Lesnierowski & Kijowski, 2007); however, LZM has
poor functional emulsifying properties and it is known to be one of the most important allergenic
food ingredients (Frémont et al., 1997). In addition to its antioxidant activity (Liu et al., 2003),
its high nutritional values (Camire et al., 2009), and antiproliferative activity against cancer cells
(Sun et al., 2013), PTT has excellent foaming (Ralet & Gueguen, 2001), gelling (Creusot et al.,
2010), and emulsifying properties (Ralet & Gueguen, 2000). However, due to its very high
exposed hydrophobicity (Creusot et al., 2010), PTT exhibits limited solubility at increased ionic
strength. Furthermore, the denaturation temperature of PTT has been shown to be around 59°C
(Creusot et al., 2010), which is lower than those of other animal proteins being used as food
ingredients. In order to make better use of LZM and of PTT as functional ingredients and to
broaden their applications, the improvement of their functional properties through protein

modifications is of great interest.

Given this, the overall objective of the present study is to develop novel approaches for the
synthesis of glycated/glycosylated proteins of potential applications as food ingredients and
nutraceuticals. The carbohydrate conjugation to the target proteins will lead to improvements in
different functional properties.

The specific objectives of this study were as follows:

1. Production and structural characterization of LZM conjugated with galactose,
galactooligosaccharide (GOS), and galactan through the Maillard reaction and the
investigation of the conjugation effect on its functional properties.

2. Investigation and optimization of the interactions between the glycation parameters for
the production of LZM conjugated with prebiotic GOS using response surface
methodology.

3. Study the effects of carbohydrate type (pentose, hexose) and length
(galactose/xylose/GOS/XOS/galactan/xylan) on the conjugation and the cross-linking
levels of PTT and characterization of the structural and functional properties of PTT

conjugates.



Investigation of the effect of carbohydrate conjugation on the digestibility and the
allergenicity (immunoreactivity) of PTT.

Investigation of the effectiveness of selected Maillard reaction inhibitors to maximize the
conjugation level of PTT conjugates and to minimize the protein cross-linking.
Optimization of the synthesis of PTT:galactose/xylose conjugates, through the Maillard
reaction, by the combined use of L-cysteine and sodium bisulfite as inhibitors.

Synthesis of galactosylated serine/threonine derivatives through p-galactosidase-
catalyzed transgalactosylation reaction and understanding of the mechanism involved

through molecular docking simulations.



CHAPTERI1II

LITERATURE REVIEW



2.1. Introduction

Due to the increase in demand for food proteins with desirable functionalities, many methods
have been developed in order to modify proteins to improve their functional properties. This
literature review will cover one of these protein modifications, the carbohydrate conjugation to
proteins and peptides through glycation (Maillard reaction) and through enzymatic glycosylation.
In addition, the different functional properties of food proteins that have been improved upon
carbohydrate conjugation and the analytical techniques that have been used to investigate the

produced protein:carbohydrate conjugates are summarized.

2.2. Proteins as Functional Ingredients

The increasing demand for foods possessing aesthetic and organoleptic appeal has placed great
emphasis on the need for proteins with multiple functional properties. Therefore, in addition to
having acceptable intrinsic properties, such as flavor, color, and nutritional value, proteins as
food ingredients also need to have appropriate functional properties for the variety of intended
applications (Kinsella, 1979). Functional properties of proteins are those physicochemical
properties that affect the behavior of proteins in food systems during preparation, processing,
storage, and consumption (Kinsella & Melachouris, 1976). Depending on the use of these
proteins, the importance placed on these properties may vary. For example, foaming activity
might be more desired in proteins used in dessert toppings and emulsification could be looked
for in proteins added in coffee creamers. Functional properties are governed by physical
attributes of the protein (amino acid composition, size, charge distribution, protein conformation,
hydrophobicity/hydrophilicity), by interactions with food components (water, ions, proteins,
lipids, carbohydrates), and by the environment (temperature, pH, ionic strength) (Kinsella,

1979).

2.3. Modifications of Proteins

The adoption of many novel proteins as food ingredients, especially those that have been isolated
from industrial waste, is impeded by the lack of the requisite functional properties (Kinsella &
Melachouris, 1976; Kristinsson & Rasco, 2000). Therefore, the development of methods for the
modification of these nonfunctional proteins to impart the needed functional attributes has been
ongoing. Protein modification usually refers to the intentional changes in protein structure

through physical, enzymatic, or chemical agents to improve functional properties (Kinsella &
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Melachouris, 1976). Common examples of protein modification include thermal extrusion
(Camire, 1991), hydrolysis (Kristinsson & Rasco, 2000), proteolysis (Kester & Richardson,
1984), and carbohydrate conjugation (Oliver et al., 2006a). The carbohydrate conjugation to
proteins and peptides has demonstrated to be an effective method to improve various functional

properties and it can be achieved through the Maillard reaction or through enzymatic methods.

2. 3.1. Protein Glycation through the Maillard Reaction

The Maillard reaction is one of the most important and complex reactions between reducing
sugars and amino acids/peptides/proteins that may spontaneously occur in living organisms and
during food processing, prolonged storage, and domestic cooking. The reaction is known for its
enhancing effects on food properties through color, aroma and flavor changes (Finot, 2005).
Both beneficial and detrimental effects have been attributed to the Maillard reaction products.
Some compounds such as reductones and melanoidins have shown antioxidant activity (Borrelli
et al., 2002; Xu et al., 2007), whereas the advanced glycation end products (AGEs) include a
variety of protein adducts implicated in inflammatory reactions and tissue damage (Brownlee et
al., 1984; Horie et al.,, 1997). From the standpoint of food technology, the coupling of
carbohydrates to proteins through the Maillard reaction has been reported to improve their

functional properties (Kato et al., 1993; Wooster & Augustin, 2006) (Scheme 2.1).

Protein Galactan Protein conjugated to Galactan

Scheme 2.1 Simplified schematic demonstrating the conjugation of galactan polysaccharide to a protein through the

Maillard reaction

The Maillard reaction is a spontaneous and naturally occurring reaction which is greatly
accelerated by heat without any extraneous chemicals. Therefore, the Maillard reaction is
probably one of the most promising approaches to create protein:carbohydrate conjugates for
food purposes. The use of these conjugates in food systems is more desirable when compared to

chemically modified food ingredients, as it does not pose the problem of residual chemicals in



the food systems (Kato et al., 1996). However, the application of heat induced products in the
food systems as functional ingredients will require precise reaction conditions, and evaluation
methods to ensure product quality and consistency. The reaction products formed through the
Maillard reaction are not a single species. They consist of various glycoforms and are produced
in combination with a vast array of predominantly poorly—characterized products. The types and
yields of Maillard reaction products are further influenced by various reaction conditions,
including temperature, pH, substrates ratio, relative humidity and the intrinsic properties of the

reactants (Labuza & Baisier, 1992; van Boekel, 2001).

2.3.1.1. Chemistry
The Maillard reaction can be divided into three stages: early, intermediate, and advanced. The
early stage of the Maillard reaction (initial glycation reaction) is well characterized (Scheme
2.2). A condensation reaction takes place between the carbonyl group of a reducing sugar with
an available, unprotonated amine group, forming a Schiff base with the release of water (Ames,
1992). The Schiff base that is formed cyclizes to the corresponding N—glycosylamine, which
then undergoes an irreversible Amadori rearrangement to produce the Amadori product (1-
amino-1-deoxy-2-ketose) (Ames, 1992). With ketoses, such as fructose, the Heyn's
rearrangement changes ketosylamine to a corresponding Heyn's product (2-amino-2-
deoxyaldose) (Martins et al., 2000). The kinetics of the initial nucleophilic attack of the carbonyl
carbon of the reducing sugars by the amino groups of proteins depend on temperature, water
activity (ay), and the proportion of the reducing sugar in the acyclic form (Davies et al., 1998;
Labuza & Saltmarch, 1981; Yaylayan et al., 1993). The pKa of the protein amino groups, as well
as their location within the protein structure (effect of neighboring amino acid residues and
accessibility of the amino group) can also influence the initial kinetics (Baynes et al., 1989). No
color is produced at this stage of the reaction.
.- A S

| | h i
R——NH; + HO—C—H 3 HO—C— P—— ¢—on == c=0

[
HO—C—H HO—C—H

Amadori compound

Scheme 2.2 Simplified reaction schematic of the early Maillard reaction



The intermediate stage begins with the degradation of the Amadori/Heyn's product(s) which can
undergo numerous transformations involving various divergent pathways (Scheme 2.3). These
include oxidation, fragmentation, enolization, dehydration, acid hydrolysis, and free radical
reactions producing a multiplicity of compounds (Friedman, 1996; Ledl & Schleicher, 1990).
Although some color is produced at this stage, most of the color is not produced until the final
stage which leads to the formation of (a) highly reactive compounds that may decompose into
small volatile flavor compounds or polymerize to form high molecular weight brown pigments
called melanoidins and (b) the formation of fluorescent compounds that can be measured to
monitor the Maillard reaction in food or model systems (Morales et al., 1996; Moreaux &

BirlouezAragon, 1997).

Aldose + Amino —— | MN-substitared + H.O
suger compouni +— | glycosylamine &
T
Amadori rearrangement
¥
Amadori rearrangement products (ARPs) (1-amino-1-deoxy-2-Ketose)
S3H.0 | plI=7 pi =7 2O | pH=7
Schiff’s base of Fission products Reductones
hy droxymethy Hurfural (acetol, diacetyl, [
{(HMF) or furfural puruvaldehy de, etc) -2H +2H
L
Dehydroreductones
+H.0
u-amino acids -C0y
-amino acid T
Strecker degradation
+amino acid ¥
Aldehydes -
L 4 L 4 s
HMF or furfural Aldos and N-free polymers

T 1 +amino acid
+amino acid
L

| Aldimines or ketimes

Melanoidins (brown
* nitrogenous polymers)

Scheme 2.3 General schematic of the Maillard reaction by Liu et al. (2012a) adapted from Hodge (1953)
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In contrast to earlier stages, the high degree of complexity of the advanced stages of the Maillard
reaction has made the accurate chemical description a difficult challenge. So far the details of
this stage are unresolved although the results, in terms of cooking reactions that give color and
flavor changes, can be easily recognized. The reactions that should be considered for the purpose
of producing protein:carbohydrate conjugates are those that occur during the early and
intermediate stages of the Maillard reaction involving proteins and carbohydrates, and in which
the protein is still recognizable. These reactions are the initial condensation reaction to form
Amadori or Heyn's products, and inter- and intra-molecular cross-linking reactions that form
insoluble polymers. Ideally, a glycoconjugate destined for incorporation into food will possess
improved functionality with minimal color or flavor development. This requires that the Maillard
reaction be performed under carefully controlled conditions to prevent the later stage color and

flavor changes.

2.3.1.2. Site Specificity
The vast majority of existing synthetic strategies for the conjugation of carbohydrates with
proteins rely on the formation of covalent linkages with lysine's free amino groups on the
protein. It was demonstrated in studies of glycation of RNAse under physiological conditions
that the lysine residues in basic sequences or regions of the proteins were preferentially glycated
(Erbersdobler & Somoza, 2007; Watkins et al., 1987). This preference was explained by the
binding of phosphate ions to the cationic pocket of the basic sequence or region of the protein
causing local catalysis of the Amadori rearrangement of the lysine residues. Also, the presence of
acidic residues in the vicinity of protein amino groups may catalyze the Amadori rearrangement
process, especially, under neutral and slightly basic conditions. Hydrophobic residues in the
microenvironment of lysine residues may also reduce the ay, of the local environment and
increase the rate of glycation. Lysine is one of the most abundant amino acids occurring in
proteins, and most of these polar residues are located on the protein surface (Creighton &
Freeman, 1983; Khmelnitsky, 2004). For this reason, any chemical modifications targeting lysine
amino groups in proteins almost invariably give a broad distribution of products, differing in the
degree of modification of the amino groups. The heterogeneity of the product mixture can be
significantly reduced by using a very high excess of the modifying reagent, resulting in complete

modification of all available amino groups (Yoshida & Lee, 1994).
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2.3.1.3. Effects of Reaction Parameters
The complexity of the Maillard reaction can be explained by the effects of numerous parameters
such as the nature, concentration and proportion of the reactants, a,, heating time, temperature,
pH, buffer type, and presence of oxygen (Ames, 1992; Yeboah et al., 1999). The modulation of

all these factors is necessary to control the Maillard reaction progress.

The Maillard reaction can take place in both “wet” and “dry” conditions, but it has been reported
that the optimum a,, for the reaction is between 0.5-0.8 (Labuza & Baisier, 1992; van Boekel,
2001). The use of “dry” conditions for the preparation of protein:carbohydrate conjugates is of
great interest because both protein denaturation/aggregation and Maillard secondary reaction
products are prevented to some extent by controlling the reaction conditions (Fenaille et al.,
2003). In addition, “dry” products have long-term stability and are easier to store and to handle.
Some have reported that reaction specificity can be influenced by a,, (Wu et al., 1990). There is
evidence that different buffer systems can affect the rate of reaction and the specificity of the
different amino groups of proteins (Baynes et al., 1989). Indeed, the effect of buffer ions on the
initial rate of reaction is influenced by their interaction with the f-hydrogen of the sugar moiety
of the Schiff base to speed up or to slow down the Amadori rearrangement process. Anionic
buffer ions, such as phosphate and carbonate ions, catalyze the Amadori rearrangement reaction
by enabling the abstraction of f-hydrogen of the sugar moiety of the Schiff base to form an
enaminol (Watkins et al., 1987). Cationic buffer ions on the other hand, can suppress the
abstraction of the f-hydrogen, therefore can slow down the Amadori rearrangement process. The
specificity of glycation of certain amino groups can also be influenced by anionic buffer by
anchoring to other polar amino acid residues in the microenvironment of the target amino group
through hydrogen bonding or electrostatic interaction, thus bringing them in close proximity to
the target amino group (Watkins et al., 1987). The presence of oxygen in the reaction system also
influences the rate and specificity of reaction during the early stage (Yeboah et al., 1999).
Yeboah et al. (1999) investigated the glycation of bovine serum albumin and lysozyme by D-
glucose and D-fructose under dry heating, and limiting sugar conditions. They demonstrated that
the initial rate of glycation was lower in the presence of oxygen than in its absence. Selectivity of
the amino groups of the proteins towards glycation could be also seen in the presence of oxygen.
Similar observations were made by another group in a glycation study conducted in solution

(Hayase et al., 1990). The lower initial rate of glycation and the selectivity in the glycation of the
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amino groups of proteins in the presence of oxygen was explained by the parallel competitive
glycoxidation reactions of the reducing sugars (Yeboah et al., 1999). The competitive
glycoxidation reactions can reduce the effective concentration of the reducing sugar in the
reaction system, which results in reduction in the rate of glycation. In the presence of oxygen,
aldoses readily undergo oxidation and form more reactive oxidation products, such as glyoxal
and glucosone (Hayase et al.,, 1990; Yaylayan & Huyghues-Despointes, 1994). These
glycoxidation products are more effective at glycating primary amino groups. It was also
suggested by Yeboah et al. (2000) that the observed selectivity in glycation during the initial
stages of the reaction in the presence of oxygen was due to the decrease in concentration of the
reducing sugars caused by competing side reactions leading to the glycation of the most reactive

amino groups of the proteins first.

The other major factors influencing the rate and extent of protein glycation are temperature, and
nature and amount of the reducing sugars (Davies et al., 1998; Labuza & Saltmarch, 1981). It has
been demonstrated that the glycation efficiency of peptides/proteins increases at higher sugar
concentrations and at higher temperatures. Glycation efficiency also increases at higher pH;
however, this could result from denaturation of protein and the resultant exposure of potential
glycation sites (Davis & Williams, 1998). Efficiency of the glycation process is time dependent
but reaches a maximum when all the glycation sites are saturated. The initial kinetics of
glycation are also dependent on the proportion of the reducing sugars existing in the acyclic or
active form under the reaction conditions, and on the electrophilicity of the sugar carbonyl group
(Bunn & Higgins, 1981; Labuza & Baisier, 1992; Yaylayan et al., 1993). It is widely accepted
that aldoses are intrinsically more reactive than ketoses; however, there has been conflicting
reports on the reactivities of glucose and fructose. Several researchers have reported that fructose
is more reactive than glucose (Suarez et al., 1995). Other researchers have reported glucose to be
more reactive (Naranjo et al., 1998). It has also been reported that fructose is more effective in
causing protein cross-linking and in generating protein bound Maillard fluorescence than glucose
(Suarez et al., 1991). The discrepancies in the literature may be related to differences in the
conditions under which the Maillard reactions were conducted and the methods used to monitor

the reaction.
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2.3.1.4. Effect of Carbohydrate Length on Glycation
Higher degree of polymerization of carbohydrate can lead to a slower rate of the Maillard
reaction and as a result, to a lower level of glycation (Chevalier et al., 2001b; Nacka et al., 1998;
Oliver et al., 2006a). Corzo-Martinez et al. (2010b) reported the sugar reactivity towards the
glycation of sodium caseinate as being galactose > lactose > dextran. Indeed, the smaller the
degree of polymerization of the sugar, the more acyclic forms exist and the more reactive is the
sugar with the free amino groups of the proteins (Corzo-Martinez et al., 2010b). On the other
hand, the steric hindrance of longer carbohydrate chains or the extensive branching might block
reducing groups from reacting with free amino groups on the protein (Aminlari et al., 2005).
Many studies have reported on the glycation of proteins with small carbohydrates, such as
galactose, glucose, and fructose (Corzo-Martinez et al., 2010b; Gu et al., 2010b; Yeboah et al.,
1999), and polysaccharides, such as dextran, galactomannan, and chitosan (Liu et al., 2012b;
Nakamura et al., 1992; Song et al., 2002); however, fewer number of studies on the glycation of
proteins with oligosaccharides have been carried out to date (Oliver et al., 2006b; Sanz et al.,

2005; Trofimova & de Jongh, 2004; Zheng et al., 2013; Zhong et al., 2013).

2.3.1.5. Protein Cross-linking during the Maillard Reaction
Protein cross-linking is the formation of covalent bonds between polypeptide chains within a
protein or between proteins (Feeney & Whitaker, 1988). The Maillard reaction, which is a
complex cascade of chemical reactions, involves protein cross-linking as a subset of the many
reaction products and the cross-linking of food proteins by the Maillard reaction is well
established (Gerrard et al., 2003; Hill & Easa, 1998; Mohammed et al., 2008). The
characterization of some of these cross-links has been accomplished and these include
petosidine, glucosepane, glyoxal lysine dimer, methylglyoxal lysine dimer, lysine arginine
dimer, methylglyoxal lysine arginine dimer, and glyoxal lysine arginine dimer (Biemel et al.,
2001; Chellan & Nagaraj, 1999; Nagaraj et al., 1996). There is evidence that the sugar-derived
dicarbonyl compounds, such as methylglyoxal, 3—deoxyosones or glyoxal (Biemel et al., 2002;
Chellan & Nagaraj, 1999; Lederer et al., 1998; Meade et al., 2003) get attached to lysine and
arginine residues on the protein by one of their bifunctional groups which in turn favor the
polymerization of the protein through the second functional group binding with the remaining
lysine and arginine residues on the protein (Glomb & Tschirnich, 2001; Hollnagel & Kroh, 2000)

(Scheme 2.4). The introduction of protein cross—links produces substantial changes in the
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structure of proteins, and therefore creates changes in the functional (Singh, 1991) and
nutritional (Friedman, 1996) properties. The precise chemical structures of these cross—links,
however, are less understood (Gerrard, 2002). Protein cross—linking can influence many
functional properties of food proteins, including texture, viscosity, solubility, emulsification and
gelling properties (Motoki & Kumazawa, 2000). Since protein cross—linking takes place during
the intermediate/advanced stages of the Maillard reaction (Mauron, 1990), it is a good indication
of the Maillard reaction progress and it has to be inhibited for the purposes of
protein:carbohydrate conjugates production. It has been described that by controlling the extent
of protein cross—linking associated with the intermediate/advanced stages of the Maillard
reaction, it is possible to obtain protein:carbohydrate conjugates with increased solubility, but
without excessive color formation (Oliver et al., 2006a). There are different ways to inhibit the
progress of Maillard reaction: by adding sulfite or sulthydryl containing compounds (Friedman,

1996) or by adding trapping agents such as aminoguanidine or pyridoxamine (Scheme 2.5).
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Scheme 2.4 Structure of some o—dicarbonyls generated during the Maillard reaction and possible protein

cross—linking reaction pathway for lysine modification by methylglyoxal (Miller et al., 2003)
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Scheme 2.5 Maillard reaction inhibitors

Sulfite is regarded as an effective inhibitor of the advanced stages of the Maillard reaction, which
is currently used in the food industry (Nursten, 2005). The effectiveness of sulfites in controlling
the Maillard reaction probably depends on distinct chemical reactions involving its participation
with carbonylic intermediates formed during the Maillard reaction. The dicarbonyl compounds
with the addition of sulfite in the reaction, are more likely to favor the formation of bisulfite
adduct. An example of a bisulfite adduct is 1-alkyl-2—formyl-3,4—diglycosylpyrroles formed
from 3—deoxyosone and the Amadori product followed by irreversible reaction of sulfite ion with
the electrophilic = carbons of  l-alkyl-2—formyl-3,4-diglycosylpyrroles to  form
l-alkyl-2—formyl-3,4—diglycosylpyrroles/bisulfite adducts which are blocked from reacting
with other proteins (Farmar et al., 1988). Scaman et al. (2006) demonstrated that the progress of
the Maillard reaction can be controlled effectively using sodium bisulfite for the production of

lysozyme—galactomannan/mannan conjugates.

Brownlee et al. (1986) showed that aminoguanidine can effectively inhibit protein cross—linking
caused by the Maillard reaction. The gradual increase in fluorescence associated with
cross—linking during the Maillard reaction was able to be inhibited by 90% upon addition of
aminoguanidine. Its nucleophilic hydrazine group (-NHNH,) and the dicarbonyl-directing
guanidino group (-NH-C(=NH)NH,) provide a reactive bifunctional scavenging of a,
f—dicarbonyls. It has also been demonstrated that aminoguanidine has little to no effect on the
conjugate/Amadori product formation (Edelstein & Brownlee, 1992). Oimomi et al. (1989) were
able to demonstrate that incubation of the 3—deoxyglucosone with bovine serum albumin
increased the fluorescence associated with cross—linking by 10—fold, whereas preincubation of

the 3—deoxyglucosone with aminoguanidine brought the fluorescence down by a factor of almost
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5. Their results suggested that aminoguanidine inhibits the advanced stage of the Maillard
reaction and Maillard reaction induced protein cross—linking by reacting with 3—deoxyglucosone.
Pyridoxamine which is a natural intermediate of vitamin B¢ metabolism, has been demonstrated
to be an adequate in vitro and in vivo inhibitor of the transformation of the Amadori compounds
to AGEs acting on several pathways of the Maillard reaction (Amarnath et al., 2004; Booth et al.,
1996; Voziyan et al., 2002). Booth et al. (1996) demonstrated that pyridoxamine is significantly
more effective at inhibiting the glucose—derived AGEs formation than aminoguanidine. The
mechanism of inhibition of the Maillard reaction by pyridoxamine is difficult to study because
the advanced stages of Maillard reaction involve multiple pathways leading to AGEs and
pyridoxamine is believed to be involved in different steps. It was suggested that pyridoxamine
has a different mechanism than aminoguanidine in order to prevent the advanced stages of
Maillard reaction since it inhibited the formation of AGE N°~(carboxymethyl)lysine (CML) from
the isolated protein—Amadori intermediate, which could not be achieved with aminoguanidine
(Booth et al., 1997). Pyridoxamine has also been shown to scavenge reactive carbonyl species
that act as precursors of AGEs and of advanced lipoxidation end products (ALEs) (Amarnath et
al., 2004; Nagaraj et al., 2002; Voziyan et al., 2002). Recently, Corzo-Martinez et al. (2008) used
pyridoxamine to inhibit the advanced stages of Maillard reaction during production of
p-lactoglobulin:galactose/tagatose conjugates for food purposes. They concluded that
pyridoxamine also competes with the free amino groups of f—lactoglobulin for the carbonyl
group of the carbohydrates, thus delaying the formation of the Amadori/Heyns compounds,

preventing additional cross—linking reactions and the formation of protein aggregates.

The suggested mechanisms of action of aminoguanidine and of pyridoxamine found in the

literature have been summarized in Table 2.1.
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Table 2.1 The suggested mechanisms of action of aminoguanidine and of pyridoxamine

References Inhibitor Mechanism of action
. Competes with protein lysine residues for dicarbonyl
(Voziyan et al., . . ..
2002) Pyridoxamine and o-hydroxycarbonyl moieties of GO and GLA to
form cyclic aminal derivatives
Transient reversible adduction of 3-deoxyglucosone by
(Chetyrkin et al., Pyridoxamine pyridoxamine followed by irreversible pyridoxamine-
2008) y mediated oxidative cleavage of 3-deoxyglucosone to
give nonreactive products
(Adrover et al., Pyridoxamine The inhibition of post-Amadori reactions is due to the
2008) Y metal ion sequestering effect of pyridoxamine
(Edelstein & Aminoeuanidine Aminoguanidine reacts with Amadori-derived
Brownlee, 1992) gl fragmentation products
(Thornalley et . o Aminoguanidine reacts with a-oxoaldehydes glyoxal,
Aminoguanidine  methylglyoxal, and 3-deoxyglucosone to form 3-
al., 2000) . . o
amino-1,2,4-triazine derivatives
(Hirsch et al., Ami o Aminoguanidine reacts with glucose to form f-D-
minoguanidine . i
1995) glucopyranosyl aminoguanidine
(Requena et al., . - . . D
Aminoguanidine  Early glycation of albumin was inhibited

1993)
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2.3.2. Protein Glycosylation through Enzymatic Approach

Another method for the synthesis of protein:carbohydrate conjugates is through enzymatic
reactions. Among the enzymes that can be used for the production of these conjugates,
glycosidases (EC. 3.2.1) and glycosyltransferases (EC. 2.4) are the most investigated so far. The
easy accessibility and the broad substrate range of glycosidases make them interesting candidates
for the production of protein:carbohydrate conjugates compared to glycosyltransferases, which

are less available and require the use of expensive sugar nucleotides.

2.3.2.1. Glycosidases-catalyzed Glycosylation of Amino Acids and Peptides
The glycosidases naturally catalyze the cleavage of glycosidic bond. These enzymes can be
divided into two groups: the exoglycosidases which cleave glycosidic bonds at the terminal end
of the carbohydrates and the endoglycosidases which cleave internal glycosidic linkages
(Ichikawa et al., 1992; Nilsson, 1988; Toone et al., 1989). Although glycosidases are hydrolytic
enzymes, under controlled conditions, glycosidases can be used to synthesize glycosidic bonds
rather than for cleavage. As such, they have been employed as catalysts in oligosaccharide
synthesis (Sinnott, 1990). Two general protocols for glycosidase—based synthesis have been
reported. The equilibrium controlled synthesis reverses the hydrolysis reaction by combining a
free monosaccharide and a nucleophile. The reaction requires high concentration of substrate and
high temperature because the equilibrium favors the hydrolysis reaction. The yield of
oligosaccharide remains low, from 20 to 30%. Several examples of synthesis using glycosidases
have been reported (Johansson et al., 1991; Johansson et al., 1989). However, improved yields
can often be achieved under kinetic conditions (transglycosylation), usually employing an
activated glycosyl donor, organic cosolvent, or using a transglycosidase that prefers
transglycosidation to hydrolysis. In general, only simple glycosides can be prepared, and product
yields are still greatly decreased when compared to those of glycosyltransferase—catalyzed
reactions. Glycosidases exhibit a less pronounced selectivity than the glycosyltransferases for the
acceptor structure. They are highly selective for the anomeric configuration of the newly
synthesized linkage. Generally, it is selective for the primary hydroxyl group of the acceptor,
forming (1,6)-linkage between donor and acceptor. Thus, the use of glycosidases for the
transglycosylation reactions presents several advantages: the enzymes are readily available and
inexpensive, sugar nucleotides and cofactors are not required (Ichikawa et al., 1992; Jenkins &

Curling, 1994; Nilsson, 1988).
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2.3.2.2. p—Galactosidase-catalyzed galactosylations
[—Galactosidase is a commonly used catalyst in the food industry (Husain, 2010) to improve
sweetness, solubility, flavor and digestibility of dairy products. f—Galactosidases work in a broad
pH range: enzymes from fungal origin act between pH 2.5-5.4, yeast and bacterial enzymes act
between pH 6.0—7.0. f/—Galactosidases can use a variety of acceptors for the transgalactosylation
reactions. It has been demonstrated that formation of a glycosidic bond between galactose and
L—serine was possible using f—galactosidase, as long as both the amino and carboxyl groups of
serine were protected (Holla et al., 1992; Johansson et al., 1991; Layer & Fischer, 2000)
(Scheme 2.6). Sauerbrei and Thiem (1992) were able to galactosylate unprotected serine using
ortho—nitrophenyl f—galactoside and pf—galactosidase from Aspergillus oryzae. A
transgalactosylation of a protected dipeptide has also been demonstrated using lactose as a donor
and f—galactosidase from Escherichia coli as catalyst (Attal et al., 1992). Leparoux et al. (1996)
have also demonstrated galactosylation of N—protected dipeptide using the Achatina achatina
digestive juice and lactose as donor and obtained better yields than those using the E. coli

[—galactosidase.

Ho OH HNR

ortho-nitrophenyl-f-galactoside amino acid dun ative galactosylated amine acid derivative

|||||I

Scheme 2.6 f—Galactosidase—catalyzed galactosylation of an amino acid derivative

The p—galactosidase from E. coli has been widely used for various biotechnological applications
and its amino acid and nucleotide sequences and its structure have been well characterized. The
enzyme is a homotetramer, each monomer weighing 116 353 Da and having 1023 amino—acid
residues in five sequential domains, with an extended segment at the amino terminus. The
three—dimentional structure of f—galactosidase shows that the active site is located in a deep
pocket within a distorted “TIM” barrel. Divalent and monovalent cations are required for full
catalytic efficiency: Mg2+ or Mn2+ cations leads to 5—100—fold activation depending on the
substrate level. The active site has two subsites: the first is highly specific for the galactose
moiety, whereas the second lacks the specificity (Jacobson et al., 1994; Juers et al., 2001; Juers

et al., 2000). This lack of specificity allows the binding of a wide variety of substrates.
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f—Galactosidase from E. coli is a retaining glycosidase and therefore maintains the initial
conformation on the anomeric carbon. The proposed catalytic mechanism of the enzyme occurs
through a double—displacement reaction involving galactosylation and degalactosylation steps,
with the reaction proceeding through a covalent galactosyl-enzyme intermediate (Crout & Vic,
1998) (Scheme 2.7). The active site consists of two carboxylic acid residues (Glu461 as
proton—donor, Glu537 as catalytic nucleophile) that are approximately 5.5 A apart (Juers et al.,
2001). The first mechanistic step is characterized by the departure of the glucose group. The
second step involves the attack of the covalent carbohydrate—enzyme intermediate by a sugar
molecule, concomitantly with or followed by the transfer of a proton from sugar to the proton
donor, in a reverse mode of the first step. The literature suggests that both transition states have

substantial oxocarbenium ion character (Namchuk et al., 2000).
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Scheme 2.7 General mechanism for retaining glycosidases such as /—galactosidase from E. coli (Rye & Withers,
2000)

2.3.2.3. Computational Analysis for Enzymatic Glycosylation: Molecular Docking
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The goals of a computational study of an enzymatic reaction are the elucidation of its chemical
mechanism, the identification of specific interactions stabilizing the intermediate/transition
state(s), and the understanding of the effects produced by an enzyme's conformational
fluctuations, especially over the reaction rates (Lonsdale et al., 2010). Comprehensive analysis of
experimental and computational binding data can provide new insights into the nature of the
interactions between the substrates and the enzyme (Honarparvar et al., 2014). Some of these
computer—based techniques include free binding energy calculations (Brandsdal et al., 2003),
molecular mechanics (Bras et al., 2010), molecular dynamic simulations (Karplus &
McCammon, 2002), homology modeling (Yoo & Medina-Franco, 2011), and molecular docking
(Udatha et al., 2012). Molecular docking, among other computational methods, can provide an
understanding of the binding modes between substrates and an enzyme. It is used for both
exploring the possible conformations of a substrate inside the binding site of an enzyme as well
as for the estimation of the strength of substrate-enzyme interaction (Honarparvar et al., 2014).
Molecular docking relies upon the preexistence of X-ray crystallography structures of the
particular enzyme of interest (Honarparvar et al., 2014). In order to improve the yield of the
protein:carbohydrate conjugates through enzymatic glycosylation, the interactions between the
enzyme and the substrates need to be well-characterized. Since the goal of molecular docking is
to understand and predict molecular recognition by finding likely binding modes, and by
energetically predicting the binding affinity (Morris & Lim-Wilby, 2008), it may be a useful tool
to improve the yield of the protein:carbohydrate conjugates through f—galactosidase—catalyzed
glycosylation by aiding in the selection of the right substrate. Selecting compounds in silico that
bind to an enzyme's active site is challenging because the method must find the optimum binding
orientation and substrate conformation. Another challenge is that the method must score the
compound so that its relative affinity can be judged compared to other compounds (Morris &
Lim-Wilby, 2008). Therefore, all docking programs have an algorithm that first performs a
"docking" (substrate binding orientation/conformational search) followed by a scoring function
that ranks the substrates in terms of intermolecular binding energy (Udatha et al., 2012). Most
docking software makes use of force field calculations that approximate the binding energy
based on both high-level calculated quantum mechanics and the experimental data. The binding
affinities of various substrates to the enzyme are compared and may provide a correlation

between the bioconversion yield and the substrates used (Honarparvar et al., 2014). During the
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docking process, the x, y, z coordinates of the individual substrate and the enzyme are used to
predict the best—fit conformation for the resulting enzyme—substrate complex. The binding mode
of a substrate can be defined by its state variables, such as its position and its conformation. Each
of these state variables will contribute one degree of freedom in a multidimensional search space.
The search methods can be divided into two main categories: systematic and stochastic (Morris
& Lim-Wilby, 2008). In systematic search, the outcome of the search is deterministic, but the
quality of the solution depends on the granularity of sampling of the search space. Stochastic
methods rely on an element of randomness with varying outcomes. Systematic search methods
are commonly used in cases with lower degrees of freedom with programs such as DOT (Morris
& Lim-Wilby, 2008), GRAMM (Tovchigrechiko & Vakser, 2006), and ZDOCK (Chen & Weng,
2002). Stochastic search methods are more suitable for more complex problems and can be
performed using algorithms such as Monte Carlo simulated annealing (MCSA) (Goodsell &
Olson, 1990), genetic algorithms, and hybrid global-local search methods (Motris et al., 1998).
Scoring functions can be empirical, knowledge based, or molecular mechanics based (Taylor et
al., 2002). Two criteria need to be considered when evaluating the quality of docking results; 1)
how well does the binding mode predicted by the docking match the known structural data, and
2) how did the docking procedure rank the substrates and does the ranking match the
experimental data? (Morris & Lim-Wilby, 2008). Bras et al. (2010) have used computational
methods to study the catalytic mechanism of transglycosylation reaction of retaining E.coli p—
galactosidase using lactose as the substrate. They have used the ONIOM method (molecular
mechanics/quantum mechanical method) to account for the stereochemistry of the reactive
residues and the long-range enzyme-lactose interactions. They have found that the formation of
p(1-6) glycosidic bonds, therefore the formation of allolactose, is favored and have confirmed
their results experimentally. Pérez-Sanchez et al. (2011) have used Autodock 4 software for their
molecular docking procedures followed by molecular dynamics simulations with GROMACS
software to explain the transgalactosylating activity boost of E. coli f—galactosidase in glycerol-
based solvents. They have concluded that the better disposition of the substrate in the active site

originating from the different solvation effects may explain the observed behavior.
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2.4. Improvements in Functional Properties of Protein Conjugates

Selected functional properties of proteins can be improved by conjugating with carbohydrates as
a result of changes in their charge, solvation, and/or conformation (Darewicz & Dziuba, 2001;
Kato et al., 1993; Khan et al., 1999; Morgan et al., 1999a; Nakamura et al., 1994). The most
important functional properties that are affected by protein:carbohydrate conjugation are protein
solubility, heat stability, emulsifying properties, allergenicity, foam forming activity, and
antioxidant activity. Table 2.2 lists some selected publications where improvements in protein
functional properties were observed through carbohydrate conjugation to different proteins at

different reaction conditions.

2.4.1. Protein Solubility

Earlier studies done by several researchers showed decrease in protein solubility after
protein:carbohydrate conjugation (Kato et al., 1986); however, more recent studies demonstrate
that there is an improvement in protein solubility after glycation/glycosylation. It has been
suggested that the protein solubility is improved when there is a limited degree of conjugation
(Oliver et al., 2006b). This implies that the conjugates formed by the Maillard reaction can have
improved solubility due to the hydrating ability of the carbohydrate, but also the solubility can
decrease since the advanced Maillard reaction favors the formation of protein cross—links. A
study done by Saeki and Inoue (1997) demonstrated an improvement of fish myofibrillar protein
solubility when just 17% of the available lysine residues were glycated with glucose. In contrast,
Nishimura et al. (2011) obtained a decrease in solubility when chicken myofibrillar proteins were
conjugated with glucose. Conjugating fenugreek gum, a galactomannan, to soy whey protein
isolate led to an increase in solubility over a broad range of pH (3—8), which demonstrates that
the conjugation of fenugreek gum led to a protective effect against protein aggregation even at
the isoelectric point of the protein (Kasran et al., 2013). To obtain a net improvement in protein
solubility by using the Maillard reaction conjugates, it would require very tight control of the
reaction progress and of the rate of the glycation. On the other hand, such improvement would be
more easily achieved with the enzymatic glycosylation since the rate of the reaction can be more
easily controlled, and the protein cross—linking is not favored by the enzymatic glycosylation.
For both methods, the protein solubility is likely to depend mostly on the molecular structure and

chemistry of the protein and of the reacting sugars.
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Table 2.2 Selected literature demonstrating improvements in functional properties through the carbohydrate conjugation to proteins

Reference

Conjugate

Reaction conditions

Improvements in functional properties

(Sarabia-Sainz
etal., 2013)

Porcine serum albumin—GOS

1:2 (protein:carbohydrate) weight ratio
Dry reaction at pH 8§, 9
80°C and 90°C for 30 min

Inhibition of enterotoxic E. coli adhesion to piglet mucins
in vitro

(Kato et al.,
1990)

Ovalbumin—dextrose

1:5 (protein:carbohydrate) weight ratio
Dry reaction (a,, = 0.65)
60°C for 3 weeks

Emulsion stability over a wide pH and temperature range

(Dickinson &
Galazka, 1991)

p—-Lactoglobulin—dextran

1:1 or 1:3 (protein:carbohydrate) weight ratio
Dry reaction (a,, = 0.35-40)
60°C for 3 weeks

Enhanced emulsion stability and inhibition of serum and
cream separation

(Wong et al.,
2011)

Deamidated soluble isolated
wheat protein—dextran

1:1 (protein:carbohydrate) mole ratio
Dry reaction (a,, = 0.75)
60°C for 5 days

Improvement in emulsion stability by conjugation with
larger dextran (64—76 kDa)

(Matemu et al.,
2009)

Tofu whey protein—chitosan
oligosaccharide/galactomann
an/xyloglucan

1:1 (protein:carbohydrate) weight ratio
Dry reaction at pH 7 (a,, = 0.65)
60°C for 7 days

Improvements in emulsion stability and water hydration
capacity when larger protein (>3kDa) used for the
conjugation

(Einhorn-Stoll
et al., 2005)

Whey protein isolate—high or
low methoxylated pectin

1:1, 1:3, or 1:5 (protein:carbohydrate) weight
ratio

Dry reaction at pH 5 or 7 (a,, = 65 or 80)

50, 60, or 65°C for 3 weeks

Emulsion activity and stability improved following
conjugation

(Nakamura et
al., 1991)

Lysozyme—dextran

1:5 (protein:carbohydrate) weight ratio
Dry reaction (a,, = 78.9)
60°C for 0—3 weeks

Improvement in emulsifying properties and in
antimicrobial activity

(Kato, 2000)

Lysozyme—
galactomannan/xyloglucan
Soy protein—
galactomannan/xyloglucan

For conjugation with galactomannan:
1:4 (protein:carbohydrate) mole ratio
Dry reaction (a,, = 65)

60°C for 2 weeks

For conjugation with xyloglucan:

1:8 (protein:carbohydrate) mole ratio
Dry reaction (a,, = 65)

60°C for 24h

Increase in heat stability, and in emulsifying properties
after conjugation and decrease in immunoreactivity

(Chevalier et
al., 2001a)

p—Lactoglobulin—
galactose/glucose/lactose/rha
mnose

1:1 mole ratio
Wet reaction at pH 6.5
60°C for 72h

Improvements in heat stability and in emulsifying
properties

(Kasran et al.,
2013)

Soy whey protein isolate—
fenugreek gum

1:3 (protein:carbohydrate) weight ratio
Dry reaction (ay, = 0.75)
60°C for 3 days

Improvements in solubility of soy whey protein isolate
after conjugation over pH 3-8 and in emulsifying
properties
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2:1 (protein:carbohydrate) weight ratio

g%l(l)e(:gherd ctal, Casein—maltodextrin Dry reaction (a,, = 0.79) Improved emulsifying stability and solubility at pH <6
60°C for 0—120h
(O'Regan & Sodium caseinate— 2:1 (protein:carbohydrate) weight ratio

Mulvihill, 2010)

maltodextrin

Dry reaction (a,, = 0.79)
60°C for 0-96h

Improved solubility and emulsion stability

2:1 (protein:carbohydrate) weight ratio

(1[;;1;; ctal, Ovalbumin—glucuronic acid Dry reaction at pH 7.5 (ay = 0.65) Il)rrr;p;:r\t/ie:?ents in heat stability and in emulsifying
50°C for 0.5-3 days.

(Akhtar & 1:3 (protein:carbohydrate) weight ratio

Dickinson, Whey protein isolate—dextran  Dry reaction (a,, = 0.79) Improved emulsifying properties at pH 3.2

2003) 80°C for 2h

(Medrano et al.,
2009)

f—-Lactoglobulin—
lactose/glucose

1:10 and 1:100 (protein:carbohydrate) molar
ratio

Dry reaction at pH 7 (a,, = 0.65)

50°C for 51 and 96h

Improved foaming properties

1:2 (protein:carbohydrate) weight ratio

Non-hydrolyzed reaction products exhibited highest

g(o}llloe;)al., Casein—glucose Wet reaction at pH 12 reducing power, but peptic hydrolysates were more

102°C for 130 min efficient in radical scavenging activity

1:1 mole ratio of free amino groups to sugar
(Dong et al., Hydrolyzed f—lactoglobulin—  carboyl groups Improved DPPH- scavenging activity, reducing power, and
2012) glucose Wet reaction at pH 8 iron chelating activity

90°C for 18h

(Joubran et al.,
2013)

Lactoferrin—glucose/fructose

1:1 and 1:3 (protein:carbohydrate) mole ratios
Dry reaction at pH 7 (a,, = 0.79)
60°C for 12 or 36h

Increase in antioxidant capacity only with glucose—based
conjugates

2:1 (protein:carbohydrate) weight ratio

(Jing et al., Albumin/ovomucoid/lysozy . ’ All conjugates demonstrated improvements in emulsion
. Y Dry reaction at pH 7 (a,, = 0.79) i . . ..
2011) me/casein—fructose/inulin : stability and DPPH- radical scavenging activity
60°C for 3 days
(Amld &. . Whey protein isolate—durian 1:3 (protqln:carb(lhydrate) weight ratio Partlal conjugation of durian s;efl gum to wh;y protein
Mirhosseini, seed oum Dry reaction (a,, = 0.80) isolate improved the characteristics of water in oil in water
2014) & 60°C for 48h emulsion

(Lietal., 2013)

Rice protein—
glucose/lactose/maltose/malt
odextrin/dextran

1:1 (protein:carbohydrate) weight ratio
Wet reaction at pH 11
100°C for 0—40min

Limited hydrolysis in addition to carbohydrate conjugation
improved the solubility and the emulsifying activity of the
protein
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2.4.2. Heat Stability

There is evidence that conjugation of proteins with carbohydrates results in a more heat stable
form. A study done by Shu et al. (1996) using lysozyme—polysaccharide conjugate demonstrated
that the conjugates showed no aggregation up to 95°C, whereas the turbidity of the native
lysozyme increased at 85°C and reached a maximum tubidity of 1.7 (ODsgg) at 95 °C. This result
indicates an increase in thermal stability of lysozyme upon its conjugation with galactomannan.
Lysozyme—xyloglycan conjugate was less heat stable as compared the one conjugated with
galactomannan; however, it was still more heat stable than the native lysozyme. In another study,
the conjugation of f—lactoglobulin with galactose, glucose, lactose, or rhamnose led to better
heat stability as compared to the native protein (Chevalier et al., 2001a). Kato (2002) suggested
that the carbohydrate that is conjugated to the protein may stabilize the protein in a manner that
sterically protects its aggregation and since the unfolded protein—protein interaction is inhibited,

it may enable the protein to reverse its denaturation.

2.4.3. Emulsifying Properties

Both protein and carbohydrate have a role in the stabilization of oil-in-water emulsions. Proteins
adsorb at the oil-water interface during emulsification, while carbohydrates confer colloid
stability through their gelation behavior in the aqueous phase (Scheme 2.8). Usually this is better
achieved with polysaccharides since they have better hydrating capacity compared to shorter
carbohydrates. Kato (2000) demonstrated that the conjugation of lysozyme with galactomannan
having a molecular size of more than 6—12 kDa is essential for the improvement of the
emulsifying properties. When xyloglucan, an oligosaccharide, was used for the conjugation with
lysozyme, it did not lead to an improvement of the emulsifying properties. When the conjugation
of fenugreek gum to soy whey protein isolate improved dramatically the emulsifying properties
of the proteins (Kasran et al., 2013), this improvement was attributed to the inhibition of the
unfolded protein—protein interaction due to the attached polysaccharide. Shepherd et al. (2000)
investigated the emulsifying properties of casein conjugated with maltodextrins and
demonstrated improvements in emulsifying properties, but they could not conclude if this
improvement was only due to the increase in solubility of the conjugates. In other studies, the
emulsifying properties either remain unchanged (Groubet et al., 1999) or decreased (Kato et al.,
1992; Kato et al., 1990) when proteins were glycated with mono— or di— saccharides. However,

Moreno et al. (2002) have shown that reaction of caseinomacropeptide with lactose improved
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emulsifying activity of the native protein. Saeki and Inoue (1997) and Moreno et al. (2002) were
able to explain these findings by associating the improvement in emulsifying properties of the
conjugates with maximum decrease in rate of available lysine, which indicates that high degree
of glycation can compensate for the shorter carbohydrate chain and the smaller hydrating effect.
The effect of higher conjugation level on the improvement of emulsifying properties was also
demonstrated by Kato (2000) when using lysozyme with galactomannan where the double

conjugated lysozyme demonstrated better emulsifying activity than the single conjugated

lysozyme.
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Scheme 2.8 Schematic of emulsion formation through proteins glycated with polysaccharides adapted from Wong et

al. (2011)

2.4.4. Allergenicity

The conjugation of proteins with carbohydrates has been reported to be able to mask their
allergenic structures. When compared with other methods of decreasing the allergenicity of food
proteins, such as protease digestion and transglutaminase treatment, the polysaccharide
conjugation was found to be the best method to reduce the allergenicity of soy protein (Babiker
& Kato, 1998). The decrease in allergenicity could be the result of the destruction of
conformational epitopes by denaturation of the protein or by glycation of the amino acid residues
located on the epitopes that sterically inhibit some epitope binding (Arita et al., 2001). On the
other hand, the Maillard reaction may increase the allergenicity of food allergens by contributing
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to the formation of new epitopes or by exposing the buried epitopes (Gruber et al., 2005;
Nakamura et al., 2005). Babiker et al. (1998) used 34 kDa soy protein, which is a well identified
allergenic protein (Ogawa et al., 1993), to demonstrate that the binding affinities of antibody to
soy protein conjugated with polysaccharides greatly decreased compared to the native protein.
Another study demonstrated that glycation of soy protein with chitosan decreased the affinity of
human immunoglobulin E (IgE) antibody from an allergic patient’s serum compared to the
native soy allergen (Usui et al., 2004). Arita et al. (2001) came to a similar conclusion using
lysozyme in an in vivo system. They demonstrated that while the production of IgG was not
suppressed, the production of IgE induced by the conjugates decreased significantly compared to
the IgE production induced by the native protein and they concluded that the polysaccharide

conjugation with allergenic proteins is a promising therapeutic approach.

2.4.5. Foam Forming Activity

Foaming characteristics of dispersions are important in many foods such as milk, mayonnaise,
ice cream, etc which depend on the quality of the foam which determines the structure and
contributes to sensory qualities. The foam stability depends on the properties of the
surface—active components in the system (Rodriguez Patino et al., 2008). Several studies have
demonstrated that carbohydrate conjugation of proteins can lead to an increase in protein
diffusion at the air/water interface due to an increase in exposed hydrophobicity improving the
protein's ability to form and stabilize foams. Chevalier et al. (2001a) demonstrated that
moderately conjugated f—lactoglobulin with galactose or with glucose can be used to form foam

with better stabilities and less drainage as compared to the native.

2.4.6. Antioxidant Activity

Many studies have demonstrated that alimentary proteins and peptides can interfere with radical
reactions and act as primary or secondary antioxidants (Elias et al., 2008). Proteins can act as
primary antioxidants by their electron or proton donor functionality or act as secondary
antioxidants by retarding the oxidation through chelation of pro—oxidant transition metals such as
iron and copper (Huang et al., 2005). There is evidence that the protein:carbohydrate conjugates
produced through the Maillard reaction have improved radical scavenging properties (Dong et
al., 2012; Gu et al., 2010b; Jing et al., 2011; Joubran et al., 2013). Sun et al. (2006) demonstrated

that conjugation of ovalbumin to different D—aldohexoses could significantly increase the
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antioxidant activity of ovalbumin. It has been numerously demonstrated that some advanced
Maillard reaction products resulting from the numerous degradations of the initial substrates,
such as reductones and melanoidins, are potent antioxidants (Borrelli et al., 2002; Manzocco et
al., 2000; Xu et al., 2007). Although the mechanisms by which the Maillard reaction conjugates
themselves exert their antioxidant activity are yet to be fully understood, the main structural
characteristics of protein, required for an efficient radical scavenging activity, were reported to
be the number of free radical scavenging amino acids and their solvent accessibility (Elias et al.,
2008). It is likely that the different structural changes of the protein during carbohydrate
conjugation can lead to an increased exposure of free radical scavenging amino acids within the

protein, therefore increasing the antioxidant activity of the protein.

2.5. Target Proteins

The proteins that were used in this study to be conjugated to different carbohydrates were
lysozyme and potato protein patatin. Although these proteins have been demonstrated to possess
many interesting functional properties to be used as food ingredients, their application has been
limited. This makes them suitable candidate proteins to be investigated for carbohydrate

conjugation.

2.5.1. Lysogyme

Lysozyme from hen egg white has desirable properties as a food preservative since it has
demonstrated bacteriostatic, bateriolytic, and bacteriocidal acitivity (Hughey & Johnson, 1987).
Other desirable characteristic of lysozyme as a food ingredient is its very high heat stability; it
has a denaturation temperature at around 80 °C (Tomizawa et al., 1994). It is a polypeptide of
129 amino acid residues with a molecular weight of 14.3 kDa. It is a strongly basic protein with
an isoelectric point of 10—11 (Lesnierowski & Kijowski, 2007). Since it a well characterized
protein, it is often used as model protein for the carbohydrate conjugation through the Maillard
reaction. Lysozyme has 7 available free amino groups including the amino terminal of the
protein and the most susceptible amino acid residue to glycation has been identified as Lys 97
(Shu et al., 1996). Song et al. (2002) have used chitosan to conjugate to lysozyme and
demonstrated improvements in antimicrobial activity, solubility, and also emulsifying activity of
the protein. Another study by Alahdad et al. (2009) conjugated dextran sulfate to lysozyme and

have observed improvements in heat stability, solubility and, emulsifying activity. Their study
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demonstrated that their conjugate, lysozyme—dextran sulfate, had lower antimicrobial activity
against Gram—positive bacteria, such as Staphylococcus aureus, compared to the unconjugated
lysozyme, but had higher antimicrobial activity against Gram—negative bacteria, such as E. coli,
compared to the native protein. Shu et al. (1996) demonstrated that the improvements in
functional properties of carbohydrate—conjugated lysozyme are dependent on the length of the
carbohydrate. They obtained better emulsifying activity when lysozyme was conjugated to the
6—12 kDa galactomannan as compared to the smaller galactomannan. Since lysozyme is a known
egg allergen (Frémont et al., 1997), the carbohydrate conjugation through the Maillard reaction

to decrease its allergenicity has also been studied by other researchers (Arita et al., 2001).

2.5.2. Potato Protein: Patatin

Potato (Solanum tuberosum) is the world's fourth most important crop after rice, wheat and corn.
More than 3 hundred million tons of potato are produced world—wide annually (FAO, 2008).
Potato tuber proteins are classified into three groups: patatin, protease inhibitors, and other
proteins (Pots et al., 1999b). Patatin (PTT) is a nonspecific lipid hydrolase that consists of
approximately 25-40% of the total soluble protein in mature potato tubers (Sharma et al., 2004).
The mature tuber PTT variants are dimers of 40 to 45 kDa subunits without disulfide bridges but
carry from one to two N—linked glycans (Pots et al., 1999a). There are 25 available free amino
groups on PTT. Its foaming (Ralet & Gueguen, 2001), gelling (Creusot et al., 2010), and
emulsifying properties (Ralet & Gueguen, 2000) have already been reported. In addition to its
many functional properties, the use of PTT as potential food ingredient is of great interest due to
its high nutritional quality that is similar to egg proteins (Camire et al., 2009), its antioxidant
activity, and its potential antiproliferative activity against cancer cells (Sun et al., 2013). So far,
the application of PTT as a food ingredient has been limited by its very high exposed
hydrophobicity (Creusot et al., 2010) leading to limited solubility at increased ionic strength. In
addition, PTT has been shown to be denatured at around 59°C (Creusot et al., 2010), which is
lower than many proteins being used as food ingredients. Given its interesting functional
properties and in order to broaden its applications, the improvement of its solubility and its heat
stability through carbohydrate conjugation is of great interest. Although a patent has been
granted on the production of carbohydrate conjugated enriched PTT fraction through the

Maillard reaction to be used as a food ingredient to decrease the strong astringent taste of a food
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product (Giuseppin et al., 2011), there are no published academic studies that have looked at the

effect of this conjugation on the structure, and on the functional properties of PTT.

2.6. Analytical Methods

Different analytical methods have been used for the characterization of protein:carbohydrate
conjugates and for the investigation of the reaction leading to the production of these conjugates.
The major analytical methods found in the literature have been summarized in the following

sections.

2.6.1. Progress of the Maillard Reaction: Percent Blocked Lysine

In order to quantify the protein:carbohydrate conjugates, the Amadori compounds, and the extent
of early Maillard reaction, furosine assay can be used. The furosine assay remains the most
sensitive and most accepted method for determining the extent of early Maillard reactions
(Marconi et al., 2002). Furosine is formed during acid hydrolysis of the Amadori product
(Erbersdobler & Somoza, 2007; Krause et al., 2003). The yield of furosine is constant under
controlled conditions. Published yields range from 29 to 46% after hydrolysis in 8 M
hydrochloric acid (Krause et al., 2003), therefore, a conversion factor for calculating the content
of Amadori product from the furosine content needs to be selected based on the nature of the
Amadori product and also the molarity of the hydrochloric acid used for the hydrolysis (Krause
et al., 2003). Determination of furosine at low levels can be achieved using ion-pair HPLC with
UV detection at 280 nm (Resmini et al., 1990). Krause et al. (2003) found the conversion factors
for calculating the amount of Amadori-modified lysine from the furosine content under different
acid concentrations (Table 2.3). They have determined that the molar yield of furosine is largely
dependent on the concentration of the acid used for hydrolysis and also on the type of Amadori
compound.

Table 2.3 Conversion factors for calculating the amount of Amadori-modified lysine from the

furosine content taken from Krause et al. (2003)

Conversion factor for hydrolysis in hydrochloric acid

Amadori compound

6.0 M 8.0M 7.3 M
Fructosyl- 3.1 2.2 24
Lactulosyl-, Maltulosyl- 2.9 2.0 Not determined
Tagatosyl- 24 24 24
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Once the amount of Amadori product in a sample has been quantified, the percent blocked lysine
indicating the extent of carbohydrate conjugation can be calculated using the amount of Amadori

product and the amount of total lysine according to following equations (Marconi et al., 2002):

Blocked lysine = furosine x conversion factor (2.1)

% Blocked lysine = (blocked lysine x 100)/total lysine (2.2)

The amount of total lysine of a sample can be found using different colorimetric methods that
measure the free amino groups, such as TNBSA assay (Cayot & Tainturier, 1997) or the ortho-
phthaldialdehyde assay (OPA) (Kosters et al., 2003). Compared to assessing the blocked amino
groups on a protein after glycation which can result from carbohydrate conjugation but also from
protein cross-linking by using these colorimetric assays, the calculation of percent blocked lysine
using the quantity of furosine and of total lysine offers the advantage of measuring only the
formation of protein:carbohydrate conjugate. Many studies, that have looked at the production of
protein:carbohydrate conjugates with improved functional properties, have used the furosine
assay or have calculated the blocked lysine based on the furosine assay to measure the level of
carbohydrate conjugation and to determine the extent of early Maillard reaction (Jiménez-

Castafio et al., 2007; Sanz et al., 2007; Wang & Ismail, 2012).

2.6.2. Structural Analysis
2.6.2.1. Mass Spectrometry

Mass spectrometry has been used for the characterization of protein glycation both in food and in
biological systems. Soft-ionization methods, such as electrospray ionization (ESI) and matrix
assisted laser induced desorption/ionization (MALDI), are the commonly used techniques due to
their operability under atmospheric pressure conditions to generate intact molecular ions in the
gas-phase (Yeboah & Yaylayan, 2001). The advantages of mass spectrometric techniques for the
analysis of protein:carbohydrate conjugates include the accurate relative molecular mass
measurement that can be obtained and the high sensitivity of the technique that allows for a
quantitative measurements at femtomole levels (Yeboah & Yaylayan, 2001). These techniques
allow for the distinction between the glycated and non-glycated species of specific protein and
provides quantitative estimation of the level of glycation. When used in conjunction with
enzymatic digestion, mass spectrometric analysis of the partial hydrolysates of

protein:carbohydrate conjugates can identify the glycation sites on the protein (Frolov &
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Hoffmann, 2010; Lapolla et al., 2000). The main differences between ESI and MALDI is the
type of ions produced and the mass analyzer used. The single charging nature of MALDI results
in the production of a simple mass spectrum of molecular species in a mixture; however, the
molecular weight determinations are not as accurate as in ESI. The change in molecular weight
during glycation with a hexose, such as glucose, is 162 units, and the sugar moiety of the
conjugates can undergo further reactions, such as dehydration that can change the molecular
weight by multiples of 18 units. These mass differences are at the resolution limit of MALDI-
TOF, and it is difficult to obtain adequate resolution for quantitative analysis. Corzo-Martinez et
al. (2008) determined the number of carbohydrate molecules linked to S-lactoglobulin through
MALDI-TOF-MS. The mass spectra of f-lactoglobulin incubated with galactose or with tagatose
were characterized by a broad peak shape due to the heterogeneity of the glycated forms of the
protein. They calculated the average number of galactose or tagatose molecules bound to p-
lactoglobulin by considering the maximum intensity. After 1 day of incubation at 40°C a, of
0.44, 14 galactose and 3 tagatose molecules were linked to f-lactoglobulin. Since protein
glycation usually results in the formation of a wide variety of glycoforms and at different extents
of oxidation and dehydration of the sugar moieties, the multiple charging nature of ESI and the
high resolving power of quadrupole mass analyzers is essential in identifying and in quantifying
the different species found during glycation (Yeboah & Yaylayan, 2001). ter Haar et al. (2011)
used glucose, maltotriose, maltoheptaose, rhamnose, arabinose, galacturonic acid, and
trigalacturonic acid for the conjugation to a-lactalbumin through the Maillard reaction at 60°C at
ay of 0.65. They demonstrated that between 0—15 moieties of carbohydrates were attached per
molecule of a-lactalbumin. The initial reactivity of the carbohydrates was arabinose > rhamnose
> galacturonic acid > glucose > maltotriose > trigalacturonic acid > maltoheptaose. Although
more precise in molecular weight determination, EST does not permit the analysis of complicated
mixtures due to the overlapping clusters of multiple charged peaks (Yeboah & Yaylayan, 2001),
therefore, MALDI-TOF/MS could be a more suitable technique when analyzing such complex

samples.

2.6.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a valuable tool for the examination of protein secondary structure which

makes it useful for the investigation of the effect of glycation/glycosylation on the secondary
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structure of the protein. Since data obtained from X-ray crystallography cannot be easily
extrapolated to the dynamic properties of the proteins in solutions, vibrational spectroscopic
techniques, such as FTIR, are still important and commonly used techniques for protein structure
and dynamic studies (Kong & Yu, 2007). FTIR measures wavelength and intensity of the
absorption of IR radiation by a sample. The polypeptide and protein units give rise to nine
characteristic IR absorption bands, namely, amide A, B, and I-VII. Among these, the amide I
and II bands are the most prominent vibrational bands of the protein backbone (Surewicz &
Mantsch, 1988; Susi & Byler, 1986). The amide I band (1700-1600 cm™), which is mostly due
to the C=0 stretch vibrations of the peptide linkages (80%), is the most sensitive spectral region
to the protein secondary structural components. The amide II band is from in-plane N-H bending
(40-60%) and from the C-N stretching vibration (18—40%) (Krimm & Bandekar, 1986) and is
therefore less affected by the protein conformation than the amide I band. The advantages of
FTIR over other techniques include the analysis of proteins in a wide range of environments, and
the direct correlations between the amide I band frequencies and the secondary structure
components that can be found. Since the observed amide I bands of proteins are usually
overlapping, mathematical methods such as resolution-enhancing techniques are necessary to
resolve the individual band component corresponding to a specific secondary structure. The
mathematical methods increase the degree of separation by narrowing the half-bandwidth of
individual components for better distinction, but also lead to a lower signal-to-noise ratio. The
Fourier self-deconvolution (FSD) curve fitting and second derivative analysis are the most often
used methods (Surewicz & Mantsch, 1988; Susi & Byler, 1983). The purpose of the FSD method
is to find the conditions achieving the maximum band narrowing while keeping the increase in
noise and the appearance of side-lobes at minimum. This method assumes that a spectrum of
single bands is broadened. The second derivative spectra allow the identification of various
secondary structures present in the protein (Susi & Byler, 1983) then a curve fitting procedure
can be applied to calculate quantitatively the area of each component representing a type of
secondary structure. The quantitative analysis of protein secondary structure assumes that protein
can be considered as a linear sum of a few fundamental secondary structural elements and that
the percentage of each element is only related to the spectral intensity (Kong & Yu, 2007).

Assignments of the amide I band component to each secondary structure element are available
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Table 2.4 Deconvoluted amide I band frequencies and assignments to secondary structure for
protein in D,0 and H,O media

H,0 D0’

Mean frequencies Assignment Mean frequencies Assignment
1624+1.0 [-sheet 1624+4.0 [-sheet
16274+2.0 [-sheet
1633+2.0 [-sheet 1631+3.0 [-sheet
1638+2.0 [-sheet 1637+3.0 [-sheet
1642+1.0 f-sheet 1641+2.0 310 helix
1648+2.0 Random 1645+4.0 Random
165642.0 a-helix 1653+4.0 a-helix
166343.0 310 helix 1663+4.0 f-turn
1667+1.0 S-turn 1671£3.0 S-turn
1675+1.0 [-turn 1675+3.0 [-sheet
168042.0 S-turn 1683+2.0 S-turn
168542.0 S-turn 1689+2.0 S-turn
1691£2.0 f-sheet 1694+2.0 S-turn
1696+2.0 f-sheet

"Data are from Kong and Yu (2007) adapted from Susi and Byler (Byler & Susi, 1986; Susi & Byler, 1983) and
from Dong et al. (1992).

36



for proteins in both D,O and H,O and they are listed in Table 2.4. The subtraction of the H,O is
important since H,O has strong IR absorbance around 3400 (O-H stretching), 2125 (water
association), and 1645 cm™ (H-O-H bending) (Kong & Yu, 2007). For this reason, it is much
easier if the study is carried out in D,0O solution since it has no absorption spectrum in the region
where amide I and II bands are found. To judge if obtained spectrum is adequate, first the bands
originating from water vapor must be subtracted from the protein spectrum between 1800 and
1500 cm™, then a straight baseline must be obtained from 2000 to 1750 cm™ (Dong et al., 1992).
Jindal and Naeem (2013) investigated the secondary structural changes of x-casein during
glycation with fructose at 37°C for 15 days in sodium phosphate buffer. Through FTIR and with
samples in D,0, they have demonstrated that upon incubation for 15 days, there is a significant
drop in absorbance along with the appearance of a broad peak at 1626 cm™ which is suggestive
of the intermolecular aggregated state (intermolecular fS-sheets). On the other hand, Joubran et al.
(2013) demonstrated that the glycation of bovine lactoferrin with glucose or fructose at 60°C for
12 or 36h at ay, of 0.79 did not lead to any marked changes in FTIR spectra in the amide I band.
It has been previously demonstrated by other studies that under similarly moderate dry glycation
conditions, changes in protein structure are significantly less pronounced than in studies
performed in aqueous solution (Morgan et al., 1999b; Wong et al., 2011; Wooster & Augustin,
2007).

2.6.2.3. Tryptophan Fluorescence
The intrinsic fluorophore tryptophan is an excellent parameter to monitor the polarity of the
tryptophan environment in the protein (Beechem & Brand, 1985). Tryptophan is usually found
fully or partially buried in the hydrophobic core of protein interiors, at the interface between two
protein domains, or at the subunit interface in oligomeric protein systems due to its aromatic
character (Royer, 2006). Upon disruption of the protein's tertiary or quaternary structure during
glycation/glycosylation, these side chains become more exposed to solvent. Due to the large
excited-state dipole moment of the tryptophan, its emission maximum is quite sensitive to its
local environment and roughly correlates with the degree of solvent exposure of the residue. The
residues that are buried in the hydrophobic interior or interfaces of proteins will exhibit a blue-
shift (decrease in wavelength) in emission maximum. Upon unfolding, the emission maximum of
tryptophan residue will shift to red (increase in wavelength) (Royer, 2006). Typically, the

information obtained from the interpretation of the fluorescence parameters is limited to the
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degree of exposure of the fluorophore to the solvent and the extent of its local mobility. In
protein folding studies, it is preferred to compare the observed fluorescence changes with
circular dichroism, FTIR, or, NMR spectrum of the protein (Royer, 2006). Jindal and Naecem
(2013) demonstrated that the emission spectra maxima of native x-casein was at 345 nm and
upon glycation with fructose for 12 days, there was a decrease in fluorescence intensity and a red
shift of 5 nm (to 350 nm) indicating the aggregation of x-casein. Corzo-Martinez et al. (2008)
demonstrated that while the native f-lactoglobulin had a fluorescence emission maximum at 335
nm, the incubation of f-lactoglobulin with galactose or with tagatose at 50°C for 2 days led to a
red shift of the emission maximum to 340 or to 338 nm, respectively. Their results suggest that
the glycation at 50°C led to a disruption of the protein's tertiary structure towards a more

aggregated state.
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CONNECTING STATEMENT 1

A comprehensive literature review on the carbohydrate conjugation to proteins through the
Maillard reaction and through the enzymatic glycosylation is provided in Chapter II. The
production of LZM:carbohydrate conjugates through the Maillard reaction is reported in Chapter
III. The progress of the Maillard reaction was studied with focus on the effects of the incubation
time and on that of the carbohydrate chain length (galactose, GOS, galactan) on the glycation
extent of LZM conjugates and on their protein cross-linking/browning level. LZM:carbohydrate
conjugates were purified using cation exchange chromatography. The effects of carbohydrate
conjugation on thermal stability, protein solubility, emulsifying properties, and immunoreactivity

of LZM are also discussed in this chapter.

The results from this study were presented at the International Biotechnology Symposium and

Exhibition and published in the journal of LWT — Food Science and Technology.

Seo, S., Karboune, S., Khodaei, N, & Yaylayan, V. (2010) Preparation of potato
galactooligosaccharide and galactan derivatives by Maillard-type glycation with lysozyme. 14"
International Biotechnology Symposium and Exhibition, Rimini, Italy, September 14—18.

Seo, S., Karboune, S., L'Hocine, L., & Yaylayan, V. (2013). Characterization of glycated
lysozyme with galactose, galactooligosaccharides and galactan: Effect of glycation on structural
and functional properties of conjugates. LWT - Food Science and Technology, 53(1), 44-53.
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CHAPTER 111

CHARACTERIZATION OF GLYCATED LYSOZYME WITH
GALACTOSE, GALACTOOLIGOSACCHARIDES AND GALACTAN:
EFFECT OF GLYCATION ON FUNCTIONAL PROPERTIES OF
LYSOZYME

Maillard Reaction
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3.1. Abstract

Lysozyme (LZM) was conjugated with galactose-, galactooligosaccharides (GOS), and galactan
through the Maillard reaction under controlled conditions. The reaction mixtures were
investigated for the progress of the Maillard reaction, for the structural characteristics of the
produced conjugates, and for the improvement in functional properties of the conjugates. The
progress of the Maillard reaction revealed high initial reactivity of galactose to LZM compared
to GOS and to galactan. The glycation reaction between LZM and GOS revealed the presence of
oxidative side reactions that competed with the initial formation of Amadori products and that
favored protein cross-linking. The longer chain carbohydrate galactan demonstrated the slowest
progress of the Maillard reaction. The percentage distribution of LZM conjugates revealed the
formation of different glycoforms. Glycated LZM containing up to eight galactose moieties were
formed, while only mono- to tetraglycated LZM with GOS were detected. 2—3 moles of galactan
were conjugated to one mole of LZM. In general, the proportion of glycoforms shifted toward
the highly glycated LZM with an increase in incubation time. Galactan-conjugated LZM
exhibited improvements in solubility at pH 9, in thermal stability and in emulsion stability as
compared to the unmodified LZM and LZM:galactose conjugates. LZM conjugated with GOS
demonstrated most improvement in emulsion stability among the conjugates. The glycation of

LZM with galactose/GOS/galactan decreased its immunoreactivity.

3.2. Introduction

The Maillard reaction comprises of complex series of naturally-occurring reactions with the
protein glycation reactions being the early and intermediates ones (Nursten, 2005). These
glycation reactions include the initial condensation reaction between amino groups of proteins
and the carbonyl group of a reducing carbohydrate to form Amadori/Heyns intermediate
products, followed by dehydration of the sugar moieties, cross-linking and degradation of
proteins (Davidek et al., 2002; Nursten, 2005). To control and limit the Maillard reaction to its
early stages, the effects of selected parameters, including protein:carbohydrate ratio, temperature,
pH, incubation time, and water activity (ay), on the reaction rate have been studied by others

(Jakas et al., 2008; Jiménez-Castafio et al., 2005).

Over the last years, there has been an increased interest in the use of Maillard reaction as a

simple way to form protein:carbohydrate conjugates with improved functional properties.
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Indeed, Maillard-type glycation under controlled conditions has been reported to improve
emulsifying properties (Dickinson & Galazka, 1991), solubility (Niu et al., 2011), heat stability
(Broersen et al., 2004), water/oil holding capacity (Matemu et al., 2009), and foam-forming
properties (Fechner et al., 2007) of proteins. In addition, a decrease in the allergenicity of
proteins, in vivo, upon glycation has also been reported (Arita et al., 2001). Moreover, the
glycation of proteins with prebiotic oligosaccharides could lead to novel prebiotic products with
an enhanced colonic persistence (Gibson et al., 2004). The structural modifications of proteins
via the Maillard reaction are, therefore, expected to extend the use of proteins in many

applications and to fulfill the current needs of high-quality multi-functional food ingredients.

In order to produce glycoproteins with improved properties via the Maillard reaction, proper
understanding of the effects of carbohydrate moieties on the protein glycation extent and on the
functional properties of resulting protein:carbohydrate conjugates are necessary. As an overall, it
has been found that the carbohydrate reactivity in the Maillard reaction decreased as the chain
length increased (Corzo-Martinez et al., 2010b; Li et al., 2009; Niu et al., 2011). However,
conflicting results (Corzo-Martinez et al., 2010b; Li et al., 2009; Matemu et al., 2009; Shu et al.,
1996) have been reported on the effects of the carbohydrate moieties (mono, oligo and
polysaccharides) on the functional properties of conjugates. For instance, the emulsifying
properties of protein:low molecular weight carbohydrate (mono-, di-, oligosaccharides)
conjugates were reported to be unchanged, (Matemu et al., 2009; Niu et al., 2011), lower (Niu et
al., 2011) or higher (L1 et al., 2009; Matemu et al., 2009) as compared to native proteins and/or
to proteins conjugated with higher molecular weight carbohydrates. Water and oil-binding
capacities, which are dependent on the length/charge of carbohydrate moieties and on the
glycation extent, have been identified as important factors for the emulsifying properties of
conjugates (Matemu et al., 2009). The extent of the improvement of the solubility of proteins
upon Maillard-type glycation was also dependent on the molecular weight of carbohydrates (Li
et al., 2009; Niu et al., 2011). Low molecular weight carbohydrates (glucose, lactose) imparted
better solubility to rice proteins upon glycation than higher molecular weight ones (dextrin,
maltodextrin) (Li et al., 2009). In contrast, the glycation of wheat germ protein with high
molecular weight dextran led to a more significant improvement in the protein solubility as

compared to the glycation with smaller carbohydrates (glucose and xylose) (Niu et al., 2011).
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Considering these conflicting results, there is a need to further elucidate the effect of

carbohydrate chain length and binding numbers on the functional properties of the glycoproteins.

The present study was aimed at the investigation of the glycation of LZM with carbohydrates of
different lengths, including mono- (galactose), prebiotic oligo- (potato GOS) and
polysaccharides (potato galactan), through the Maillard reaction. LZM has many desirable
properties as a food protein including antimicrobial activity (Hughey & Johnson, 1987) and heat
stability (Tomizawa et al., 1994); however, LZM has poor functional emulsifying properties and
it is known to be one of the most important allergenic food ingredients (Frémont et al., 1997).
The specific objectives of this study were (a) to evaluate the glycation of LZM with galactose,
GOS, and galactan, (b) to characterize the structures of glycated LZM, and (c) to investigate the
functional properties of these conjugates such as protein solubility, heat stability and emulsifying
capacity. The allergenicity of the glycated LZM was also evaluated indirectly by measuring their

immunoreactivity.

3.3. Materials and Methods

3.3.1. Materials

LZM from chicken egg white (>96% purity), triolein, D-(+)-galactose, TNBSA (2.4,6-
trinitrobenzene sulfonic acid) and salts were purchased from Sigma Chemical Co. (St-Louis,
MO). Biogel P2 extra fine, Bradford reagent and low range SDS-PAGE standards were
purchased from Bio-Rad (Philadelphia, PA). Furosine standard was purchased from Neosystem
Lab. (Strasbourg, France). Potato galactan (~100 kDa) and endo-1—4-4-D-galactanase from

Aspergillus niger were purchased from Megazyme (Wicklow, Ireland).

3.3.2. Preparation of Galactooligosaccharides

Potato galactan was enzymatically hydrolyzed to produce GOS. Endo-1—4-f-D-galactanase (25
U/1) was added to potato galactan solution (1 g/l) in 0.1 M sodium acetate buffer (pH 4.5). After
23 h incubation at 40°C, the reaction mixture was ultrafiltered using a stirred ultrafiltration unit
(Amicon system, Millipore, Billerica, MA) fitted with a 3 kDa molecular mass cut-off
membrane. The recovered filtrate was fractionated by size exclusion chromatography on Biogel
P2 column using 20 mM ammonium carbonate buffer (pH 7.0) as a mobile phase at a flow rate
of 0.3 ml/min. Fractions of 1 ml were collected using a fraction collector (LKB FRAC-100,

Pharmacia, Uppsala, Sweden) and subjected to analysis by thin layer chromatography (TLC).
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TLC on silica-gel 60 F,s4 plates (EMD Chemicals, Gibbstown, NJ) was performed with
butanol/acetic acid/water (4: 5: 2, v/v/v) as the developing mobile phase. For carbohydrate
detection, the TLC plates were sprayed with 2 % (v/v) sulfuric acid in methanol and heated at
90°C for the development of orange spots. The fractions containing GOS were pooled and
lyophilized. The lyophilized powder was desalted by elution with water using the same Biogel
P2 column. The molar mass of the obtained GOS was determined by taking the average of the
distribution of the different GOS determined from ESI-MS analysis (1990.9 g/mol, data not

shown).

3.3.3. Preparation of Conjugates

LZM and carbohydrates (galactose or GOS or galactan) were dissolved in 0.1 % (w/v) of 0.05 M
sodium phosphate buffer (pH 7.0) at the molar ratio of 1:7, and were lyophilized at -25°C. The
powder mixtures were incubated in sealed glass dessicators at 60°C for various periods (1, 3, 5, 7
days) under controlled a,, values of 0.65 (saturated potassium iodide) for LZM:galactan mixtures
and 0.45 (saturated magnesium nitrate) for LZM:galactose/GOS mixtures. The mixtures were

stored at -20°C after incubation until further analyses.

3.3.4. Determination of the Extent of Glycation of Lysozyme with Selected Carbohydrates
3.3.4.1. Measurement of Proportion of Free Amino Groups

The free amino groups of LZM after glycation with selected carbohydrates was determined using
trinitrobenzene sulfonic acid (TNBSA) assay (Goodwin & Choi, 1970). 0.25 ml of 0.01 % (v/v)
TNBSA was added to 0.5 ml of LZM conjugate solutions (10 mg/ml) in 0.1 M sodium
bicarbonate buffer (pH 8.5) then incubated at 37°C for 2 h. 0.25 ml of 10 % (w/v) sodium
dodecyl sulfate (SDS) and 0.125 ml of 1 N hydrochloric acid were added to solubilize the protein
and to avoid their precipitation. The absorbance of the reaction mixtures was measured
spectrophotometrically (DU 800, Beckman Coulter, Fuellerton, CA) at 335 nm against a buffer
blank. The standard curve was constructed using L-leucine. The percentage of unavailable amino
groups was calculated as the concentration of the initial free amino acids of LZM minus the
concentration of free amino acids of LZM upon glycation, divided by the initial value. All assays

were run in triplicates.
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3.3.4.2. Furosine Analysis
To estimate the degree of glycation, the e-N-2-(furoylmethyl)-L-lysine (furosine) was determined
using a modified method of Moreno et al. (2002). Four hundred microliters of LZM conjugates
(2—4 mg of protein) was added to 1.1 ml of 8 N hydrochloric acid, and were incubated at 110°C
for 23 h under nitrogen. The recovered hydrolysates were centrifuged at 14,000 x g for 10 min
before applying 1 ml to a previously activated Sep-pak C18 cartridge (Waters Corp., Milford,
MA). Three milliliters of 3 N hydrochloric acid was used for the elution of furosine. The eluate
was evaporated until dryness under nitrogen. Furosine concentration was determined using high-
pressure-liquid chromatography (HPLC) according to the method described by Resmini et al.
(1990). A Beckman HPLC System equipped with a programmable solvent module (model 126),
a photodiode array detector and a system Gold software for data collection, was used. Thermo
Hypersil-Keystone Prism RPN (250 x 3 mm, Sum, Thermo Scientific, Waltham, MA, US)
column was used for the separation. 0.06 M sodium acetate buffer (pH 4.3) was used as the
mobile phase at an isocratic mode for 30 min at a flow rate of 0.4 ml/min. Injected sample
volume was 20 pl and the detection of furosine was performed at 280 nm. The calibration curve
was constructed using furosine standard. All assays were run in duplicates with quadruplicate
injections with or without internal standard.
3.3.4.3. Measurement of Browning Index

The extent of the brown polymer formation occurring during the advanced stages of Maillard
reaction was estimated spectrophotometrically by measuring the browning index at 420 nm

(Wijewickreme et al., 1997). All assays were run in triplicates.

3.3.4.4. SDS-PAGE Analysis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
according to the method of Laemmli (1970) using 5 and 15% (v/v) acrylamide content in the
stacking and resolving gels, respectively. Sample loading (LZM / LZM conjugates at 0.5 mg/ml)
was achieved in a mini protein gel apparatus with a 1.5 mm-thick gel. The electrophoresis was
conducted at a constant voltage of 120 mV. The gels were then stained for 2 h with a staining
solution containing 1 g of Coomassie brilliant blue R250 in methanol: water: acetic acid (45: 45:
10, v/v/v), followed by destaining in methanol: acetic acid: water (1: 1: 8, v/v/v). A low range of
protein standards (14.4 to 97.4 kDa, Bio-Rad) was used. Alphaview software (version 3.3.1, Cell

Biociences, Santa Clara, CA) was used to analyze the band densities.
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3.3.5. Fractionation of LZM Conjugates through Cation Exchange Chromatography

LZM:galactose and LZM:GOS conjugates at day 1 of incubation and LZM:galactan conjugates
at day 5 of incubation were passed through a 0.2 um filter (Millipore) before being subjected to
cation exchange chromatography on CM Sepharose FF column (Pharmacia). First, the insoluble
protein was removed by centrifugation at 4000 x g for 5 min. One mililiter of LZM conjugates
(10 mg protein) was loaded on the column (20 ml) previously equilibrated with 10 mM
ammonium carbonate buffer at pH 7.0. LZM conjugates were eluted stepwise with the same
buffer containing 0, 0.1 and 0.2 M of sodium chloride. Fractions of 1 ml were collected using a
fraction collector and subjected to total glycoside and protein content analyses using the phenol
sulfuric acid method (Dubois et al., 1956) and the Bradford Microassay (Bradford, 1976),
respectively. The final glycoside concentration was corrected for the unconjugated glycoside
eluted at fraction 1 and 2 by injecting the controls containing the unincubated mixtures of LZM
and galactose/GOS/galactan. The fractions containing purified glycated LZM were collected,
dialyzed against distilled water overnight at 4°C and used for the assessment of the functional
properties. LZM:galactose and LZM:galactan conjugates at day 7 were assessed for their elution

profile at advanced stages of the Maillard reaction.

3.3.6. Structural Characterization of Lysozyme Conjugates
3.3.6.1. Mass Spectrometry
A triple-quadrupole mass spectrometer equipped with a Surveyor LC pump, an LCQ advantage
mass spectrometer (ion trap) with Xcalibur software to control the system acquisition and data
processing was used to obtain the mass spectra of LZM:galactose and LZM:GOS conjugates.
Samples were infused at a rate of 1 pl/min into the spectrospray ion source (fused silica capillary
of 100 ym i.d.) from a low-pressure infusion pump (model 22, Harvard Apparatus, South Natick,
MA). The following equation was used to identify different peaks corresponding to the different
species of the conjugates where M is the molecular weight of LZM (~14.3 kDa), N is the number
of attached galactose molecules and W is the number of dehydrated water molecules:
m/z=(M+Nx180—-N 18 —-W x 18+ 12)/12 (3.1

The relative proportions of different species of conjugates were estimated from the relative
intensities of their corresponding peak in the mass spectrum as a ratio of the total intensity of all

identified peaks of conjugates and expressed as percentage distribution of glycoforms.
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3.3.6.2. Size Exclusion Chromatography
Gel filtration with a 25 ml Superose 12 (GE Healthcare, Piscataway, NJ) column was used to
estimate the molecular weight of the LZM:galactan conjugates. 20 ul of the purified
LZM:galactan conjugates (5 mg/ml) was applied to the column using a FPLC system (GE
Healthcare). 0.05 M sodium phosphate buffer at pH 7.0 containing 0.15 M of sodium chloride
was used to carry out the elution at a flow rate of 0.5 ml/min. The sample was detected at 280 nm
with a UV-MII detector (Pharmacia). A mixture of protein standards consisting of bovine serum
albumin (67 kDa), ovalbumin (44 kDa) and ribonuclease A (13.7 kDa) was used. The standard
curve was constructed by plotting the log of the molecular weight of the standards versus the

elution volume. The column void volume was determined using blue dextran 2000.

3.3.7. Functional Properties of Conjugates
3.3.7.1. Protein Solubility

Protein solubility was assessed according to the method of Abtahi and Aminlari (1997). Ten
miligrams of conjugates were dissolved in 1 ml of 0.1 M appropriate buffer (sodium acetate at
pH 5.0; sodium phosphate at pH 7.0 or 9.0), mixed thoroughly and assessed for their total protein
content using the Bradford method (Bradford, 1976). The conjugate solutions were then
centrifuged at 2700 x g for 15 min and the protein content of their supernatant was measured.
Protein solubility was expressed as the percentage of protein content in the supernatant with

respect to the total protein content.

3.3.7.2. Thermal Stability

Thermal stability of unmodified and glycated LZM was assessed, using a modified method of
Shu et al. (1996), by measuring the turbidity of protein solutions (10 mg/ml, 0.1 M sodium
phosphate pH 7.0 or 9.0) at intervals of 5°C from 50 to 95°C. The temperature was increased
approximately 1°C/ 2 min. After reaching a given temperature, the turbidity of the sample was
measured spectrophotometrically at 500 nm. Heat stability was expressed as the percentage of
relative turbidity calculated by comparing the developed turbidity of a sample with the highest
turbidity obtained with unmodified LZM (at pH 9, 85°C).

3.3.7.3. Emulsifying Property
Thirty percent solution of triolein containing unmodified or glycated LZM (1 mg/ml) was

homogenized for 3 min using a sonic dismembrator (Model 550, Fisher Scientific, Pittsburgh,
47



PA). The droplet size distribution of the emulsions was measured at 25°C using a Delsa Nano C
particle size analyzer (Beckman Coulter). The particle size (nm) was reported for individual
droplets in the emulsion as a mean of a distribution of 70 measurements. To assess the emulsion
stability, the emulsions were heated at 65°C for 2 h and their absorbance was measured

spectrophotometrically at 500 nm after dilution with 0.1% SDS (Alahdad et al., 2009).

3.3.7.4. ELISA Assessment of Immunoreactivity of the Conjugates
A slightly modified procedure of the Ridascreen FAST egg ELISA (R-Biopharm AG, Darmstadt,
Germany) was used to assess the impact of glycation on the binding of LZM to specific IgG. The
test, which is an enzyme linked immunosorbent assay (ELISA) for the rapid detection of egg
white proteins, was calibrated against unmodified LZM standard. Unmodified and glycated LZM
samples were dissolved in the extraction buffer (provided with the kit) and diluted to a final
protein concentration of 100 mg/l. The samples were incubated for 10 min at 60°C, centrifuged
at 2500 x g for 10 min, and then tested. Briefly, 100 ul of each sample were placed in wells
coated with antibodies against egg proteins. After 10 min of incubation, the wells were washed
and 100 pl of enzyme conjugated antibody was added, followed by an incubation period of 10
min at 37°C. After a last washing step, substrate solution was added. Finally the colorimetric
reaction was stopped with 2 M of sulfuric acid and absorbance was measured at 450 nm using a
Bench Mark Plus Microplate Reader controlled by Microplate Manager Software (Bio-Rad).
Duplicate analyses were performed for each sample. ELISA data were statistically evaluated by
one-way analysis of variance (ANOVA) using the SAS software 9.2 (SAS Institute Inc., Cary,
NC). Significant differences between means were determined by the multiple comparison Waller

Duncan K-ratio t-Test procedure at the 5% significance level.

3.4. Results and Discussion

3.4.1. Glycation of Lysozyme with Selected Carbohydrates

The glycation of LZM with galactose/GOS/galactan was quantified by measuring the percentage
of unavailable amino groups and the concentration of the formed furosine (Table 3.1). Since the
percent unavailable amino groups could be due to protein glycation (Cayot & Tainturier, 1997),
inter/intramolecular cross-linking and subsequent degradation reactions (Bubnis & Ofner III,
1992), it can be used as an indicator in assessing the early and intermediate stages of the Maillard

reaction. On the other hand, furosine, formed upon the acid hydrolysis of tagatosyl-lysine
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Amadori compounds, is a better parameter for determining the glycation extent of LZM
occurring during the early stages of the Maillard reaction (Resmini et al., 1990). The tagatosyl-
lysine Amadori compounds are known to generated about 42% furosine upon 8 N acid
hydrolysis (Krause et al., 2003). A general scheme of the early Maillard reaction and of furosine
formation has been reported by Yaylayan and Huyghues-Despointes (1994). As compared to
GOS and galactan, galactose showed clearly a faster initial rate of glycation with the g-amino
groups of LZM lysine residues with 51% of unavailable amino groups and 0.32 umol of furosine
after 1 day of reaction (Table 3.1). The higher reactivity of galactose may be due (a) to its high
affinity for the LZM glycation binding sites by virtue of its smaller size and its higher proportion
in the open-ring form, (b) to its ability to undergo glycoxidation leading to the generation of
dicarbonyls that may have favored the involvement of arginine residues in the glycation reaction
and/or (c) to the release of the degradation products that may have increased the rate of glycation
(Fu et al., 1994; Kroh et al., 1996; Yeboah et al., 2000). The high reactivity of shorter-chain
carbohydrates in the Maillard reaction has been previously reported (Corzo-Martinez et al.,
2010b; Li et al., 2009; Niu et al., 2011). ter Haar et al. (2011) have highlighted that saccharide
reactivity and lysine accessibility are the most determining factors for the rate of the Maillard

reaction.

The maximum level of unavailable amino groups was obtained at day 3, 5 and 7 for
LZM:galactose (75%), LZM:GOS (80%), and LZM:galactan (39%), respectively (Table 3.1).
Beyond these reaction times, the percentage of unavailable amino groups decreased; these results
may be attributed to the occurrence of the degradation reactions and hence the release of amino
groups (Oliyai et al., 1994). The extent of degradation reactions was reported to be dependent on
the incubation time and the stability and dehydration of the involved saccharides (ter Haar et al.,
2011; Yeboah et al., 2000). The results also show that the maximum level of furosine was
obtained at day 1 for LZM:galactose conjugate and at day 7 for LZM:GOS and LZM: galactan
conjugates. The concerted increase of the percent unavailable amino groups of LZM:galactose
conjugate with the decrease of its furosine concentration, after day 1 of reaction, confirm the
very rapid progress of the Maillard reaction with galactose, resulting in the degradation of the
Amadori products and in the protein cross-linking (Meade et al., 2003). However, the parallel

increase of the percentage of unavailable amino groups of LZM:GOS conjugate and its furosine
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Table 3.1 Percentage of unavailable amino groups and the formation of furosine upon

glycation of LZM with galactose, GOS and galactan through the Maillard reaction

Unavailable amino A

Incubation time . Furosine
Conjugates groups
(Days) (umol/10 mg protein)
(%)
1 51.0 (£2.9) 0.32
3 74.9 (+ 6.4) 0.19
LZM:Galactose
5 62.3 (£4.9) 0.19
7 52.8 (x1.7) 0.13
1 153 (*5.2) 0.16
3 78.2 (£3.4) 0.13
LZM:GOS
5 80.4 (+1.9) 0.17
7 74.1 (£0.6) 0.48
1 19.6 (+ 1.5) 0.06
3 27.8 (+1.7) 0.01
LZM:Galactan
5 28.0 (£0.2) 0.15
7 39.1 (£ 0.6) 0.46

“Percentage of unavailable amino groups was measured by the quantification of free amino groups.
»Experimental results are averages of quadruplicates and the standard deviations are less than 3%.
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concentration at day 7 reveals that the protein cross-linking at the early stage of the Maillard
reaction was not significantly due to the degradation of the Amadori products. The protein cross-
linking observed with GOS could possibly be due to their initial degradation through
autoxidation/glycoxidation leading to the formation of reactive dicarbonyls (Hollnagel & Kroh,
2000) that favor protein cross-linking (Meade et al., 2003). As indicated by the low amount of
formed furosine at day 1 to day 5, the side autoxidation/glycoxidation reactions of GOS may
have also reduced the effective concentration of GOS available for reacting with free amino
groups of LZM; however, at day 7, the rate of glycation increased, resulting in a high formation
of furosine (0.48 umol/10 mg protein). The results may be explained by the high accumulation of
oxidation products at the early stages (Yeboah et al., 2000). Contrary to the shorter
carbohydrates (galactose and GOS), the reaction with galactan demonstrated a slower rate of
glycation with low level of protein cross-linking. The low reaction rate with galactan may be
related to the lower accessibility of this more bulky carbohydrate to the available lysine moieties

of LZM.

Fig. 3.1 shows the SDS-PAGE electrophoretic patterns of LZM and conjugates with
galactose/GOS/galactan at day 1 of incubation. As compared to the unmodified LZM (lane 1),
dimeric and trimeric forms were observed with all conjugates, indicating that glycation of LZM
promoted its polymerization (lanes 2—4). Similar results were previously described (Al-Hakkak
& Al-Hakkak, 2010; Choi et al., 2005) and attributed to the prevalence of a covalent
polymerization of the LZM monomers by reacting with dicarbonyls formed during the Maillard
reaction (Meade et al., 2003) and during the glycoxidation/autoxidation of the carbohydrates
(Thornalley et al., 1984). The protein cross-links resulting from the reaction of dicarbonyls with
arginine and lysine residues of proteins are well documented (Biemel et al., 2001). The
electrophoretic patterns of LZM:GOS conjugates showed higher percentage of dimeric (25 % =
30 kDa) and trimeric (22 % = 44kDa) cross-linked forms than the highly cross-linked forms (12
% > 100 kDa), as compared to LZM:galactose conjugates (18% =~ 30 kDa, 17% =~ 44 kDa, 39% >
100 kDa). The limited polymerization of LZM:GOS conjugates may be due to their glycation
extent (Table 3.1). However, a higher proportion (39%) of very high molecular weight polymers
(near the loading end of the gel) were obtained with LZM:galactose conjugates; the high

molecular weight protein polymers in the galactose and LZM reaction are probably originated
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Figure 3.1 SDS-PAGE analysis of unmodified LZM (lane 1), and LZM:galactose (lane 2), LZM:GOS (lane 3) and
LZM:galactan (lane 4) conjugates

52



from the extensive cross-linking of conjugated proteins that is favored during the intermediate
and advanced stages of the Maillard reaction (Meade et al., 2003). The high molecular weight

species formed (60% > 100 kDa) during the LZM:galactan reactions are the conjugates.

3.4.2. Fractionation and ldentification of Lysozyme Conjugates

Fig. 3.2 shows the elution profiles of the conjugates upon fractionation by cationic exchange
chromatography. While the unmodified LZM was eluted at 0.2 M sodium chloride (Fig. 3.2C),
LZM conjugates were eluted at 0 and 0.1 M sodium chloride (Fig. 3.2A, B, D). LZM has seven
free amino groups, three of which (Lys-1, Lys-98, Lys-33) have been shown to be particularly
reactive for conjugation with a carbohydrate (Aminlari et al., 2005). The low affinity of LZM
conjugates for binding to the cation exchange column could be explained by the decrease in the
number of free positively charged Lys residues, leading to a decrease in the protein's isoelectric
point (Fenaille et al., 2003). As expected, carbohydrate:protein content ratios of the conjugates
eluted at 0 M sodium chloride are higher as compared to those eluted at 0.1 M sodium chloride.

This fact confirms the heavy glycation of the conjugates eluted at 0 M sodium chloride.

The overall results indicate the multiplicity of conjugated derivatives obtained upon the glycation
of LZM. This multiplicity could be due to the presence of multiple forms with different numbers
of carbohydrates attached to each molecule of LZM, to the extensive variability in the conjugate
conformation and to the presence of protein-protein interactions. For LZM:galactose conjugates
(Fig. 3.2A), two main fractions and three minor ones with one being highly glycated (eluted at 0
M sodium chloride) were obtained. The fractionation of the LZM:galactan conjugates (Fig.
3.2D) resulted in, four fractions with the main ones being highly glycated. Longer incubation
times of LZM:galactose and LZM:galactan mixtures resulted in the presence of highly glycated
conjugates eluted at 0 M sodium chloride over the less glycated ones (insert, Fig. 3.2A, D). As
compared to LZM:galactose and LZM:galactan conjugates, no fraction of LZM:GOS conjugates
could be detected at 0 M sodium chloride even upon longer incubation time (Fig. 3.2B). These
results confirm our results in Table 3.1 where a high level of protein cross-linking was observed
for the reaction between LZM and GOS at longer incubation times. Such cross-linked proteins
were removed during the centrifugation step before the fractionation. Even though LZM:galactan

conjugates at day 5 of incubation had a similar furosine level compared to LZM:GOS at day 1 of
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Figure 3.2 Cation exchange chromatography of LZM:galactose (A), LZM:GOS (B), unmodified LZM (C), and

LZM:galactan (D) conjugates: protein (<) and carbohydrate (A) concentrations. Inserted graph: conjugated
LZM at advanced reaction. The arrows indicate the change in sodium chloride concentration (0, 0.1, 0.2 M).
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incubation (Table 3.1), the difference in their elution profiles demonstrate that the elution at 0 M
sodium chloride of LZM:galactan conjugates cannot solely be explained by the bigger decrease
in number of free Lys residues, but also by the spatial arrangement of the bulky galactan chains
conjugated to LZM interfering with the interaction of the protein with the column. From the
elution profile and from the protein:carbohydrate ratio, the conjugation level of purified
LZM:galactose, LZM:GOS, and LZM:galactan conjugates were estimated to be 1-8, 1-2, and 2—
3 moles of carbohydrates conjugated to 1 mole of protein, respectively. These purified

conjugates were further assessed for their functional properties.

3.4.3. Structural Characterization of Lysozyme Conjugates

To analyze the heterogeneous pool of LZM glycoforms produced during the Maillard reaction,
the percentage distribution of glycation species (Fig. 3.3) at selected incubation times was
estimated from the intensity of the peaks in the ESI-MS spectra. Yeboah and Yaylayan (2001)
have demonstrated that limited glycation has no to little effect on the ionization state of proteins
and that the molecular ion distribution profile of glycoforms is representative of their
corresponding species. At longer reaction times (5 to 7 days), new molecular ion peaks,
separating each other by 18 atomic mass unit (amu), appeared beside the main peak of
glycoforms, indicating the dehydration of the Amadori products (data not shown). However,
over the investigated reaction time course, the mass distribution of the conjugates was adequately
dispersed allowing an accurate interpretation of the results. After one day of incubation, LZM
glycated with two and three galactoses were predominant (18.7-21.7%), whereas the glycoforms
with the highest level of glycation, hexa-, hepta and octogalactosylated LZMs, represented the
lowest proportion (<10.4%). By the fifth day of incubation, the predominant glycoform became
the tetragalactosylated LZM (20.0%). Upon reaching the seventh day of incubation, the most
observed glycoform was LZM glycated with more than five galactose moieties, representing
55.5% of total glycoforms. It can be observed that the relative proportion of the predominant
glycoform at day 1, the digalactosylated LZM, gradually decreased to the second lowest
observed glycoform at day 7 (9.7%). In overall, there was a shift in the distribution of LZM
glycoforms toward the highly glycated forms with longer incubation time. Similar results have
been reported by Yeboah et al. (2000) where the proportion of glycoforms of LZM with higher

number of conjugated fructose moieties increased with incubation time.
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The results (Fig. 3.3B) show that both the incubation time and the chain length of GOS affect the
percent distribution of glycoforms of LZM:GOS conjugates. The shorter galactobiose exhibited a
faster initial rate of conjugation with LZM, resulting in the highest percent distribution of 26.3%
at day 1, whereas the longer galactotetraose was slower to react with LZM reaching the highest
proportion of 19.4% only at day 7. However, the monoglycated form of LZM:galactobiose
conjugates gradually decreased in proportion as incubation time increased; in parallel, there was
an increase in the relative percentage distribution of multi-glycated forms with longer incubation
time. As compared to other LZM:GOS conjugates, L.ZM:galactobiose conjugates reached the
highest level of glycation (up to four galactobiose) and were the most predominant glycoforms at
day 1, 3, and 5 of incubation. The galactotriose was also able to multiglycate LZM with up to
three galactotrioses; however, the proportions of multiglycated forms of LZM:galactotrioses
were lower as compared to those of LZM:galactobioses conjugates within the glycation time
course. Contrary to other GOS, The galactotetraose could only monoglycate LZM. The high
reactivity of shorter chain GOS may be due to their high open chain form, their high mobility
and their low bulkiness, increasing their accessibility and binding to the LZM glycation sites
with high affinity. The ability of shorter chain GOS to undergo glycoxidation can also be an
explanation of their high glycation rate (Yeboah et al., 2000). Similarly, ter Haar et al. (2011)
have reported that the glycation rate of lactalbumin decreased when the saccharide size was
increased. Moreover, the same authors have shown that using a dipeptide, the effect of a
carbohydrate length on the glycation decreased with an increase in the length, revealing that the
saccharide reactivity is the major important factor for the observed effect rather than the mobility

of protein.

The molecular weight of LZM:galactan conjugates after day 1 of incubation was found to be at
around 300 kDa by SEC on Superose 12 (data not shown). These results indicated that 2-3 moles
of galactan (average MW of 100 kDa) were covalently linked to one mole of LZM. Similarly,
Aminlari et al. (2005) have reported that one mole of LZM was conjugated with 2 to 3 moles of
dextran. The structural characterization of LZM conjugates were in accordance with the

glycation level obtained from the fractionation of LZM conjugates (Fig. 3.2).
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3.4.4. Functional Properties of Conjugates
3.4.4.1. Protein Solubility

The effect of glycation on LZM solubility at different pH is shown in Table 3.2. While the
unmodified LZM was highly soluble at pH 5 (93.1%) and 7 (91.1%), it exhibited low solubility
at pH 9 (49.6%) closest to its isolectric point (pH 11) because of high electrostatic attractions.
Upon LZM glycation with galactose and GOS, no significant change (less than 10%) in its
solubility was observed at pH 5 and 7; however, a decrease in its solubility was obtained upon
glycation with galactan. The substitution of LZM lysine residues upon the glycation with
galactose and GOS did not make unfavorable contribution to its solubility at a more acidic pH;
these results reveal that the hydration effect of the carbohydrates overcame the effect of the
decrease in the pKa value on LZM solubility (Quan et al., 2008). On the other hand, the low
solubility of LZM:galactan conjugates at acidic and neutral pH values could be attributed to the
linearity of galactan, which may have formed aggregates by intermolecular hydrogen bonding

(Braudo, 1992).

The results also show that the conjugation of LZM with galactan and galactose increased its
solubility at pH 9 from 49.6% to 82.5% and 79.3%, respectively. Similarly, Aminlari et al.
(2005) have reported a significant improvement in the solubility of LZM at pH 9, when it was
glycated with 2.99 moles of dextran. The increase in the solubility of glycated LZM at pH 9
could be attributed to the hydration capacity of the saccharides, to the decrease in the exposed
hydrophobicity of the protein, and/or to the increase in the negative charge of LZM due to the
substitution of its lysine residues (Nakamura et al., 1994). The solubility of LZM:GOS
conjugates was similar to that of the unmodified LZM at pH 9. These results may be due to the
binding of GOS to limited LZM glycation sites as demonstrated by the fractionation of
LZM:GOS conjugates (Fig. 3.2B) and by the low percentage distribution of multiglycoforms
(Fig. 3.3B). Li et al. (2009) have shown that the most significant improvement in the solubility of
rice protein was obtained upon glycation with glucose and lactose than maltodextrin and dextrin,
and attributed this effect to the high degree of glycation with the short carbohydrates. Using
conjugates with similar glycation degree to each other, Niu et al. (2011) have demonstrated that
the best improvement in protein solubility of wheat germ protein was obtained upon glycation
with dextran than with glucose and lactose. Both the degree of glycation and the carbohydrate

length determine the extent to which protein solubility is improved upon glycation.
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Table 3.2 Effect of LZM glycation on its solubility at selected pH values.

Protein Solubility (%)”

Conjugates
pH S pH7 pH9
Native LZM 93.1+£2.0 91.1 £3.5 49.6 £2.4
LZM:Galactose 91.4+52 94.8 £0.7 79.3+5.8
LZM:GOS 100.0 £2.5 945+54 51.0+4.1
LZM:Galactan 69.5+£2.4 80.5+3.6 82.5+42

“The percent solubility was calculated as the protein concentration of the supernatant recovered after
centrifugation over the total protein.
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3.4.4.2. Thermal Stability

The thermal stability of unmodified and conjugated LZM was assessed, over a wide range of
temperatures (50 to 95°C) and at selected pH values of 7 and 9, by measuring the increase in
turbidity at 500 nm (Fig. 3.4). As expected, the unmodified LZM exhibited a high thermal
stability at pH 7 than at pH 9 with a denaturation temperature, at which a maximum loss of
solubility was observed, of 85 and 75°C, respectively. At pH 7, the relative turbidity of the
LZM:galactose and LZM:GOS conjugates at 70 to 85°C was higher (44.3-52.7%; 12.4-25.6%)
as compared to the unmodified protein (1.0-6.7%). These results indicate the low thermal
stability of LZM:galactose and LZM:GOS conjugates at pH 7 as compared to the unmodified
LZM; such findings may be due to the conformational changes of LZM upon glycation with
galactose and GOS that may have decreased the a-helix content and hence favored the protein
aggregation at high temperatures (Shu et al., 1996; Takahashi et al., 2000). Above 85°C at pH 7,
the relative turbidity of the LZM:galactose conjugates decreased to reach 9.4% at 95°C, whereas
that of LZM:GOS conjugates increased in a similar manner to the unmodified LZM to achieve
65.6% turbidity at 95°C. In addition to the conformational changes, the shift of the isoelectric
point of LZM towards the neutral region upon its glycation with GOS may have occurred and
favored the protein aggregation at pH 7.0 and at high temperatures (>70°C). Although the
LZM:GOS conjugates produced higher turbidity at pH 9 than at pH 7 over the investigated
temperatures, the relative turbidity values (70-78.7%) obtained upon incubation above 80°C at
pH 9.0 were slightly lower than those of the unmodified LZM (86.3—100%). These results may
be due to the attached oligosaccharide moieties that may have sterically limited the aggregation
of proteins at high temperatures and at pH 9 as compared to the unmodified LZM (Shu et al.,
1996). Fig. 3.4 also shows that LZM:galactose conjugates started to form turbidity at the same
temperature as the unmodified LZM (70°C) at pH 9; however, the relative turbidity of
LZM:galactose conjugates at temperature higher than 85°C was lower (36.6%) as compared to
that of the unmodified protein. These results indicate the high thermal stability of LZM:galactose
conjugates at pH 9 and this could be due to the low occurrence of protein-protein interactions as
a result of the decrease of the LZM hydrophobicity upon glycation (Broersen et al., 2004).
Similarly, Broersen et al. (2004) have reported an increase in the heat stability of f-lactoglobulin

after glycation with lactose, fructose, and glucose.
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Contrary to LZM and other conjugates, LZM:galactan conjugates did not produce any turbidity
at both investigated pHs and over the wide investigated range of temperature. This lack of
turbidity reveals the high thermal stability of LZM:galactan conjugates as compared to
unmodified LZM and other conjugates. Similarly, the glycation of LZM with other
polysaccharides, such as dextran, galactomannan and mannan, have led to an improvement of its
heat stability (Aminlari et al., 2005; Li et al., 2009); such improvement was attributed to the
ability of longer carbohydrate chains to protect sterically the unfolded LZM from aggregation
during heating.

3.4.4.3. Emulsifying Property
Table 3.3 shows the effect of glycation on the emulsifying properties of LZM. The unmodified
LZM was able to form an emulsion with a very small oil droplet size (346.3 nm) as compared to
its conjugates (433.7 to 943.5 nm). Contrary to the conjugates, the unmodified globular LZM
molecules associated rapidly around the oil droplets to form nanoparticles. The alteration of the
ability of LZM to form nanoparticles upon glycation may be due to the modifications of its
charges and of its hydrophobicity. Dickinson and Galazka (1991) have reported that the initial oil
droplet size formed by the f-lactoglobulin:dextran conjugates was bigger than the one formed by
the native protein and attributed these results to slower adsorption and rearrangement of the

conjugates during emulsification.

The results also show that the stability of the emulsions was dependent on the type of
glycoconjugates. The emulsion obtained with LZM:GOS conjugates showed the highest stability
with only 5% loss of the emulsifying property after incubation at 65°C. As compared to the
unmodified LZM (28.1%), LZM:galactan conjugates resulted in a relatively stable emulsion,
with 15% loss of the emulsion property. LZM:galactose conjugates showed similar emulsifying
stability (30.9%) as the unmodified LZM. Similarly, as-casein:glucose (Kato et al., 1992) and
ovalbumin:glucose conjugates (Kato et al., 1990) did not demonstrate improvement in
emulsifying properties. The high emulsifying stability of LZM:GOS and LZM:galactan
conjugates may be attributed to the high hydration capacity of longer chain carbohydrate
moieties as compared to the shorter ones (Shu et al., 1996). These hydrated carbohydrate
moieties may have been oriented towards the aqueous layer of emulsion, leading to the formation

of a thick steric stabilizing layer and limiting the coalescence of oil droplets (Kato & Kobayashi,
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Table 3.3 Effect of LZM glycation on its emulsifying properties

Emulsifying properties”

Conjugates Oil droplet size Loss of emulsion at 65°C
(nm)°’ (%)

Native LZM 346.3 28.1

LZM:Galactose 943.5 30.9

LZM:GOS 433.7 5.0

LZM:Galactan 557.3 15.5

“Experimental results are averages of triplicates with a relative standard deviation less
than 5% error

®Mean of a distribution of 70 measurements.

¢ Percent loss of emulsion was calculated as the percentage of the decrease in the
absorbance at 500 nm after heat treatment.
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1991). Similarly, Dickinson and Galazka (1991) have shown that the emulsion formed by the /-
lactoglobulin:dextran conjugates was better protected against coalescence as compared to the
unmodified protein. As compared to LZM:GOS conjugates (5% loss), the limited improvement
of the emulsion stability with LZM:galactan conjugates (15%) may be explained by the
molecular size of the long galactan polysaccharide chain (~100kDa), which may have reduced
the mobility of the conjugates and hindered their saturation at the oil droplet surface (Dunlap &
Coté, 2005). Both hydration level and mobility seem to be the major factors responsible for the

improvement of the emulsion stability properties of conjugates.

3.4.4.4. ELISA Assessment of the Immunoreactivity of the Conjugates
The effect of glycation on LZM immunoreactivity was assessed by sandwich ELISA. Fig. 3.5
shows that LZM immunoreactivity was significantly reduced by glycation, especially for
LZM:galactose conjugates (> 99 % reduction in immunoreactivity). This decrease occurred
rapidly after day 1 of glycation. Longer period of LZM glycation with galactan further reduced
its immunoreactivity to 99% compared to the unmodified LZM at day 4. However,
LZM:galactose and LZM:GOS conjugates demonstrated increased immunoreactivity with
incubation time. Alterations in protein structure may have occurred as a result of
protein:carbohydrate interactions, leading to either epitope modification or steric hindrance
thereby affecting the antigen-antibody recognition (Sathe et al., 2005). Contradictory results,
however, have been reported so far regarding the effect of glycation on the immunobinding
ability of food allergens, indicating that this effect might be allergen- and/or carbohydrate-
dependent (Taheri-Kafrani et al., 2009). It is important to point out that protein allergenicity is
dependent on the specificity of antibody-antigen interactions. Changes in the structure of the
targeted protein will inevitably influence the overall immunogenic response and may, thus, affect
its allergenic potential. An appreciation of the impact of glycation on protein immunoreactivity is
an essential step in the development of knowledge-based food processing strategies for

controlling and manipulating food allergenicity.
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Figure 3.5 Effect of glycation on LZM immunoreactivity (IgG-binding). The results obtained were statistically
significant (p < 0.05). Data are means + standard deviation of duplicates.
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3.5. Conclusion

Maillard reaction was successfully used to produce LZM:galactose/GOS/galactan conjugates.
This study demonstrated that galactose reacts more readily with LZM through the Maillard
reaction compared to its longer chain counterparts. The structural analyses of conjugates indicate
the heterogeneous multiplicity of conjugated derivatives obtained upon the glycation of LZM
with galactose and GOS. In overall, the glycation of LZM improved its functional properties and
decreased its immunoreactivity. The improvement in protein solubility, heat stability and

emulsion stability was dependent on the level of glycation and on the length of carbohydrate.
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CONNECTING STATEMENT 2

The production of LZM:carbohydrate conjugates with improved functional properties was
previously investigated (Chapter III). In Chapter IV, the effect of water activity (aw) on the
percent blocked lysine of LZM:carbohydrate conjugates was investigated, and the produced
conjugate species were characterized structurally by ESI-MS. In addition, the conjugation of
LZM with prebiotic GOS was optimized by response surface methodology (RSM) using a 5-
level 3-factor central composite design (CCD). The effects of substrate ratio, temperature, and a,
were studied, and their interactions were highlighted. The percent blocked lysine and the protein
aggregation index were selected as responses to monitor the progress of the Maillard reaction.
The important parameters affecting the percent blocked lysine and the protein aggregation index
were identified. The optimum conditions leading to the production of LZM:GOS conjugates with
the highest level of percent blocked lysine and with the lowest level of protein aggregation were

determined.

The results presented in this chapter were presented at the 79™ ACFAS congress and published in

Process Biochemistry.

Seo, S. & Karboune, S. (2011) Glycation through the Maillard reaction and structural

characterization of glycated lysozyme with galactose, galactooligosaccharides and galactan.
791ieme congres de 'ACFAS, Sherbrooke, Canada.

Seo, S., Karboune, S., Yaylayan, V. A., & L'Hocine, L. (2012). Glycation of lysozyme with
galactose, galactooligosaccharides and potato galactan through the Maillard reaction and
optimization of the production of prebiotic glycoproteins. Process Biochemistry, 47(2), 297-304.
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CHAPTER 1V

OPTIMIZATION OF PROTEIN GLYCATION THROUGH THE
MAILLARD REACTION AND STRUCTURAL CHARACTERIZATION OF
GLYCATED LYSOZYME WITH GALACTOSE,
GALACTOOLIGOSACCHARIDES AND GALACTAN
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4.1. Abstract

The production of glycated lysozyme (LZM), with galactose, galactooligosaccharides (GOS),
and galactan through the Maillard reaction was investigated. The percent blocked lysine,
estimated from the furosine content, reached a maximum value of 11.2% for LZM:galactan
conjugates after 1 day incubation at a ay, of 0.65. Maximum percent blocked lysine of 7.0 and
13.5% were obtained for LZM:galactose/GOS conjugates at a lower a, of 0.45 after 3 and 7 days,
respectively. However, the low percent blocked lysine and the high protein aggregation index of
LZM:galactose/GOS conjugates at ay 0.79 and 0.65 revealed the prevalence of the degradation
of the Amadori compounds and the protein cross-linking. Mass spectrometry of LZM conjugates
revealed the formation of different glycoforms. Glycated LZM containing up to seven galactose
moieties were formed; while only mono- and diglycated LZM with GOS were detected. 2-3
moles of galactan were conjugated to one mole of LZM. Response surface methodology, based
on a 5-level and 3-factor central composite design, revealed that molar ratio and temperature
were the most significant variables for the glycation of LZM with GOS. The optimal conditions
leading to a high percent blocked lysine (16.11%) with a low protein aggregation index (0.11)
were identified: temperature of 49.5°C, LZM:GOS molar ratio of 1: 9 and ay, of 0.65. To the best
of our knowledge, this is the first study on the optimization of LZM glycation with GOS.

4.2. Introduction

In order to improve the functional properties of proteins and their technological applications,
several methods, based on genetic (Nakamura et al., 1993), physical (Jegouic et al., 1997),
chemical (Park et al., 2000), and enzymatic (Ali et al., 2010) modifications were reported.
Among these modifications, the glycation of proteins via naturally occurring Maillard reaction,
under controlled conditions, led to a significant improvement of protein functionalities, such as
emulsifying properties, protein solubility and heat stability (Aminlari et al., 2005; Miralles et al.,
2007). The protein glycation was also found to be a very efficient method to decrease, in vivo,
the allergenicity of protein (Arita et al., 2001). Moreover, the conjugation of prebiotic
oligosaccharides with a protein could potentially increase their colonic persistence, allowing
them to reach the distal colonic region, where most of chronic gut disorders originate (Gibson et
al., 2004). Maillard reaction is, therefore, a promising approach to generate glycoproteins having

improved functional and biological properties.
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In the early stage of the Maillard reaction, the carbonyl group of a reducing carbohydrate
interacts with the nucleophilic amino group in peptides/proteins, resulting in the reversible
formation of N-substituted glycosylamine (Schiff base), which is labile and may undergo
irreversible rearrangements (Hodge, 1953). The intermediate stage begins with the degradation
of the Amadori/Heyn's products, which can undergo numerous transformations under various
divergent pathways (Mossine et al., 1994). Further reactions lead to the formation of advanced
glycation end products (AGEs) that are assumed to be responsible for a number of
pathophysiological syndromes in vivo (Brownlee et al, 1984). In order to produce
protein:carbohydrate conjugates with improved functional and biological properties with
minimal cross-linking and color or flavor development, the Maillard reaction should be well
controlled and limited to its early stages (Kato et al., 1990). Different conditions, such as the
molar ratio of substrates, temperature, pH, incubation time, and water activity (ay), have been

reported to affect the rate of several steps involved in the Maillard reaction (van Boekel, 2001).

Although many studies have been reported on the glycation of proteins with small carbohydrates
(i.e. galactose, glucose, fructose) (Corzo-Martinez et al., 2010b; Yeboah et al., 1999), and
polysaccharides (i.e dextran, galactomannan, chitosan) (Nakamura et al., 1992; Song et al.,
2002), to our knowledge, only few studies on the glycation of proteins with oligosaccharides
have been carried out to date (Sanz et al., 2005; Trofimova & de Jongh, 2004). Conflicting
results have been reported regarding the effects of the carbohydrate length on the protein
glycation (Groubet et al., 1999; Kato et al., 1998; Matsudomi et al., 1994). Moreover, no
optimization of the Maillard reaction conditions leading to the maximum formation of protein-

oligosaccharide conjugates has been carried out.

The present study was aimed at the investigation of the glycation of a selected protein with
mono- (galactose), prebiotic oligo- (potato GOS) and polysaccharides (potato galactan) through
the Maillard reaction. LZM, derived from hen egg white protein, was selected as the model
protein because it is well characterized and has many desirable properties including antimicrobial
activity (Hughey & Johnson, 1987) and heat stability (Tomizawa et al., 1994). The specific
objectives of this study were to investigate the effect of a,, and glycation time on the degree of
glycation of LZM with galactose, GOS, and galactan, and to characterize the structural properties

of the glycoproteins. Finally, the conjugation of LZM with prebiotic GOS was optimized by
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response surface methodology (RSM) using a 5-level 3-factor central composite design (CCD).
These findings will bring more insight to the production of LZM conjugated with prebiotic
oligosaccharides with higher glycation level compared to LZM conjugated with longer chain
carbohydrates and with possible increase in functional properties compared to LZM conjugated
with monosaccharides, all the while providing the added benefit of incorporating a prebiotic

activity to the conjugates.

4.3. Materials and Methods

4.3.1. Materials

LZM from chicken egg white (>96% purity), triolein and D-(+)-galactose were purchased from
Sigma Chemical Co. (St-Louis, MO). Potato galactan (~100 kDa) and endo-1-4-f-D-galactanase
from Aspergillus niger were purchased from Megazyme (Wicklow, Ireland). TNBSA (2,4,6-
trinitrobezene sulfonic acid) and salts were purchased from Sigma Chemical Co. Furosine

standard was purchased from Neosystem Lab. (Strasbourg, France).

4.3.2. Preparation of Galactooligosaccharides

GOS were prepared via the enzymatic hydrolysis of potato galactan according to the method
described in Paragraph 3.3.2. The average molar mass of the obtained GOS was 1990.9 g/mol
from ESI-MS analysis (data not shown).

4.3.3. Preparation of Conjugates

LZM and each of galactose or GOS or galactan at the molar ratio of 1:7 were dissolved in 0.1%
(w/v) of 0.05 M sodium phosphate buffer (pH 7.0). The protein:carbohydrate mixtures were
lyophilized at -25°C. The powder mixtures were incubated in sealed glass dessicators at 60°C.
The samples were incubated for selected times (1 to 11 days) under controlled a,, values of 0.79
(potassium bromide), 0.65 (potassium iodide), and 0.45 (magnesium nitrate) and thereafter

analyzed for their degree of glycation.

4.3.4. Determination of the Extent of Glycation of Lysozyme with Selected Carbohydrates
4.3.4.1. Measurement of Proportion of Free Amino Groups
The proportion of free amino groups of LZM was determined using TNBSA assay, according to

the previously described method (Seo et al., 2013). The amount of free amino groups obtained
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from LZM and galactose/GOS/galactan mixtures before incubation was used as references for

the calculation of the total lysine (Equation 4.2). All assays were run in triplicates.

4.3.4.2. Furosine Analysis
To estimate the degree of glycation, &-N-2-(furoylmethyl)-L-lysine (furosine) analysis was

performed using the method as described previously by Seo et al. (2013).

4.3.4.3. Determination of Percentage of Blocked Lysine
The concentration of blocked lysine was indirectly estimated from the furosine content,
considering that the Amadori compound tagatosyllysine formed during the Maillard reaction
between lysine residues and galactose moieties, upon 8 N acid hydrolysis, generate about 42%
furosine (Krause et al., 2003). The amount of total lysine before glycation was determined
through the TNBSA assay and a conversion factor was used to account for one of the seven free
amino groups that could not be detected from the reference LZM. The furosine content and the
total lysine content allowed the calculation of the percentage of blocked lysine that was not

caused by protein cross-linking according to the following equations.

Blocked lysine = (1/0.42 X furosine) X (MW of furosine)/(MW of lysine)) (4.1)
% Blocked lysine = (blocked lysine X 100)/(total lysine X 1.167) (4.2)

4.3.4.4. Measurement of the Protein Aggregation Index and of the Browning
To estimate the extent of protein cross-linking, favored during the advanced stages of Maillard
reaction, the turbidity of LZM conjugates (10 mg/ml) was estimated spectrophotometrically at
500 nm. The browning of the LZM conjugates was measured in parallel at 420 nm. All assays

were run in triplicates.

4.3.5. Structural Characterization of Lysozyme Conjugates
The mass spectra of LZM:galactose and LZM:GOS conjugates were analyzed according to the
method that was previously described by Seo et al. (2013).

The molecular weight of the LZM:galactan conjugates was estimated using a 25 ml Superose 12
gel filtration column (GE Healthcare). 20 ul of the aqueous solution of purified LZM:galactan
conjugates (5 mg/ml) was applied to the column using a FPLC system (GE Healthcare). The
elution was carried out with a 0.05 M sodium phosphate buffer at pH 7.0, containing 0.15 M of
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sodium chloride at a flow rate of 0.5 ml/min. The sample was detected at 280 nm with a UV-MII
detector (Pharmacia). A protein mixture consisting of bovine serum albumin (67 kDa),
ovalbumin (44 kDa) and ribonuclease A (13.7 kDa) was used as standard. The standard curve
was constructed by plotting the log of the molecular weight of the standards versus the elution

volume. The column void volume was determined using blue dextran 2000.

4.3.6. Optimization of the Production of LZM:GOS Conjugates
4.3.6.1. Experimental Design

A five-levels, three variable CCD design was employed using Design-Expert 8.0.2 (Stat-Ease
Inc., Minneapolis, MN) for the optimization of the production of LZM:GOS conjugates. The
fractional factorial design consisted of 26 points (12 factorial, 12 axial, 2 central). To avoid bias,
the runs were performed in a totally random order. The coded variables and their levels selected
for the study of LZM:GOS conjugate synthesis were: LZM to GOS molar ratio as X; (1:1-1:9),
temperature as X, (30-70°C); and a,, as X3 (0.45-0.96). The salts used for the approximate
equilibration of a,, are magnesium nitrate (~ 0.4), sodium bromide (~ 0.53), potassium iodide (~
0.66), potassium bromide (~ 0.79), and potassium sulfate (~ 0.92). The reaction time was set at

21 h.

4.3.6.2. Statistical Analysis
Regression analysis was performed, based on the experimental data, and was fitted into the
following empirical quadratic polynomial equation using the response surface regression

(RSREG) procedure of SAS System software 9.2 and the software Design-Expert 8.0.2.
Y =Bo+ X BiXi + X BijXiX; + X BuX? (4.3)

Where Y is the response variable, B, the constant, §; the coefficient for the linear effect, f;; the
coefficient for the interaction effect, f;; the coefficient for the quadratic effect, and X; and X; the

coded level of variables. The contour plots were obtained using the fitted model, by keeping the
least effective independent variable at a constant value while changing the other two independent

variables.
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4.4. Results and Discussion

4.4.1. Production and Characterization of GOS

GOS were produced by the enzymatic hydrolysis of potato galactan by endo-1,4-5-D-galactanase
from A. niger. After 23 h of reaction, the degree of hydrolysis of potato galactan was estimated
to be at 50%. The TLC analysis (Fig. 4.1) of different fractions, collected by gel filtration
(Biogel P2) after the enzymatic hydrolysis, indicates the formation of a variety of GOS ranging
from di- to decasaccharides. These results were confirmed by high-performance anion-exchange
chromatography analysis (data not shown). The oligosaccharide fractions free from mono- and

polysaccharides (fractions 13—20) were collected and used in glycation assays.

4.4.2. Determination of the Extent of Glycation of Lysozyme with Selected Carbohydrates

The extent of glycation of LZM with galactose, GOS and potato galactan was assessed by
measuring the percentage of blocked lysine. The protein aggregation index, as a useful indicator
of protein cross-linking favored during the intermediate and advanced stages of the Maillard
reaction, was also determined. The browning of the LZM conjugates, which is another indicator
of the advanced stages of the Maillard reaction, was measured in parallel and demonstrated the
same kinetics as the protein aggregation (data not shown). Fig. 4.2 shows the time courses for the
percent blocked lysine of LZM conjugates and their protein aggregation index over an incubation
period of 1 to 11 days at 60°C and at selected ay, (0.45, 0.65, 0.79). When LZM was incubated in
the presence of galactose/GOS/galactan, significant increases in the percent blocked lysine and
in the protein aggregation index were obtained. However, the rate and the extent of glycation of

LZM were found to be dependent on the type of carbohydrate and the a,, value.

The results (Fig. 4.2A—C) show that the percent blocked lysine of LZM:galactan conjugates
reached a maximum value of 11.2% upon incubation at ay, value of 0.45, 0.65, 0.79, for 7, 1, 5
days, respectively, and decreased thereafter. The rate of the LZM glycation with galactan was
faster at a ay of 0.65. It has been reported that the Maillard reaction occurs more rapidly at
intermediate a, values (Ames, 1990). A decrease in the percent blocked lysine obtained after
reaching a maximum glycation extent can be attributed to the advancement of the Maillard
reaction leading to the degradation of the Amadori compounds. At all investigated ay, the protein
aggregation index of LZM:galactan conjugates was not significant (Fig. 4.2D—F), indicating that

the formation of the Amadori products prevailed over the protein cross-linking.
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Figure 4.1. TLC analysis of fractions containing GOS obtained by gel filtration using Biogel P2 column.
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The results (Fig. 4.2) also indicate that the glycation of LZM with galactose and GOS at a lower
ay of 0.45 increased with the incubation time up to a maximum percent blocked lysine of 7.0 and
13.5% after 3 and 7 days of incubation, respectively. However, at ay 0.79 and 0.65, the low
percent blocked lysine of LZM:galactose/GOS conjugates and their high protein aggregation
index values revealed the very rapid progress of the Maillard reaction at these conditions
favoring the degradation of the Amadori products and the protein cross-linking (Miller et al.,
2003). Similar results have been reported using fS-lactoglobulin glycated with galactose and
tagatose, where high degree of protein aggregation was observed only after 2 days of incubation
at 50°C at a ay, of 0.44 (Corzo-Martinez et al., 2010c). At all investigated ay,
LZM:galactose/GOS conjugates showed higher protein aggregation index values, over the
glycation time course, as compared to LZM:galactan conjugates. These results reveal the
prevalence of the covalent polymerization of LZM, by reacting with dicarbonyls formed during

the Maillard reaction, in the presence of galactose and GOS (Oliver et al., 2006b).

The different reactivity of galactose, GOS and galactan to glycate LZM may be explained by the
differences in their length, their conformation and their ability to undergo glycoxidation (Scaman
et al., 2006; Yeboah et al., 1999). Indeed, the dicarbonyl compounds generated through
glycoxidation of saccharides can react with the guanidine groups of arginine residues and hence
increase the rate of glycation (Yeboah et al., 2000). In addition to the guanidine group of
arginine residues, LZM has different glycation sites, including the N-terminal a-amino group
and g-amino groups of lysine (Lys) residues (Tagami et al., 2000), three of which (Lys-1, Lys-
33, Lys-97) have been identified as the most reactive ones (Yeboah et al., 2004); however, the
affinity of these reactive LZM glycation binding sites vary depending on the type of
carbohydrates (mono or polysaccharides) (Aoki et al., 2001). Moreover, the highest percent
blocked lysine obtained with GOS (13.5%) and galactan (11.2%) at a ay of 0.45 and 0.65,
respectively, may be attributed to their ability to depress the protein polymerization and the
browning associated with the advanced Maillard reaction at these conditions (Aoki et al., 2001).
The optimal conditions, where a high degree of LZM glycation with low protein cross-linking

(Absponm <1.0) was obtained, were selected for further investigations.
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4.4.3. Structural Characterization of Lysozyme Conjugates

Evidences of LZM glycation with galactose and GOS were obtained by ESI-MS analyses. Fig.
4.3 represents typical electrospray ionization mass spectra of glycated LZM, showing a
heterogeneous distribution of different glycoforms at a similarly charged state. The molecular
mass difference between glycoforms was determined to be 162 atomic mass units, which is
equivalent to the mass of a covalently bound galactose moiety (Fig. 4.3A). The small peaks
adjacent to each main peak were produced by a further loss of water to form dehydrated
products. Fig. 4.3A indicates the formation of glycated LZM containing up to 7 galactose
moieties, which exceeds the number of the reactive g-amino groups of LZM (six groups). These
high sugar loadings of LZM may be explained by the complete glycation of the primary amino
groups of LZM and/or by the diglycation at some of the highly reactive e-amino groups of LZM
(Blakytny et al., 1997). Similarly, Yeboah et al (2000) reported a high level of glycation of LZM
with glucose after 1 and 10 days of incubation at 50°C and a wide distribution of glycoforms
with up to 5 and 11 glucose moieties, respectively. The results (Fig. 4.3A) also show that the
mono- and multiglycated LZM with di-, tri- and tetra- galactose moieties were preferentially
formed over the higher glycoforms with hexa- and hepta- galactose moieties. These findings

reveal some selectivity in the glycation of the amino groups of LZM.

The ESI-MS spectrum of LZM glycated with GOS shows a heterogeneous distribution of
glycated forms with different chain length varying from 2 to 4 galactose residues (Fig. 4.3B).
The percentage distributions of LZM:galactobiose and LZM:galactotriose conjugates were
relatively higher as compared to that of LZM:galactotetraose. The results also indicate the
formation of multiglycated LZM with up to only two GOS moieties; only the galactobiose and
the galactotriose were able to form the highly glycated forms. The low sugar loading of LZM
reveal that GOS reacted mainly with one or two most reactive g-amino groups of Lys residues

and had low affinity for LZM glycation binding sites as compared to galactose.

The molecular weight of LZM:galactan conjugates was found to be at around 300 kDa by SEC
on Superose 12 (data not shown). These results indicate that 2-3 moles of galactan (average MW
of 100 kDa) are covalently linked to one mole of LZM under the optimal glycation conditions.
Similarly, Aminlari et al. (2005) have reported that one mole of LZM was conjugated with 2 to 3
moles of dextran with the amino terminal Lys-1 and Lys-98 being the highly reactive residues.
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4.4.4. Optimization of the Production of LZM:GOS Conjugates Using RSM

In order to optimize the glycation of LZM with GOS and to better understand the relationships
between the glycation parameters, RSM has been used. CCD was performed with three
independent variables at five levels, including temperature, substrate molar ratio, and ay,. Table
4.1 shows the experimental conditions and the experimental data for percent blocked lysine and
protein aggregation index along with their predicted values. Among the various conditions, the
maximum percentage of blocked lysine of 14.27 % (run # 17) was obtained at LZM:GOS molar
ratio of 1:9, 60°C and a ay of 0.66. The lowest percentage of blocked lysine (< 0.01 %) was
obtained (run # 10 and 20) at LZM:GOS molar ratio of 1: 5, 60 °C and a a, of 0.92. The protein
aggregation index was highest (8.55) at run # 7 (LZM:GOS molar ratio of 1:7, 70 °C, ay, of 0.53)
and lowest (0.06) at run # 9, 25, and 26 (LZM:GOS molar ratio of 1:5, a,, of 0.66, 30 and 40 °C).
By applying multiple regression analysis using the software Design-Expert version 8.2, the
quadratic model was statistically more suitable for the description of the glycation of LZM with
GOS. The results were transformed to square root for the percentage of blocked lysine and to
inverse square root for the protein aggregation index according to the recommended

transformation suggested by the Box-Cox plot (A = 0.5 and -0.5 respectively).

The analysis of variance (ANOVA) and the adequacy of the models are summarized in Table
4.2. The quadratic polynomial model was statistically significant and adequate to represent the
actual relationships between the percent blocked lysine or the protein aggregation index and the
significant variables within the experimental range, with an F-value of 76.3 and 452.4, a p -value
of < 0.01 and a coefficient R” of 0.977 and 0.994, respectively. The overall effect of the three
variables on the percent blocked lysine is also shown in Table 4.2. The F- and p- values can be
used to verify the significance of each variable and of their interactions. The results indicate that
the independent variable molar ratio (X;) was the most significant model linear term (F-value of
41.52; p <0.01), affecting importantly the percentage of blocked lysine. The temperature (X, F-
value of 3.67) and a,, (X3, F-value of 2.37) had a less significant effect (p > 0.05) on the percent
blocked lysine. In addition, all cross product coefficients (XX, X1X3, X2.X3) and also all quadratic
terms of variables (X,?, X»°, X3*) were significant, with very small p -values (p < 0.05). Among
the variables, molar ratio (X;) and incubation temperature (X;) showed the most significant

interaction effect (F-value of 24.9) and the ay (X3°) was the most important quadratic term.

80



Table 4.1 Experimental design of 5-levels 3-variables central composite design

Coded values * Blocked lysine (%) Protein aggregation index
Run No. Xi Xz X3
Protein:Sugar Temperature B Experimental Predicted Experimental Predicted
Molar Ratio (°C) W
1 -1 (1:3) +2 (70) +1  (0.79) 5.05 5.06 4.49 5.26
2 0 (1:5) +1 (60) -2 (0.4) 0.18 0.09 0.46 0.47
3 +1 (1:7) 0 (50) +1 (0.79) 6.93 6.73 0.10 0.12
4 -2 (1:1) +1 (60) 0 (0.66) 5.47 5.73 0.07 0.07
5 +1 (1:7) 0 (50) -1 (0.53) 7.96 9.93 0.11 0.11
6 +1 (1:7) 0 (50) -1 (0.53) 7.78 6.73 0.11 0.11
7 +1 (1:7) +2 (70) -1 (0.53) 2.82 2.92 8.55 13.55
8 +1 (1:7) +2 (70) +1 (0.79) 4.66 4.22 5.99 8.98
9 0 (1:5) -1 (40) 0 (0.66) 5.54 4.07 0.06 0.05
10 0 (1:5) +1 (60) +2 (0.92) 0.00 0.02 1.60 1.26
11 0 (1:5) -1 (40) 0 (0.66) 4.33 4.07 0.06 0.05
12 -1 (1:3) +2 (70) +1 (0.79) 5.81 5.06 4.72 5.26
13 -1 (1:3) +2 (70) -1 (0.53) 3.69 3.42 1.27 1.03
14 0 (1:5) +1 (60) -2 (04) 0.44 0.09 0.45 0.47
15 0 (1:5) +1  (60) 0 (0.66) 12.32 11.60 0.16 0.15
16 +2 (1:9) +1  (60) 0 (0.66) 13.99 12.71 0.23 0.20
17 +2 (1:9) +1  (60) 0 (0.66) 14.27 12.71 0.23 0.20
18 +1 (1:7) +2 (70) +1 (0.79) 5.05 4.45 5.95 8.98
19 -1 (1:3) +2 (70) -1 (0.53) 3.50 3.42 1.26 1.03
20 0 (1:5) +1 (60) +2  (0.92) 0.00 0.02 1.59 1.26
21 +1 (1:7) +2 (70) -1 (0.53) 1.45 2.92 8.06 13.55
22 -2 (1:1) +1  (60) 0 (0.66) 5.01 5.73 0.07 0.07
23 +1 (1:7) 0 (50) +1 (0.79) 7.00 6.73 0.11 0.12
24 0 (1:5) +1  (60) 0 (0.66) 11.24 11.60 0.16 0.15
25 0 (1:5) -2 (30) 0 (0.66) 0.00 0.01 0.06 0.06
26 0 (1:5 -2 (30) 0 (0.66) 0.00 0.01 0.06 0.06

“ Numbers in parenthesis represent actual experimental values



Table 4.2 Analysis of variance for response surface quadratic model

Blocked lysine (%)* Protein aggregation index”
Source
df® Sum of squares Mean square F-value p-value® | Sum of squares Mean square F-value p-value®
Model 9 32.81 3.65 76.26 <0.01 51.58 5.73 45243 <0.01
X (Molar Ratio) | 1 1.98 1.98 4152 <0.01 3.27 3.27 25823  <0.01
X (Temp.) 1 0.18 0.18 3.67 0.07 27.58 27.58 217691 <0.01
X; (ay) 1 0.11 0.11 2.37 0.14 0.48 0.48 37.73  <0.01
XX 1 1.19 1.19 2495 <0.01 0.27 0.27 21.17  <0.01
XX 1 0.22 0.22 4.51 0.04 0.22 0.22 17.65 <0.01
X X5 1 0.86 0.86 17.98 <0.01 0.00 0.00 0.29 0.60
X 1 0.29 0.29 6.16 0.02 0.27 0.27 2125  <0.01
X2 1 6.64 6.64 13891 <0.01 4.01 4.01 31693 <0.01
X32 1 16.37 16.37 342.43 <0.01 3.12 3.12 246.19 <0.01
‘R*=0.9772

"Degree of freedom

‘p -value < 0.05 = statistically significant

4R? =0.9939
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(F-value of 342.4). In addition, the negative sign of the most significant cross product
coefficient (X,X3) indicates the opposite effect of these variables. Neglecting the insignificant
terms by backward elimination regression (o out = 0.1), the final predictive equation in terms of

coded factors is given below:

(% Blocked lysine) = 3.41 + 0.29X; — 0.12X, — 0.039X; — 0.36X,X, + 0.24X,X; —
0.11X,;° — 0.41X,° — 0.79X (4.4)

The overall effects of the three variables on the protein aggregation index (Table 4.2) indicate
that the independent variable temperature (X;) was the most significant parameter (F-value of
2176.9; p < 0.01), affecting importantly the protein aggregation index. The molar ratio (X;, F-
value of 258.2) and the ay (X3, F-value of 37.7) had a less important effect on the protein
aggregation index, but they were still statistically significant (p < 0.01). Two cross product
coefficients (X1.X>, X1.X3) and all quadratic term coefficients (Xlz, Xzz, X32) were statistically
significant, with very small p -values (p < 0.05). The most important interaction effect was
between molar ratio and temperature (X,.X>; F-value of 21.2) and the temperature (X>*; F-value
of 316.9) was the most important quadratic term affecting the protein aggregation index.
Neglecting the insignificant terms, the final predictive equation in terms of coded factors is as

given below:

= 2.56 — 0.38X; — 1.49X, — 0.14X3 + 0.17X,X, + 0.14X, X5 + 0.10X,* —

1
/\/ (Turbidity)

0.32X,% — 0.35X3. (4.5)

4.4.4.1. Effect of Glycation Parameters
The contour graphs (Fig. 4.4) show the effect of glycation temperature and LZM:GOS molar
ratio at three different ay, (0.53, 0.66, 0.79), and their mutual interactions on the percent blocked
lysine (Fig. 4.4, 1A—C), and on the protein aggregation index (Fig. 4.4, 2A—C) after 21 h of
incubation. All three contour plots at selected ay, (Fig. 4.4, 1A—C) display similar trends in that
the predicted percent blocked lysine increased with an increase in the temperature until it reached
a turning point between 50 to 60°C; however, the highest percentage of blocked lysine was
achieved at ay, of 0.66. Above the optimal temperature, the Maillard reaction did most likely pass

to the stage of Amadori product degradation resulting in a lowering of percent blocked lysine.
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On the other hand, at ay, of 0.53 and of 0.79, the increase in the concentration of GOS did not
significantly influence the change in the percent blocked lysine at high temperature (70°C)
(Fig.4.4, 1A—C). While at lower temperatures (below 60°C), the percent blocked lysine
increased, when the concentration of GOS was increased. The diagonal ellipses formed in the
contour graphs (Fig. 4.4, 1A—C) confirm the opposite interactive effect between the temperature
and the substrate molar ratio. Indeed, at lower substrate molar ratios, the percentage of blocked
lysine formation was higher at higher temperatures, and at higher substrate molar ratios, the
blocking of lysine residues was favored at lower temperatures. Similarly, Jiménez-Castaio et al.
(2005) have reported an opposite relationship between the temperature and the ratios of dextran
to p-lactoglobulin. The effects of temperature and substrate molar ratio on the protein
aggregation index resulted in similar contour graphs at three selected ay, where the index
increased as the variables increased (Fig.4.4, 2A—C). The protein aggregation index was

generally lower at a,, 0.66 as compared to the other ay, values.

4.4.4.2. Optimal Conditions and Model Verification
Canonical analysis was performed to confirm if the response surface has a true maximum,
minimum or a saddle point within the limit of the investigated surface (Hoerl, 1985). The
obtained eigenvalues (A;) had mixed signs, which demonstrate that the stationary point obtained
was a saddle point, indicating that the response surface is shaped like a saddle (data not shown).
Since a simple optimum was not found within the investigated range using the canonical
analysis, the ridge analysis was computed to estimate the ridge of optimum response by
increasing radii from the center of the original response surface design (Table 4.3). This allows
the determination of the direction that should further be investigated in order to locate the simple
optimum. The results from the ridge analysis demonstrated similar trends compared to the
contour plots where the percent blocked lysine increased with an increase in substrate molar

ratio. The ay and temperature did not demonstrate important changes as the radius was increased.

The optimal conditions for the glycation of LZM with GOS through the Maillard reaction were
predicted using the values obtained through the ridge analysis. The uncoded optimal conditions
for the highest percent blocked lysine were: temperature of 49.52 °C; LZM:GOS molar ratio of
1: 9; ay, of 0.65. Under the optimum conditions, the predicted percent blocked lysine and protein

aggregation index were estimated to be 16.11% + 0.73 and 0.11 + 0.11, respectively. On the
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Table 4.3 Ridge analysis of the response surface

Coded Estimated Standard Uncoded factor values
radius response Of. error
% blocked lysine Ratio Temperature 4
LZM:GOS (°O) W

0.0 9.72 0.44 1:5.00 50.00 0.66
0.1 10.87 0.43 1:5.28 51.30 0.65
0.2 11.83 0.41 1:5.63 52.34 0.65
0.3 12.63 0.39 1:6.03 52.94 0.65
0.4 13.29 0.36 1:6.47 53.05 0.65
0.5 13.87 0.35 1:6.92 52.79 0.65
0.6 14.38 0.35 1:7.35 52.30 0.65
0.7 14.85 0.40 1:7.78 51.69 0.65
0.8 15.30 0.48 1:8.19 51.01 0.65
0.9 15.71 0.59 1:8.60 50.28 0.65
1.0 16.11 0.73 1:9.00 49.52 0.65
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other hand, the mean value of triplicate experiments of percent blocked lysine was 18.10 % =+
1.23, whereas the experimental protein aggregation index was determined to be 0.16 = 0. These
values are within the statically significant range of the optimum given by the ridge analysis.
These results demonstrate the validation of the RSM model. The three-dimensional plot
generated using the fitted model equation (Fig. 4.5) confirms the interactions between the
independent variables, temperature and substrate molar ratio. Thus, the optimization of
LZM:GOS conjugate synthesis was successfully achieved by RSM. However, as demonstrated

by the ridge analysis, further studies are required using an increased concentration of GOS.

4.5. Conclusion

Maillard reaction was successfully used to produce LZM:galactose/GOS/galactan conjugates.
The highest percentage of blocked lysine obtained with galactan and GOS demonstrated their
ability to depress the protein polymerization and the browning associated with the advanced
Maillard reaction. The structural analyses reveal the high reactivity of galactose in undergoing
condensation reactions with amines under dry heating conditions, resulting in the formation of
multiglycated LZM with a high distribution. The results also suggest the limited interaction of
GOS and galactan to the most reactive g-amino groups of LZM, resulting in a narrow distribution
of glycoforms (mono and diglycated LZM). The optimization of the production of LZM:GOS
conjugates was performed using RSM with CCD. The molar ratio was the most significant
independent variable affecting importantly the percentage of blocked lysine, whereas the
temperature was the most significant parameter for the protein aggregation index. Among the
variables, molar ratio and incubation temperature showed the most significant interaction effect

for both the percentage of blocked lysine and the protein aggregation index.
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Figure 4.5 Response surface plot showing the effect of incubation temperature, GOS molarity (LZM molarity at 1),
and their mutual interaction on percent blocked lysine. The a,, is constant at 0.66.
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CONNECTING STATEMENT 3

The previous study provided a good understanding of the effects of protein:carbohydrate ratio,
temperature, incubation time, and ay, as well as of their interactions on the glycation rate of
LZM. The production of LZM:carbohydrate conjugates with improved functional properties was
also successfully achieved (Chapter III and IV). The carbohydrate conjugation to potato proteins,
which are undervalued by-products of the starch industry, through the Maillard reaction was
investigated in Chapter V. The effect of carbohydrate conjugation on the secondary/tertiary
structures of patatin (PTT) was investigated, and the changes in heat stability, protein solubility,

antioxidant activity, and emulsifying properties are discussed in this Chapter.

The results from this chapter were presented at IFT12 Annual Meeting & Food Expo and
published in Food Chemistry journal.

Seo, S., & Karboune, S. (2012) Glycation of patatin with galactose, galactooligosaccharides and
galactan: Structural and functional properties of conjugates. IFT12 Annual meetings. Las
Vegas. Nevada.

Seo, S., Karboune, S., & Archelas, A. (2014). Production and characterization of potato patatin-
galactose, galatooligosaccharides, and galactan conjugates of great potential as functional
ingredients. Food Chemistry, 158(1), 480-489.
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CHAPTER V

PRODUCTION AND CHARACTERIZATION OF STRUCTURAL AND
FUNCTIONAL PROPERTIES OF POTATO PATATIN:GALACTOSE,
GALACTOOLIGOSACCHARIDES, AND GALACTAN CONJUGATES OF
GREAT POTENTIAL AS FUNCTIONAL INGREDIENTS
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5.1. Abstract

Potato proteins are of high interest because of their high nutritional quality and multiple health
benefits, but they are currently undervalued due to their limited solubility and stability. Glycated
patatin (PTT) with galactose, galactooligosaccharides (GOS) and galactan was produced through
the Maillard reaction and characterized structurally and functionally. Fourier transform infrared
and fluorescence spectroscopy data revealed important changes in total secondary structures
through glycation with GOS (61.2%) and galactan (36.7%) and also significant tertiary structural
changes leading to an exposure of tryptophan residues. These structural changes led to more heat
stable forms of PTT with a higher unfolding temperature (70—90°C) than the unmodified protein
(50-70°C) and with higher antioxidant activity. PTT:galactose conjugates exhibited similar
thermal stability and pH-structural behavior as native PTT. However, the high level of galactose
conjugation to PTT and increased exposure of hydrophobic residues led to a significant increase

in its emulsifying stability at pH 3.

5.2. Introduction

There is an increasing demand for the use of plant proteins as an alternative to animal proteins.
Compared to proteins from other vegetable and cereal sources, potato proteins are of great
potential as food ingredients because of their higher nutritional quality (Ralet & Gueguen, 2001),
and their ability to regulate serum cholesterol levels (Liyanage et al., 2008), and to reduce food
intake by increasing the circulation of cholecystokinin levels (Komarnytsky et al., 2011). Potato
proteins include three major classes: a) patatin (PTT, up to 40% w/w), b) protease inhibitors
(~40-50% w/w) and c) other high molecular weight proteins (~10%) (Ralet & Gueguen, 2000).
PTT is a glycoprotein with up to two carbohydrate chains and a molecular weight of
approximately 40 kDa (Ralet & Gueguen, 2000). In addition to its antioxidant activity (Liu et al.,
2003), PTT has excellent foaming (Ralet & Gueguen, 2001), gelling (Creusot et al., 2010), and
emulsifying properties (Ralet & Gueguen, 2000). However, due to its very high exposed
hydrophobicity (Creusot et al., 2010), PTT has lower solubility when the ionic strength of the
solution is increased. Furthermore, the denaturation temperature of PTT has been shown to be
around 59°C (Creusot et al., 2010), which is lower than those of other animal proteins being used
as food ingredients. To make better use of PTT as a functional ingredient and broaden its
applications, the improvement of its solubility and its heat stability through structural

modification is of great interest.
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Among the various existing protein modification techniques, the glycation of proteins, via
naturally occurring Maillard reaction, led to the improvement of various functional properties of
food proteins (Seo et al., 2013). The formation of protein:carbohydrate conjugates occurs during
the early stage of the Maillard reaction, where the free amino group of protein reacts with the
carbonyl group of carbohydrates to form Amadori products. During the advanced stages of the
reaction, the products resulting from the degradation of the Amadori products can undergo
numerous transformations under various pathways giving rise to peptide-bound adducts, to
protein cross-linking, and to the formation of brown and polymeric materials (Horvat & Jakas,
2004). To limit the Maillard reaction to its early stages, the Maillard reaction rate needs to be
controlled. Our previous study (Seo et al., 2012) and other studies (Oliver et al., 2006a) provided
a good understanding of the effects of protein:carbohydrate ratio, temperature, incubation time,

and water activity (ay) as well as of their interactions on the glycation rate.

The secondary and tertiary structural changes of proteins upon glycation through the Maillard
reaction (Corzo-Martinez et al., 2008) and the improvements of their functional properties have
been well investigated (Oliver et al., 2006a). However, the relationships between the structural
and functional properties of the protein conjugates have been overlooked and there is a need for
more studies looking into structure-function relationships. The understanding of the mechanisms
behind the improvements in functional properties of glycated food proteins is expected to result

in a more effective production of targeted glycated proteins with enhanced functional properties.

As part of ongoing research, the objective of the present study was the investigation of the
glycation of potato proteins, consisting mostly of PTT (75%), with galactose,
galactooligosaccharides (GOS) and galactan, through Maillard reaction under controlled
conditions. The secondary/tertiary structural properties of purified PTT conjugates and their
functional characteristics (heat stability, emulsifying activity, antioxidant activity) were studied

and their relationships were discussed.

5.3. Materials and Methods

5.3.1. Materials

Solanic 206P (=75% PTT, =25% protease inhibitors) was kindly provided by Solanic (Foxhol,
Netherlands). Potato galactan (~280 kDa) was purchased from Megazyme (Wicklow, Ireland).
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Furosine standard was purchased from Neosystem Lab. (Strasbourg, France). All other chemicals

were purchased from Sigma Chemical Co. (St-Louis, MO).

5.3.2. Preparation of Galactooligosaccharides
GOS were prepared from potato galactan according to our previous method (Paragraph 3.3.2).

The average molar mass of GOS was calculated to be 1990.9 g/mol.

5.3.3. Preparation of Conjugates

Potato proteins and carbohydrates (galactose or GOS or galactan) at the molar ratio of 1:9 were
dissolved (10 mg of Solanic 206P per ml) in 0.05 M sodium phosphate buffer (pH 7). After
freeze drying at -25°C, the mixtures were incubated in sealed glass desiccators at 48°C for 1 to 7
days under controlled a,, value of 0.65 using a saturated solution of potassium iodide. Control

experiments were performed with only potato proteins incubated under the same conditions.

5.3.4. Determination of the Extent of Glycation of PTT with Selected Carbohydrates
5.3.4.1. Furosine Analysis

To estimate the degree of glycation, e-N-2-(furoylmethyl)-L-lysine (furosine) was determined
using a modified method by Seo et al. (2013). Five milligrams of incubated protein and
carbohydrate mixture was added to 2.5 ml of 8 N HCI in vials, capped under nitrogen, and
incubated at 110°C for 23 h. The hydrolysates were centrifuged at 13,000 x g for 15 min and 0.5
ml of the supernatant was applied to an activated Sep-pak C18 cartridge (Waters Corp., Milford,
MA). Furosine was eluted with 3 ml of 3 N HCI, and the eluate was evaporated until dryness
under nitrogen and resolubilized in 1 ml of water: acetonitrile: formic acid mixture (95:4.5:0.5,
v/v/v). Furosine concentration was quantified using a Beckman high-pressure-liquid
chromatography (HPLC) system equipped with a programmable solvent module (model 126), a
photodiode array detector and 32 Karat software for data collection. The separation was
performed on a Waters Symmetry Shield RP8 3.5 pm (4.6 x 50 mm) column using an isocratic
elution of 5 mM octanesulfonic acid in a mixture of water: acetonitrile: formic acid (79.8:20:0.2,
v/v/v) for 30 min at a flow rate of 0.3 ml/min. Injected sample volume was 20 ul and the
detection of furosine was performed at 280 nm. The calibration curve was constructed using a

furosine standard. All assays were run in triplicates.
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5.3.4.2. Measurement of Proportion of Free Amino Groups
The proportion of free amino groups of potato proteins and of their corresponding conjugates
was assayed using trinitrobenzene sulfonic acid (TNBSA) method according to a method

described previously (Seo et al., 2013). All assays were run in triplicates.

5.3.4.3. Determination of Percentage of Blocked Lysine
The percentage of blocked lysine due to glycation and not to protein cross-linking was indirectly
estimated from the furosine content and the initial total lysines of potato protein. The Amadori
compound tagatosyl-lysine formed during the Maillard reaction between lysine residues and
galactose moieties was reported to generate about 42% furosine upon 8§ N acid hydrolysis
(Krause et al., 2003). The estimated concentations of furosine were, therefore, adjusted
accordingly. There are 24 lysines on PTT and 10-14 lysines on the major protease inhibitors
(accession number, Q2MY50, P58514, Q41448, P16348, UniProtKB). By considering the
proportions of PTT (75%) and of protease inhibitors (25%) present in potato proteins (Solanic
206P), 21 free amino groups were calculated. By taking the above information into account, the

percentage of blocked lysine was estimated according to the following equation.
% Blocked lysine = (1/0.42 x furosine) x 100/(total lysine) (5.1)

5.3.4.4. Measurement of the Protein Aggregation Index
The extent of protein inter/intramolecular cross-linking was expressed as the protein aggregation
index obtained spectrophotometrically by measuring the turbidity of protein:carbohydrate
conjugates (10 mg/ml) at 600 nm according to a method by Wang and Ismail (2012). All assays

were run in triplicates.

5.3.5. Purification of the Conjugates

Potato proteins and their respective galactose- and GOS-conjugates, recovered after 1 and 3 days
of glycation, respectively, were purified through anionic exchange chromatography on MonoQ
5/50 GL (GE Healthcare, Piscataway, NJ) using an AKTApurifier system (GE Healthcare).
PTT:galactan conjugates were first ultrafiltered using a stirred ultrafiltration unit (Amicon
system, Millipore, Billerica, MA) fitted with a 300 kDa molecular mass cut-off membrane to
remove unbound galactan, protease inhibitors, and unconjugated PTT; the retentate was further

subjected to purification on MonoQ. Protein:carbohydrate conjugate mixtures (2—3 mg protein)
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were loaded on the column equilibrated with 50 mM potassium phosphate buffer (pH 6). PTT
conjugates were eluted using the same buffer containing 1 M of sodium chloride at a flow rate of
I ml/min. The gradient system was 0—2 min, 0% B; 2—12 min, 0-25% B; 12—17 min, 25% B;
17-22 min, 25-40% B; 22-27 min, 40% B; 27-32 min, 40-100% B; 32-37 min, 100% B. The
elution profile was monitored by UV-absorbance detection at 280 nm. Fractions of 1 ml were
collected and subjected to total carbohydrate analysis using the phenol-sulfuric acid method. The
fractions containing purified glycated PTT were collected and dialyzed against distilled water for
48 h at 4°C. The purified conjugates were used for the assessment of the structural and functional

properties.

5.3.6. Structural Characterization of the Conjugates
5.3.6.1. Fourier Transform Infrared Spectroscopy (FTIR)

The concentration of the purified PTT conjugates was determined through the Bradford assay
(Bradford, 1976) and were subsequently dissolved in *H,O to achieve a final concentration of
100 mg protein/ml. To investigate the thermal stability of the conjugate structures, they were
heated from 30 to 90°C in 5°C increments using a cell regulated by an Omega temperature
controller (Omega Engineering, Laval, Qc, Canada). At each temperature, the sample was
equilibrated for 10 min before the spectrum was obtained. Infrared spectra were recorded using a
Bomem MB FTIR spectrometer (4 cm™, ABB-Bomem, Quebec, QC, Canada) equipped with a
deuterated triglycine sulfate (DTGS) detector. The spectrometer was continuously purged with
dry air from Balston dryer (Balston, Haverhill, MA). The samples (9 ul) were placed between
two CaF, windows separated by a 25 um Teflon film spacer (Harrick Scientific, Pleasantville,
NY). Each spectrum was obtained by co-adding 256 scans to maximize signal-to-noise ratio.
Fourier self-deconvolution (FSD) in the amide I' region was performed using Omnic 6.0
software (Thermo Electron Corporation, Madison, WI) applying a bandwidth of 20 cm™ and a
resolution enhancement parameter of 2. The curve fitting was performed by using Origin 8

(OriginLab, Northampton, MA). Gaussian function was chosen to fit the overlapped peaks.

5.3.6.2. Fluorescence Analysis
Hundred microliters of PTT conjugates (0.6 mg/ml) were placed into different wells in black
FluoroNunc 96 wells plate (Nunc, Thermo Fisher, Rochester, NY). Their fluorescence spectra

were recorded as averages of 25 spectra on a Tecan Infinite 200 (Tecan, Minnedorf,
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Switzerland) at 25°C. Excitation was set at 295 nm, and the emission was measured from 325 to
375 nm. The emission step size was 5 nm. To study the effect of temperature on the tertiary
structure of the glycated proteins, purified PTT conjugates (I mg/ml) were preincubated for 1 h
at selected temperatures, ranging from 27 to 90°C, prior to measurements. To study the effect of
pH, purified PTT conjugates (1 mg/ml) were dissolved in appropriate buffer solution: 50 mM
sodium acetate buffer (pH 3, 5), 50 mM sodium phosphate buffer (pH 6, 7, 8), 50 mM sodium
bicarbonate buffer (pH 10). The blank was substracted from all spectra.

5.3.6.3. Patatin Sequence and Homology Modeling
The FASTA format of amino acid sequence of PTT (accession number Q2MY 50, UniProtKB)
was submitted to Swissmodel (Kiefer et al., 2009). This server used template of SeMet Patatin
(Protein Data Bank number: 10XW) for the prediction. The predicted model had a Q-MEAN Z-
score, a useful measure for the description of the absolute quality of theoretical models of -1.12,

which indicates acceptable quality.

5.3.7. Emulsifying Properties

The emulsifying properties of PTT conjugates (1-10 mg/ml) were investigated using oil-in-water
emulsions made of 30% triolein (v/v) in 10 mM sodium acetate buffer (pH 3) or in 10 mM
sodium phosphate buffer pH 7. Pre-emulsions were formed by sonicating the oil-in-water
mixtures for 3 min at 20% power (120 W) with an ultrasonic liquid processor (Misonix,
Farmingdale, NY) equipped with a titanium horn (tip diameter of 12.7 mm). The pre-emulsions
were then homogenized by three passes through an Emulsiflex C5 homogenizer (Avestin,
Ottawa, Canada) at an operating pressure of 100 MPa. Dynamic light scattering (DLS)
measurements were carried out using Delsa Nano C (Beckman Coulter, Fuellerton, CA) at 25°C
to estimate the droplet size of the emulsions as a mean of size distributions obtained from 70
measurements. The stability of the emulsions was assessed by heating the emulsified sample at
65°C for 2 h and then measuring the turbidity of the sample at 500 nm after dilution with 0.1%
(w/v) SDS.

5.3.8. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity
The antioxidant activity of PTT conjugates was assessed through their ability to scavenge DPPH
radicals. PTT conjugates solution (0.4 ml, 1-10 mg/ml) in 1M Tris-HCI buffer (pH 7.9) was

mixed with 0.6 ml of 100 uM DPPH' in methanol (final concentration of 60 puM, initial
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absorbance, Absinia 0f 0.7) for 20 min at 25°C. Ferulic acid (1040 uM) was used as the positive
control. The absorbance of the mixture at 517 nm was measured. The percent reduction (Q) of

the DPPH" was calculated as follows:
Q = IOO(AbSinitial_ Abssample)/Absinitial (52)

ICs¢ value, defined as the concentration of half-reduction of the DPPH', was estimated. All

assays were run in triplicates.

5.4. Results and Discussion

5.4.1. Maillard Reaction Progress

The Maillard reaction was conducted at 48°C to prevent the denaturation of potato proteins
during incubation. There are published studies demonstrating that protein:carbohydrate
conjugates can be formed at similar or even at lower temperatures (Jindal & Naeem, 2013;

Medrano et al., 2009).

Tagatosyl-lysine residues formed during the early stage of the Maillard reaction are converted to
furosine upon their acid hydrolysis (Krause et al., 2003). Furosine is a direct marker of Amadori
product and is currently the most specific and important indicator of early Maillard reactions
(Erbersdobler & Somoza, 2007). To estimate the extent of cabohydrate conjugation to the
protein, the percent blocked lysine was calculated by quantifying the furosine formed and
comparing it to the initial amount of free amino groups on the proteins. On the other hand, the
protein aggregation index provides an indirect estimation of inter/intramolecular cross-linking of

proteins.

Table 5.1 summarizes the percent blocked lysine of potato protein conjugates and their protein
aggregation index over an incubation period of 1 to 7 days at 48°C and at a, of 0.65. As
expected, the percent blocked lysine of incubated control potato proteins was negligible (data not
shown). As compared to GOS and galactan, the initial glycation rate of potato proteins with
galactose was higher, leading to a maximum percent blocked lysine of 97.9% upon incubation
for 3 days. As the incubation was extended to day-5, the percent blocked lysine of potato

proteins:galactose conjugates significantly decreased to 18.2% and, in parallel, an increase in the
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Table 5.1 Progress of PTT conjugation through Maillard reaction at 48°C at ay, of 0.65

PTT mixtures

Incubation time

Percent blocked lysine® Protein aggregation index”

1 7.66+0.12 0.61+0.12

3 9793 +0.24 021 +0.33
PTT:Galactose

5 18.18 £1.02 4.68+0.16

7 0.00+ 0.00 323+0.14

1 0.84+0.11 0.51 +£0.03

3 1.25+0.20 1.02+0.06

PTT: GOS

5 1.00 + 0.00 0.86+0.20

7 6.13+0.80 1.60 +0.05

1 0.19+0.10 0.00+0.05

3 1.2+0.73 0.01 £0.02
PTT:Galactan

5 43+0.01 0.01 £0.01

7 220+ 1.07 1.73+0.11

*Percentage of blocked lysine was calculated from furosine content and total free amino groups.

bTurbidity measurement at 600 nm.
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protein aggregation index was observed. These results reveal the rapid advancement of the
Maillard reaction in the presence of galactose leading to the degradation of the Amadori
compounds and to the protein cross-linking (Oliyai et al., 1994). The glycation of potato proteins
with GOS and galactan only achieved a maximum level of blocked lysine of 6.1 and 4.3% at day
7 and 5 of incubation, respectively. The overall results confirm that the shorter carbohydrate,
present in a high proportion in the open-ring form, had higher reactivity. The lower glycation
extent obtained in the presence of galactan may be due to the limited accessibility of this more
bulky carbohydrate to the available lysine residues on the potato proteins. ter Haar et al. (2011)
have highlighted that saccharide reactivity and lysine accessibility are the most determining
factors for the rate of the Maillard reaction. Contrary to shorter galactose and GOS
carbohydrates, the glycation of potato proteins with galactan resulted in negligible protein
aggregation index during the first 5 days of incubation and increased to 1.7 at day 7. These
results indicate the ability of galactan to limit the protein polymerization and the browning
associated with the advanced Maillard reaction. In potato proteins:GOS glycation reaction, the
progress of the reaction did not follow the same pattern as the other carbohydrates; at the initial
stage of the glycation reaction with GOS, high protein aggregation index and low percent
blocked lysine were achieved. This trend can be interpreted as a result of the release of
dicarbonyl compounds, generated through glycoxidation of GOS, promoting protein aggregation
during the initial stage by reacting with guanidine or arginine residues on the protein (Hollnagel
& Kroh, 2000). The glycoxidation/autoxidation reaction of GOS may also have slowed down the
carbohydrate conjugation by competing with the glycation reaction (Yeboah et al., 2000).
Similar results were obtained in our previous studies (Seo et al., 2013; Seo et al., 2012) upon the
glycation of GOS with lysozyme. The control samples (protein and carbohydrate) were run
separately and they did not lead to any furosine formation upon acid hydrolysis demonstrating
that the furosine quantified was indeed from the acid hydrolysis of the conjugated Amadori
products. The formation of the conjugates has also been confirmed through mass spectrometric

analyses (data not shown).

5.4.2. Purification of PTT Conjugates
To assess their functional properties, PTT conjugates were purified by anionic exchange
chromatography. In Fig. 5.1, the elution profiles of potato proteins and their conjugates on a

Mono Q column are shown. Since most protease inhibitors (~25% of Solanic 206P) have high
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isoelectric points of 6 to 9 (Pouvreau et al., 2001), they did not bind to the Mono Q column and
were eluted at 0 M sodium chloride (data not shown). However, PTT with an isoelectric point of
4.0 was eluted as a broad peak between 0.05 and 0.25 M of sodium chloride (Fig. 5.1A, peak
#1). The elution profiles of conjugates showed additional broad and sharp peaks eluting at higher
concentrations of sodium chloride. Compared to unconjugated PTT, the high binding affinity of
PTT conjugates to the anionic exchange column can be attributed to the decrease in positively
charged free amino groups due to glycation (Fenaille et al., 2003). It can be hypothesized that
peaks #2-2", eluted at 0.25-0.40 M sodium chloride, are composed of lower level of glycated
conjugates, whereas peaks #3-3, eluted at 0.40—1.0 M, consist of highly glycated conjugates.
Potato proteins:galactose conjugates (Fig. 5.1B) were fractionated into 21% of less glycated PTT
conjugates (peak #2°) and 27% of highly glycated ones (peak #3); these results confirm the high
level of glycation in the presence of galactose observed (Table 5.1). The fractionation of potato
proteins:GOS conjugates (Fig. 5.1C) resulted in low percentage of less (13%, peak #2”) and
highly (6%, peak #3”) glycated conjugates, but most remained non-glycated (81%, peak #17).
The carbohydrate content profiles reveal the multiplicity of PTT conjugated derivatives obtained
upon the glycation with GOS compared to galactose and galactan. The multiplicity of PTT:GOS
glycoforms may be due to the different reactivity of heterogeneous GOS covering a wide range
of degree of polymerization (DP of 2-12), leading to the difference in the glycation level.
Similar multiplicity was reported in our previous study (Seo et al., 2013) upon glycation of
lysozyme with a same pool of GOS. To overcome the decrease in the adsorption affinity of
conjugates to the column due to the bulkiness and the excess of galactan, the potato proteins
glycated with galactan were first ultrafiltered to remove the unconjugated PTT and galactan (Seo
et al., 2012). The elution profile of PTT:galactan conjugates showed three main peaks: 52% peak
#17, 34% peak #2°, and 14% peak #3” (Fig. 5.1D). As compared to galactose and GOS, the
elution profile of PTT:galactan conjugates cannot only be interpreted as a decrease in the number
of Lys residues, but also as an alteration of the protein adsorption affinity to the column due to
the steric hindrance of the bulky galactan chains conjugated to PTT. The conjugation level,
estimated from the protein:carbohydrate ratio, revealed 1-10, 1-4, and 1-3 moles of galactose,
GOS, galactan, conjugated to one mole of PTT, respectively. To assess the functional properties,

peaks #2’-2°” and 3°-3’” were pooled for each conjugate.
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5.4.3. Structural Characterization of Purified PTT Conjugates
5.4.3.1. Secondary Structure

Fig. 5.2A shows the percent change in the secondary structure of the conjugates compared to the
control PTT (after incubation) estimated through FTIR. The amide I’ region of PTT solution in
H,0 revealed five components upon deconvolution and curve-fitting (data not shown). The
band at 1618 cm™ had been assigned to strongly bonded S-strands indicative of aggregated
strands type structure (Pots et al., 1998). The remaining structures were assigned as follows:
bands at 1637 + 3.0 and 1675 + 5.0 cm™ as S-sheets, band at 1645 + 4.0 cm™ as random coils,
bands at 1653 + 4.0 cm™ as a-helix, and bands at 1671 + 3.0 and 1689 + 2.0 cm™ as f-turns
(Kong & Yu, 2007). The FTIR spectrum of native PTT shows the presence of 15.2% aggregated
strands, 40.8% p-sheet, 13.0% p-turns, and 31.0% a-helix (data not shown). Higher proportions
of a-helix (45%) and p-sheet (33%) were reported for PTT (Pots et al., 1998). This discrepancy
may be due to the fact that PTT examined by Pots et al. (1998) was freshly extracted from
potatoes, which may have helped in preserving the secondary structure. The FTIR spectrum of
the control PTT had a small increase in aggregated strands (=5%) and a decrease in a-helix
(=5%), which are indicative of a minor change in the protein’s secondary structure upon
incubation at mild temperature of 48°C. The results also show that the glycation with galactose
had minimal effects on the secondary structure of PTT with 1.7, 1.0, and 0.8% increases in
aggregated strands, f-turn, and a-helix, respectively. A small decrease of 3.6% in S-sheet was
also found. These results may reveal the high affinity of galactose for exposed glycation sites
located at the termini of PTT secondary structures (Lys 159, 173, 269, 278, 352, 353, 357, 384),
which may have prevented pronounced secondary structural changes of PTT upon glycation. The
most significant changes in the secondary structure of PTT were observed upon glycation with
GOS with 30.6% increase in aggregated strands, and with 6.1, 10.8, and 13.7% decreases of /-
turn, a-helix, and p-sheet, respectively. Similar structural changes were exhibited by
PTT:galactan conjugates, in which 18.3% increase in aggregated strands, and 3.2, 1.1 and 14.0%
decreases in S-turn, a-helix, f-sheet, respectively, had taken place. The greater structural changes
observed upon glycation with larger carbohydrates (GOS, galactan) is probably due to their
bulkiness, leading to the disruption of intermolecular non-covalent interactions that stabilize the
secondary structure of PTT (Povey et al., 2008). The high level of protein cross linking upon
glycation with GOS may have also contributed to these changes (Table 5.1).
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5.4.3.2. Tryptophan Fluorescence
The tryptophan fluorescence emission spectra of control and glycated PTT (Fig. 5.2B) were
investigated to assess the change in the tertiary structure due to glycation. PTT contains two
tryptophan (Trp 279, Trp 284) residues in the primary sequence that can be used as intrinsic
fluorophores for analyzing the protein tertiary structure. When excited at 295 nm, control PTT
exhibited a fluorescence wavelength of maximum emission (Amax) of 330 nm, while the native
PTT demonstrated a Ay, of 335 nm. It has been reported that PTT exhibits two Ayax of 336 and
347 nm, as a result of the presence of buried and more exposed Trp residues, respectively
(Koppelman et al., 2002). The detection of only fluorescence maximum wavelength in native and
control PTT could be explained by the small level of aggregation, which might have led to a
closer packing of the tertiary structure. Pots et al. (1998) have also reported one Ay, of 335 nm
for PTT. The results show that similar An.x (330 nm) as the control was exhibited by
PTT:galactose conjugates, indicating that the local environment of the Trp residues was not
affected by glycation with galactose and that the tertiary structure of PTT was conserved.
However, PTT:GOS and PTT:galactan conjugates showed a red-shift of the Trp emission
maximum to 340 nm, indicating an increased exposure of Trp toward a more hydrophilic
surrounding. This suggests that a large conformational change of PTT may have occurred around
the Trp residues as a result of the glycation of some of the nearby Lys residues (identified
according to 3D model predicted by Swissmodel: Lys 253, 357) with GOS and galactan (data not
shown). These results are in good agreement with the secondary structural changes (Fig. 5.2A),

which reveal a more unfolded structure of PTT glycated with GOS and galactan.

5.4.4. Functional Properties of Purified PTT Conjugates
5.4.4.1. Thermal Stability

To assess the thermal stability of PTT conjugates, the changes in their secondary structure upon
heat treatment (50, 70, 90°C) were evaluated by FTIR spectroscopy. The change in proportions
of secondary structures of the conjugates upon heat treatment over that of the conjugates at 30°C
is presented in Fig. 5.3. As overall, heating the control PTT resulted in pronounced changes in
various amide I bands (Fig. 5.3A). Upon heat treatment at 50°C, PTT has 11.3% increase in
aggregated strands and less than 10 % decrease in proportions of other secondary structures. The

change in secondary structure became more pronounced for control PTT treated at 70°C with
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21.2 and 20.4% increases in aggregated strands and random coils, respectively, with
accompanying 24.7 and 16.3% decrease of f-sheets and a-helix. At 90°C, the changes in
secondary structure did not significantly differ from the changes observed at 70°C. These results
reveal the dependence of the secondary structure of PTT on the temperature and the occurrence
of the unfolding between 50-70°C. Creusot et al. (2010) have reported an unfolding temperature
of PTT of 59°C, which is in agreement with the control PTT’s loss in secondary structure
between 50—70°C. Upon heat treatment, PTT:galactose conjugates (Fig. 5.3B) exhibited similar
secondary structure changes to control PTT. Unlike control PTT and PTT:galactose, the
unfolding of PTT:GOS (Fig. 5.3C) conjugates occurred at temperatures higher than 70°C.
Indeed, no significant changes (>10%) in the secondary structure of PTT:GOS conjugates were
observed at 50 and 70°C. The most important changes in PTT:GOS conjugates’ secondary
structure were observed at 90°C with 14% increase in aggregated strands, and with 8.1, 1.2, and
4.5% decreases in f-sheet, a-helix, and f-turn, respectively. Although the conjugation of PTT
with GOS disrupted its local secondary structure, the interactions between the sugar moiety and
the protein stabilized the remaining secondary structure. On the other hand, the changes in the
secondary structure of PTT:galactan conjugates increased upon treatment at 50 and 70°C, but
conversely decreased at higher temperature of 90°C. Indeed, at 50°C, the secondary structure of
PTT:galactan conjugates (Fig. 5.3D), had a 35.4% increase in random coils and decreases of 3.0,
17.4, 14.0, and 1.1% in aggregated strands, S-sheet, a-helix, and f-turn, respectively. When the
temperature was increased to 70°C, 15.5 and 11.0% increases in a-helix and random coils,
respectively, were obtained in addition to decreases in aggregated strands (4.5%), f-sheet
(16.4%), and p-turn (5.6%). Minor changes in the secondary structure of PTT:galactan were
observed at 90°C with 7.1% increase in aggregated strands and 9.8% decrease in S-sheet being
the most important ones. PTT:galactan conjugates seem to undergo the unfolding process at
around 50°C, but at higher temperature of 90°C, they undergo refolding of the damaged structure
as evidenced by the sudden increase in random coils and the subsequent decrease in the change
of secondary structure. The refolding pattern of the PTT:galactan conjugates at higher
temperature can be attributed to the high interaction of amino acids with large carbohydrate
chain of polysaccharides. Similarly, Povey et al. (2008) have demonstrated that the interaction of
nearby amino acids with the attached carbohydrate can lead to a preferred secondary structure of

the glycated protein.
106



The effect of temperature on the tertiary structure of the conjugates was also estimated through
Trp fluorescence (data not shown). Trp Anax Was maintained with control PTT and its conjugates
until the temperature reached 60°C. At 60°C, control PTT and PTT glycated with galactose had a
red-shift of Ap, from 330 nm to 340 nm, which reveals that the polarity of the local Trp
environment changed to a more hydrophilic one. These results are in good agreement with the
FTIR results (Fig. 5.3). For PTT:GOS and PTT:galactan conjugates, Amax Was not affected by
heating, which demonstrates that the modified local environment of Trp on these glycated

proteins was thermostable.

5.4.4.2. pH Stability
Fig. 5.4 shows the effect of glycation on the tertiary structure of PTT and its conjugates at
selected pH values (3, 5, 6, 8, 10) measured by the change in Trp fluorescence intensity at Amax.
The tertiary structure of control PTT exhibited a high pH stability with small changes (-0.1 to
14.4%) in fluorescence intensity at different pHs and no change in Ap,y. In contrast, PTT:GOS
conjugates showed a significant increase in fluorescence intensity (8.7-57.0%) with the pH and a
change in Anax at pH 8 from 340 to 345 nm, which are indicative of the low pH stability of their
tertiary structure. It seems likely that the change in secondary and tertiary structure caused by the
glycation of PTT with GOS (Fig. 5.2A, B) led to a modified structure, in which the local
environment of the Trp residues is more easily affected by the change in pH. No change in Amax
was observed for the PTT:galactose and PTT:galactan conjugates (data not shown). At pH 3,
PTT:galactose and PTT:galactan conjugates demonstrated significant changes in their
fluorescence intensity as compared to the control; these results may be due to the lower
isoelectric point of the conjugates. At pH 6 and 8, the changes in fluorescence intensity of
PTT:galactose (2.8, -0.4%) and PTT:galactan (0.5, 2.2%) conjugates were very comparable to
the results obtained with the control (0.1, 1.2%). At pH 5 and 10, PTT:galactose (-3.3, 4.9%) and
PTT:galactan (-0.5, 9.2%) conjugates demonstrated slightly better pH stability than the control
PTT (8.0, 14.4%) with less change in florescence intensity. The change in fluorescence intensity
of PTT:galactose conjugates are in good agreement with the structural data. As an overall,
control PTT and PTT:galactose conjugates exhibited similar pH-structural behavior. On the other
hand, PTT:galactan conjugates demonstrated small changes in fluorescence intensity with pH,
revealing the high pH stability of the structure adopted from the interaction of nearby amino

acids of PTT with the attached galactan moieties.
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5.4.4.3. Emulsifying Properties
Effect of PTT glycation on its emulsifying properties at pH 3 and 7 is shown in Fig. 5.5A. The
diameter of the oil droplets as well as the turbidity loss after heat treatment at 65°C were used as
an indicator of the emulsifying activity and stability, respectively. Using control PTT, the mean
diameters of the droplets at pH 3 and 7, were 467.8 nm and 2007.2 nm, respectively. The larger
oil droplets at pH 7 can be attributed to the rapid formation of gel-like protein layer around the
oil, which may have increased the interfacial tension during emulsion/oil droplet formation
(Beverung et al., 1999). Contrary to control PTT, PTT:galactose and PTT:galactan conjugates
led to smaller droplets at pH 7 (1353.3 nm and 946.9 nm) than at pH 3 (1829.5 nm and 2490.7
nm); these results indicate that the hydrophobic interactions between the oil and PTT were more
favored at pH 7 upon its glycation with galactose and galactan. On the other hand, PTT:GOS
conjugates led to an emulsion with the largest oil droplets (6562.6 nm at pH 3, 10838.7 nm at pH
7). The high pH-dependence of mean oil droplet size can be attributed to the pronounced effect
of pH on the diffusion of protein molecules onto the oil-water interface, affecting, the interfacial

properties and/or to the significant alterations of electrostatic inter-molecular interactions

(Israelachvili, 1991).

As indicated by the loss in turbidity, native PTT (53.2%) and PTT:galactan conjugates (61.0%)
exhibited lower emulsion stability at pH 3 than at pH 7. In contrast, PTT:galactose conjugates
resulted in a lower emulsion stability at pH 7 (59.8%). The emulsion stability at pH 3 was vastly
improved upon glycation of PTT with galactose. PTT:GOS conjugates displayed lower emulsion
stability as compared to native PTT at both pH 3 (48.6%) and 7 (61.7%). The stabilization of
emulsion is, generally, attributed to the film forming ability of proteins at the oil-water interface,
favoring electrostatic and steric repulsive forces between droplets (McClements, 2004). Khan et
al. (1999) have suggested that protein and carbohydrate conjugates enhance synergistically the
emulsifying properties by reinforcing the adsorption of the protein to the oil-water interface and
by stabilizing the oil droplets through the viscoelastic layer of carbohydrates in the aqueous
phase. The increased number of carbohydrate conjugation on PTT:galactose conjugates in
addition to its more exposed tertiary structure at pH 3 (Fig. 5.4) seems to have contributed to its
emulsion stability. However, PTT conjugated with GOS formed the least stable emulsions with

the largest droplet diameter. Berthold et al. (2007) have previously suggested that a very flexible
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protein interface film will easily be broken during collisions between oil droplets, resulting in
accelerating coalescence and droplet size increment. PTT:GOS conjugates, with the most
unfolded conformation and the highest tertiary flexibility, may have most likely formed a very
flexible film at the oil-water interface resulting in a larger oil droplet formation and lower

emulsion stability.

5.4.4.4. 2,2-Diphenyl-1-picrylhydrazyl (DPPH') Radical Scavenging Activity
DPPH' scavenging activity was measured to assess the antioxidant activity of PTT conjugates
(Fig. 5.5B). The main structural characteristics of protein, required for an efficient radical
scavenging activity, were reported to be the number of free radical scavenging amino acids and
their solvation (Elias et al., 2008). PTT has 12 solvent exposed free radical scavenging amino
acids, such as methionine, tryptophan, tyrosine, phenylalanine, cysteine and histidine (Petersen et
al., 2009). Among the investigated proteins, PTT:GOS and PTT:galactan conjugates were found
to be the most potent scavengers, with a ICsy of 11.25 and 15.8 uM, respectively. On the other
hand, PTT:galactose conjugates (ICso of 49.6 uM) showed lower radical scavenging activity than
that of control PTT (ICsy of 25.8 uM). As compared to the native PTT (ICsy of 93.1 uM), the
control PTT exhibited a much higher radical scavenging activity, which was comparable to the
potent antioxidant, ferulic acid (ICsy of 27.2 uM). These results demonstrate that the mild heat
treatment alone can increase the antioxidant activity of PTT. However, the fluorescence results
indicated closer packing of the control PTT around the Trp residues upon heat treatment. The
high antiradical scavenging activity of control PTT may be due to the exposure of other
oxidatively labile and hydrophobic amino acids than Trp. Similarly, Elias et al. (2007) have
reported an increase in the protein’s antioxidant activity of f-lactoglobulin upon heat treatment.
The high scavenging potency of PTT:GOS and PTT:galactan conjugates can be attributed to the
tertiary structure rearrangement of PTT upon glycation, resulting in a high solvation and
accessibility of free radical scavenging amino acid residues. These results are in good agreement
with the results obtained from the fluorescence measurements (Fig. 5.2B), where a more exposed

Trp environment was observed for PTT:GOS and PTT:galactan conjugates

111



5.5. Conclusion

PTT:galactose/GOS/galactan conjugates were produced through the Maillard reaction. Galactose
was more reactive, resulting in a higher proportion of highly glycated PTT, as compared to its
longer chain counterparts. The most important secondary and tertiary structural changes were
obtained upon glycation of PTT with GOS and galactan. These structural changes led to more
heat stable forms of PTT with a higher unfolding temperature than the unmodified protein. In
addition, the interaction of nearby amino acids of PTT with the attached galactan moieties
resulted in high pH stability of its tertiary structure. The changes in structure also increased the
antioxidant activity of PTT glycated with GOS or galactan. On the other hand, high level of
galactose conjugation to PTT and increased exposure of hydrophobic residues led to a significant
increase in the emulsifying stability at pH 3. Overall, this comprehensive structure-function
study will help with the production of improved targeted protein:carbohydrate conjugates and
contribute to the conversion of the unexploited potato proteins into high value functional

ingredients.
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CONNECTING STATEMENT 4

In Chapter V, the produced PTT:carbohydrate conjugates demonstrated improvements in
selected functional properties, and the overall results led to a better understanding of structure-
function relationships. The effect of carbohydrate conjugation on the allergenicity of PTT needed
to be elucidated. Therefore, the effects of carbohydrate conjugation, heat treatment and simulated
gastric digestion on the immunoreactivity of PTT and of its conjugates were investigated

(Chapter VI).

The results reported in this chapter were presented at IFT13 Annual Meeting & Food Expo and
published in the Journal of Agricultural and Food Chemistry.

Seo, S., & Karboune, S (2013) The change in allergenicity of potato proteins upon glycation.
IFT13 Annual meetings. Chicago, Illinois, July 13-16

Seo. S., Karboune, S. & L'Hocine, L. (2014) Allergenicity of potato proteins and of their
conjugates with galactose, galactooligosaccharides and galactan in native, heated and digested
forms, Journal of Agricultural and Food Chemistry, 62(16), 3591-3598.
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CHAPTER VI

ALLERGENICITY OF POTATO PROTEINS AND OF THEIR
CONJUGATES WITH GALACTOSE, GALACTOOLIGOSACCHARIDES
AND GALACTAN IN NATIVE, HEATED AND DIGESTED FORMS

Effect of Glycation on Patatin Inmunoreactivity
Obtained through Inhibition ELISA
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6.1. Abstract

The effect of glycation of potato proteins on their immunoreactivity was studied by using a pool
of human sera with specific IgE to potato proteins. Patatin conjugates were more
immunoreactive than protease inhibitors ones. To better understand this behavior, the changes in
patatin structure upon glycation and heat treatment were investigated. Patatin demonstrated an
increase in total immunoreactivity when glycated with galactose and galactooligosaccharides.
However, galactan conjugation to patatin resulted in a decrease in immunoreactivity by
restricting IgE's access to the epitopes. Although the heat treatment resulted in a decrease in
patatin's immunoreactivity through aggregation, it was less effective when patatin conjugates
were used, due to the decrease in aggregation and the secondary structural changes. Upon
digestion, native patatin exhibited the largest decrease in immunoreactivity resulting from the
disruption of both conformational and sequential epitopes. Patatin conjugates were less digested

and had higher IgE-immunoreactivity as compared to the digested patatin.

6.2. Introduction

Food allergy occurs in 2-6% of the population (Hefle et al., 1996). The mechanism underlying
an allergen response involves an exposure of the allergenic patient to the causative allergen
leading to increased terminally differentiated B lymphocyte (plasma cell) immunoglobulin E
(IgE) antibody production. The IgE binds to IgE receptors of mast cells. When the antigen
interacts with the bound IgE, mast cells release various substances, such as histamine, to the
surrounding environment, which are responsible for the clinical symptoms typical of immediate
hypersensitivity (Church et al., 1997). Although food allergy to potato is rare, a number of IgE
binding proteins have been identified in potato tubers (Wahl et al., 1990). It has been
demonstrated that the sensitization to potato proteins occurs in conjunction with birch pollen
allergy due to the structural similarities between the proteins (Ebner et al., 1995). Most
documented allergic reactions involve contact with raw potatoes (Iliev & Wuthrich, 1998;

Seppala et al., 1999), and to a lesser extent, boiled potatoes (Castells et al., 1986).

Compared to proteins from other sources, potato proteins are considered higher in nutritional
quality as they contain a high proportion of lysine similar to egg proteins (Ralet & Gueguen,
1999). Potato proteins, being abundant in the potato by-products, are emerging as interesting

replacements for many existing food proteins (Shieber et al., 2001). There are three major

115



fractions of potato proteins: 1) patatin (PTT, ~40%); 2) protease inhibitors (PIs, ~50%) and 3)
other high molecular weight (MW) proteins (~10%) (Waglay et al., 2014). PTT, which is the
major allergen found in potato (Seppala et al., 1999), is a dimer glycosylated protein with up to
two carbohydrate chains, resulting in isoforms with MWs ranging from 40 to 45 kDa (Pots et al.,
1999a). In addition to its anticarcinogenic (Sun et al., 2013) and antimicrobial effects (Sharma et
al., 2004), PTT has demonstrated emulsifying and foaming properties, which make it suitable for
diverse applications (Deveaux-Gobert, 2008); however, its low solubility and low denaturation
temperature have limited its applications (Creusot et al., 2010). PIs have also been involved in
allergic reactions to potato tuber (Seppala et al., 2001) and are composed of diverse proteins with
a MW ranging from 5 to 25 kDa. PIs can promote satiety by increasing the cholecystokinin
circulation (Komarnytsky et al., 2011).

The glycation of potato proteins through the Maillard reaction has been demonstrated as a
promising method to improve their functional properties (Giuseppin et al., 2011). However,
overall, the conjugation of food protein allergens with carbohydrates may decrease (Taheri-
Kafrani et al., 2009) or enhance (de Jongh et al., 2013) their allergenicity (Sathe et al., 2005).
Indeed, the decrease in the allergenicity of proteins upon conjugation with carbohydrates was
attributed to the steric inhibition of some epitope bindings, as a result of protein conformational
change and/or glycation of the amino acid residues located on the epitopes (Arita et al., 2001).
However, the formation of new epitopes and/or the exposure of the buried epitopes upon
glycation have contributed to the increase in the allergenicity of glycoproteins (Gruber et al.,
2005; Nakamura et al., 2005). To the best of the authors’ knowledge, the effect of glycation on

the IgE-immunoreactivity of potato proteins has not yet been investigated.

The presented study was aimed at the investigation of the effect of glycation on the IgE-
immunoreactivity of glycated potato proteins, PTT and PlIs, with galactose,
galactooligosaccharides (GOSs), and galactan, through the Maillard reaction. PTT being the
major potato allergen, the IgE-binding properties of their conjugates were investigated in relation
to their protein structures. Because heat treatment and gastric digestion can affect the allergenic

character, the immunoreactivity of PTT conjugates was assessed after these two treatments.
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6.3. Materials and Methods
6.3.1. Materials

Potato protein Solanic 206P (PTT = 75%, PIs = 25%) was kindly provided by Solanic (Foxhol,
Netherlands). Potato galactan and endo-1-4-f#-D-galactanase from Aspergillus niger were
purchased from Megazyme (Wicklow, Ireland). Furosine standard was purchased from
Neosystem Laboratories (Strasbourg, France). Biogel P2 extra fine, Bradford reagent and broad
range SDS-PAGE standards were purchased from Bio—Rad (Philadelphia, PA). Four potato-
sensitive human sera (Table 6.1) were acquired from Plasmalab (Everett, WA) (8.75-22.40
kUa/1 potato specific IgE, ImmunoCAP; Pharmacia, Uppsala, Sweden). Sera from non-allergic
and dust-mite allergic (>100.00 kU /1 dust-mite specific IgE) individuals as controls were also

obtained from PlasmaLlab. All other chemicals were from Sigma Chemical Co. (St-Louis, MO).

6.3.2. Preparation of Conjugates

PTT and PIs present in Solanic 206P were separated by ultrafiltration using a stirred
ultrafiltration unit (Amicon system, Millipore, Billerica, MA) fitted with a 30 kDa molecular
mass cut—off membrane. The SDS-PAGE gels (Fig. 6.1) of the purified PTT and Pls were
analyzed using AlphaView Software (Cell Biosciences, Santa Clara, CA). The retentate
recovered upon ultrafiltration was composed of 90% PTT, while the filtrate consisted of 95%
protease inhibitors. The retentate and the filtrate containing PTT and Pls-enriched extracts were
freeze-dried separately. GOSs (MW of 1,990.9 g/mol) were prepared from potato galactan using
endo-(1-4)-f-D-galactanase from A. niger as described previously (Paragraph 3.3.2). PTT or Pls
and each of the galactose or GOSs or galactan at the molar ratio of 1:9 were dissolved in 0.1%
(w/v) of 0.05 M sodium phosphate buffer (pH 7.0). Protein:carbohydrate mixtures were
lyophilized and incubated in sealed glass desiccators at 48 °C for 1 to 3 days under controlled a
value of 0.65 equilibrated with a saturated solution of potassium iodide. Control experiments
(control PTT and PIs) were performed with selected proteins incubated under the same

conditions in the absence of carbohydrates.

6.3.3. Determination of Glycation Extent of Potato Proteins with Selected Carbohydrates
To determine the extent of glycation of PTT and Pls, the percent blocked lysine was estimated
from the total free amino content and the acid-generated furosine content, according to a

modified method that was previously described (Seo et al., 2014a). Briefly, 500 ul of 20 mg/ml
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Table 6.1 Level of specific IgE found in the serum of donors characterized by ImmunoCAP

Specific IgE Specific IgE  Specific IgE  Specific IgE
. . * from Donor  from Donor  from Donor

Origin of the allergen Code from Donor b . d

A®(KUA/) B ¢ D
(kUA/1) (kUA/1) (kUA/1)

Potato F35 8.8 22.4 12.1 17.2

Carrot F31 6.8 27.1 17.4 14.4
White bean F15 8.3 — — —
Pea F12 — 3.9 — —

Peanut F13 - 32.8 8.0 19.7
Soybean F14 — 8.9 — —
Hazelnut F17 — — 74.7 —

Almond F20 — — — 10.0
Tomato F25 - - 13.5 -

Bermuda grass pollen G2 — 98.5 25.7 47.1

Common ragweed pollen W1 — 36.8 — 20.3

Wall pellitory pollen

(officinalis) w9 - a a 16.7
White ash tree pollen T15 — 54.2 — —
Common silver birch pollen T3 — 45.0 >100.0 —
Olive tree pollen T9 — 42.2 — —

Maple leaf sycamore tree T11 B B B 19.7

pollen

Japanese cedar tree pollen T17 — — — 11.8

Latex K82 — 10.1 — —

" ImmunoCAP allergen code

“ Male, Caucasian, 28 years old
» Male, Caucasian, 24 years old
“ Male, Caucasian, 24 years old

4 Male, Native American, 47 years old
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Figure 6.1 SDS-PAGE gel of isolated PTT and PIs through ultrafiltration
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of protein sample in water was hydrolyzed with 200 ul of 8 M HCI for 23 h at 110 °C capped
under nitrogen. The hydrolyzed sample was cooled to room temperature and centrifuged at
13,000 X g for 15 min. The supernatant (500 ul) was applied to previously activated Sep-Pak
C18 cartridge (Waters Corp, Milford, MA). Furosine was eluted with 3 M HCI and evaporated
until dryness under nitrogen. The sample was resolubilized in 200 ul of water: acetonitrile:
formic acid mixture (95:4.5:0.5, v/v/v) and analyzed through high-pressure liquid
chromatography (HPLC). A Waters Bioseparations module, a photodiode array detector
equipped with Empower 2 software for data collection was used. A sample volume of 20 ul was
separated using Waters Symmetry Shield RP8 3.5 um (4.6 X50 mm) column using an isocratic
elution of 5 mM octanesulfonic acid in water: acetonitrile: formic acid mixture (79.8:20:0.2,
v/v/v) for 20 min at a flow rate of 0.3 ml/min. The detection of furosine was performed at 280
nm. The calibration curve was constructed using a furosine standard. All assays were run in
triplicates and injected with and without the internal standard. No furosine was detected in the
control samples, non-incubated mixtures of protein and carbohydrate. The final percentage of
blocked lysine was indirectly estimated according to the previously described method (Seo et al.,

2014a).

6.3.4. Purification of Patatin Conjugates

Native PTT, incubated control PTT as well as PTT:galactose, PTT:GOS, and PTT:galactan
conjugates were subjected to ultrafiltration using a stirred ultrafiltration unit (Amicon system,
Millipore) fitted with 30 kDa or 300 kDa molecular mass cutoff membrane to remove the smaller
Maillard reaction species and the unreacted saccharides present in the mixture. The retentates

were collected for further analyses.

6.3.5. Simulated Gastric Digestion

Native PTT, incubated control PTT, and PTT conjugates were subjected to simulated gastric
digestion according to the modified method of Moreno et al. (2008). Proteins and glycoproteins
(1 mg/ml) were solubilized in simulated gastric fluid (0.75 M NaCl, pH 2.5). To initiate the
enzymatic digestion, porcine pepsin (7 mg/ml, > 2,500 units/mg protein) was then added at a
ratio of 1:50 (v/v). After the digestion was performed at 37 °C for 2 h, the pH was raised to 7.5
with 0.125 M ammonium carbonate. To simulate the duodenal environment, the following

solutions were added: 1) 10 ul of the following bile salt mixture (0.025 M sodium taurocholate,
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0.025 M sodium glycodeoxycholic acid, 0.4 M CaCl,, 0.5 M Bis—Tris), 2) 6 ul of porcine trypsin
(3 mg/ml, > 6,000 units/mg protein) and 10 ul of bovine a-chymotrypsin (4.77 mg/ml, > 39
units/mg protein). The samples were then incubated at 37 °C for 1 h. The reaction was stopped
by heating the samples in boiling water for 5 min. The control without the incubation steps was
prepared as the unhydrolyzed control and the native PTT was used as the hydrolyzed control. All

assays were done in triplicates.

The quantification of the digested species was performed with a Beckman HPLC (Beckman
Coulter, Fuellerton, CA) system equipped with a programmable solvent module (model 126), a
photodiode array detector and 32 Karat software for data collection. The separation was
performed on a Zorbax SB-C8 (4.6 X 150 mm, 5 um, Agilent Technologies, Mississauga, ON,
Canada). The digested sample (20 pL) was injected in triplicates. The absorbance was measured
at 214 nm. A linear gradient at a flow of 0.5 ml/min was used using water: acetonitrile: formic
acid (90: 10: 0.1, ml: ml: ml) as solvent A and water: acetonitrile: formic acid (10: 90: 0.07, ml:
ml: ml) as solvent B. The elution gradient was as follows: 1-45 min, 50 % B; 45-50 min, 100 %
B; 50-55 min, 58 % B; 55-60 min: 0 % B, 60—80 min: 0 % B. The unhydrolyzed control was
used as a standard to quantify the unhydrolyzed PTT in the samples.

Percent protein digestion = 100 — ((the peak area of unhydrolyzed PTT over the peak area of the
PTT control) X 100). (6.1)

The samples were kept at -20 °C before the assessment of their immunoreactivity.

6.3.6. Determination of IgE-Immunoreactivity

Native PTT or Pls were diluted with PBS buffer containing 0.1% (v/v) Tween 20 (PBS-T) to
reach a final concentration of 5.4 ug/ml, coated onto flat-bottom high binding polystyrene Costar
3590 microtiter plates with 96 wells (50 ul per well, Corning, Tewksbury, MA) and incubated
overnight at 4 °C. Sera pool or control serum (diluted 1:3 with 1% w/v BSA in PBS-T) was
mixed with conjugates as inhibitor (0.001-2000 ug/ml in 1% w/v BSA in PBS-T) at a ratio of
1:1 (v/v) and incubated overnight at 4 °C. As a positive control, a BSA solution (0.001-2000
ug/ml in 1% w/v BSA in PBS-T) was incubated with the anti-potato sera pool. The pool was
composed of sera from 4 subjects with high levels of specific IgE antibody to potato proteins
(PlasmalLab). Human serum with specific IgE antibody to dust—mite, but none to potato proteins

was used as control. The microtiter plate coated with native proteins was washed 3 times with
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300 ul of PBS-T using Biotek ELx405 microplate washer (Winooski, VT) and was blocked using
5% (w/v) BSA in PBS-T for 2 h at 25 °C. After washing 3 times with PBS-T, 50 ul of PTT
conjugates and serum pool mixtures were added onto the PTT—coated microtiter plate. The plate
was incubated at 25 °C for 2 h and washed with PBS-T three times. After incubation with 50 xl
of anti-human IgE conjugated with horseradish peroxidase (1:2000 dilution with 1 % w/v BSA
in PBS-T) for 1 h at 25 °C, the plate was washed 3 times and developed with 50 ul of substrate
solution (3,3',5,5"—tetramethylbenzidine, TMB, Bioshop, Burlington, ON, Canada) at 25 °C for
15 min. The reaction was stopped by adding 50 ul of 0.5 M sulfuric acid solution. The
absorbance was measured at 450 nm. The loss of the specific IgE—binding ability of the patients'

sera resulting from conjugation of PTT with galactose/GOSs/galactan was expressed as follows:

Percent inhibition = 100 — ((absorbance of the glycated samples preincubated with sera
pool/absorbance of positive control) X 100) (6.2)

The experimental values were fitted to a four—parameter logistic equation using the SigmaPlot
software from SPSS Inc. (Chicago, IL) and were subjected to normality (Shapiro-Wilk) and to
constant variance test to validate assumptions of one-way analysis of variance (ANOVA). ICs
was defined as the concentration of inhibitor at the inflection of the fitted curve. All assays were
done in triplicates. p values < 0.05 were considered to be statistically significant. To assess the
effect of heat treatment, PTT and its conjugates (20 mg/ml) were incubated at 80 °C for 15 min

before assessing their immunoreactivity.

6.3.7. Protein Primary Sequence Analysis
The primary sequence of PTT and its conjugates were analyzed through protein mass mapping,
which consists of the tryptic hydrolysis of proteins followed by mass spectrometric analysis of

the released peptides.

6.3.7.1. Tryptic Digestion
The digestion of PTT and its conjugates were performed on a MassPrep liquid handling robot
(Micromass, Manchester, U.K.) according to the protocol of Shevchenko et al. (1996) with
modifications of Havlis et al. (2003) The native PTT, the incubated control PTT, and the PTT
conjugates (10 pL each; 1 pg/ml) were resolved by electrophoresis (Mini—Protean Tetra system,

Bio—Rad) on Mini—Protean TGX precast gels (Bio—Rad). Proteins bands taken from the SDS-
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PAGE gel were reduced with 10 mM dithiothreitol and alkylated with 55 mM 1odoacetamide.
Trypsin digestion was performed using 105 mM of modified porcine trypsin (sequencing grade,
Promega, Madison, WI) at 58 °C for 1 h. Digestion products were extracted using formic acid/
acetonitrile/water mixture (1:2:97, v/v/v) followed by a formic acid/acetonitrile/water mixture
(1:50:49, v/v/v). Recovered extracts were pooled, dried by vacuum centrifugation, resuspended

into 10 puL of 0.1% (v/v) formic acid, and analyzed by mass spectrometry.

6.3.7.2. Mass Spectrometry
Peptide samples were separated by online reversed-phase (RP) nanoscale capillary liquid
chromatography (nanoLC) and analyzed by electrospray mass spectrometry (ES- MS/MS).
Analyses were performed with a Thermo Surveyor MS pump connected to an LCQ Deca XP
mass spectrometer (Thermo Electron, San Jose, CA) supplied with a nanoelectrospray ion source
(Thermo Electron, San Jose, CA). Peptides were bound on a cap trap (Michrom Bioresources,
Auburn, CA) at 10 uL/min after which chromatographic separation took place using a PicoFrit
column BioBasic CI18 (10 cm x 0.075 mm) (New Objective, Woburn, MA) set with a linear
gradient from 2 to 50% of solvent B (acetonitrile, 0.1% v/v formic acid) for 30 min, at 200
nL/min (obtained by flow-splitting). Mass spectra were acquired using a data-dependent
acquisition mode using Xcalibur software version 1.2. Each full scan mass spectrum (400-2000
m/z) was followed by collision-induced dissociation of the three most intense ions. The dynamic
exclusion (30s exclusion duration) function was enabled, and the relative collisional

fragmentation energy was set to 35%.

6.3.7.3. Database Searching
All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.4.1)
and X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1)). X! Tandem was
set up to search the UR12 5 SolanumTub 20120718 database (2615 entries) also assuming
trypsin. Mascot was set up to search the UR12 5 SolanumTub 20120718 database assuming the
digestion enzyme trypsin. Mascot and X! Tandem were searched with a fragment ion mass
tolerance of 0.100 Da and a parent ion tolerance of 0.100 Da. Carbamidomethyl of cysteine was
specified in Mascot and X! Tandem as a fixed modification. Dehydrated of the N-terminus,
Glu—pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, Gln—pyro-Glu of the N-

terminus, deamidated of asparagine and glutamine, oxidation of methionine and hex of lysine
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and arginine were specified in X! Tandem as variable modifications. Glu—pyro-Glu of the N-
terminus, Gln—pyro-Glu of the N-terminus, deamidated of asparagine and glutamine, oxidation
of methionine, hex of lysine and arginine, galactosyl of lysine and galactosyl (R) of arginine

were specified in Mascot as variable modifications.

6.3.7.4. Criteria for Protein Identification
Scaffold (version Scaffold 3.6.2, Proteome Software Inc., Portland, OR) was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if they
could be established at greater than 95.0% probability as specified by the Peptide Prophet
algorithm (Keller et al., 2002). Protein identifications were accepted if they could be established
at greater than 95.0% probability and contained at least 2 identified peptides. Protein
probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis alone

were grouped to satisfy the principles of parsimony.

6.3.8. Secondary Structure Analysis

The secondary structure analysis of PTT and its conjugates was analyzed by Fourier transform
infrared spectroscopy (FTIR). The samples were dissolved in ’H,O to achieve a final
concentration of 100 mg protein/ml. Infrared spectra were recorded using a 8210 Nicolet FTIR
spectrometer (Thermo Electron Corporation, Madison, WI) equipped with a deuterated triglycine
sulfate (DTGS) detector. The spectrometer was continuously purged with dry air from Balston
dryer (Balston, Haverhill, MA). The samples (9 ul) were placed between two CaF, windows
separated by a 25 um Teflon film spacer (Harrick Scientific, Pleasantville, NY). Each spectrum
was obtained by co-adding 256 scans to minimize the signal-to-noise ratio. Fourier self-
deconvolution (FSD) in the amide 1" region was performed using Omnic 6.0 software (Thermo
Electron Corporation, Madison, WI) applying a bandwidth of 40 cm™ and a resolution
enhancement parameter of 3. The curve fitting was performed by using Origin 8 (OriginLab,
Northampton, MA). The Gaussian function was chosen to fit the overlapped peaks. The amide I
region of PTT solution in “H,O revealed five components upon deconvolution and curve-fitting.
The band at 1618 cm™ had been assigned to strongly bonded intermolecular S-sheetss indicative
of an aggregated strands type structure (Pots et al., 1998). The remaining structures were

assigned as follows: bands at 1637 + 3.0 and 1675 + 5.0 cm™ as S-sheets, band at 1645 + 4.0 cm’
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! as random coils, bands at 1653 +4.0 cm™ as o-helices, and bands at 1671 = 3.0 and 1689 + 2.0
cm” as f-turns (Kong & Yu, 2007).

6.3.9. Three-dimensional Mapping

The FASTA format of amino acid sequence of PTT (accession number Q2MY 50, UniProtKB)
was submitted to Swissmodel (Kiefer et al., 2009). This server used the template of SeMet
Patatin (Protein Data Bank ID: 10XW) for the prediction. The predicted model had a Q-MEAN
Z-score, a useful measure for the description of the absolute quality of theoretical models, of -

1.12, which indicates acceptable quality. The predicted model was viewed by Jmol.

6.4. Results and Discussion

6.4.1. Glycation Extent of Potato Proteins

Table 6.2 shows the percent blocked lysine of conjugates of PTT and PIs. As compared to GOS
and galactan, higher levels of glycation of PTT and PIs with galactose were obtained with
percent blocked lysine of 33.3 and 25.2%, respectively. These results are in agreement with other
studies (Oliver et al., 2006b), in which the higher reactivity of monosaccharides was attributed to
their higher proportion in the open-ring form and/or to their high affinity to the glycation sites of
PTT (ter Haar et al., 2011). The difference in the number of glycated residues between PTT and
PIs can be explained by the different accessibilities of Lys g-amino groups (Jiménez-Castafio et
al., 2007). Indeed, there are 24 and 10-14 reactive amino groups on PTT and on major Pls,
respectively (accession numbers, Q2MY 50, P58514, Q41448, P16348, UniProtKB). The higher
percent blocked lysine of PTT is attributed to the high number of its more exposed Lys residues
as compared to the PIs. However, the lower level of conjugation of potato proteins with GOS can
be attributed to the high rate of the glycoxidation reaction of GOS competing with the glycation
rate through Maillard reaction progress (Hollnagel & Kroh, 2000; Yeboah et al., 2000). The
results also show that the percent level of blocked lysine of PTT (4%) upon glycation with GOS
was lower as compared to that of PIs (10.3%). These results reveal the higher susceptibility of
PTT to form protein aggregates upon the generation of protein cross-linking dicarbonyls through
the glycoxidation/autoxidation of GOS (Hollnagel & Kroh, 2000), therefore leading to the lower

accessibility of the glycation sites as compared to Pls.
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Table 6.2 Extent of glycation of PTT and Pls with selected carbohydrates

Conjugates Incubation time (days) Blocked lysine (%)“
PTT:Galactose 1 33.3(x£0.5)
PTT:Galactose 3 77.0 (+1.7)

PTT:GOS 3 4.0 (£ 0.0)
PTT:galactan 3 9.1 (£0.0)
Pls:galactose 1 25.2 (= 0.0)

PIs:GOS 3 10.3 (£ 0.0)

“ Experimental results are averages of triplicates and the standard deviations are given.
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6.4.2. Effect of Glycation on the Immunoreactivity of PTT and PI Conjugates

To determine the allergenic potential of native and conjugated potato proteins, IgE binding
activity of the native protein was investigated by an inhibition ELISA assay using a serum pool
of four subjects with specific IgE to potato proteins. The sera from different donors were first
tested individually against native PTT and protease inhibitors to verify that the immunoreactivity
profile was similar between each other (data not shown). Once this was confirmed, the sera were
pooled to obtain a more general immunoreactivity profile. The IgE's in the serum pool showed
immunoreactivity to patatin band (Sol t 1 allergen), but also to some protease inhibitors (Sol t 2—
4 allergen) (Fig. 6.2). An anti-dust-mite serum sample was used as a negative control. Fig. 6.3
demonstrates a typical inhibition curve for the native PTT and the PTT conjugates. Control
experiments performed with incubated PTT without carbohydrates demonstrated a decrease in
the concentration required for half-maximal inhibition of IgE binding (ICs¢ of 0.82 ug/ml, p <
0.01) as compared to the native PTT (ICso of 1.19 ug/ml, p < 0.01). This increase in IgE binding
affinity of PTT upon incubation may be due to a change in PTT structure, leading to a higher
exposure of its epitopes. The ICsy of PTT:galactose and PTT:GOS conjugates were estimated to
be 0.70-0.90 ug/ml (1-3 days incubation; p < 0.01) and 0.38 ug/ml (p < 0.01), respectively.
These experimental findings reveal an increase in the level of IgE binding extent upon the
glycation of PTT with galactose and GOS as compared to the native PTT. These results are
attributed to an increased exposure of the epitopes and/or the formation of novel IgE-binding
sites upon covalent modifications of PTT during glycation with small carbohydrates (Aoki et al.,
2010; Jiménez-Saiz et al., 2011). As compared to PTT:galactose conjugates formed upon 1 day
of incubation, the slighly lower immunoreactivity obtained with PTT:galactose conjugates
obtained upon 3 days of incubation indicates further structural changes, due to extensive
glycation leading to lower exposure of the epitopes. In contrast, lower immunoreactivity of
ovalbumin after glycation with glucose was reported by Ma et al. (2013). On the other hand, the
results show that the glycation of PTT with galactan (ICsy of 5.49 ug/ml; p < 0.01) resulted in a
significant decrease in the affinity for the specific IgE as compared to the native PTT (ICso of
1.19 ug/ml, p < 0.01). Similarly, Aoki et al. (2010) have reported a decrease in IgE-binding
activity of major allergen of Japanese cedar, Cry j 1, conjugated with galactomannan and
attributed this decrease in immunoreactivity to the effectiveness of polysaccharide chains at

masking the molecular surface epitopes of an allergen.
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Figure 6.2 Western blot of potato proteins using the serum pool taken from four donors with specific IgE towards
potato proteins

128



100

100

Percent Inhibition

+

T T T T T

0.001 0.01 0.1 1 10 100 1000

Concentration (ug/ml)

Figure 6.3 Effect of glycation on PTT and PIs immunoreactivity obtained through inhibition ELISA: (A) PTT
(@),incubated PTT (O), PTT:galactose conjugates (1-day) (¥), PTT:galactose conjugates (3-day) (A),
PTT:GOS conjugates(M), PTT:galactan conjugates ([J), positive control (#), negative control (<). (B): PIs
(@), Pls:galactose conjugates (V), PIs:GOS conjugates (), positive control (®), negative control ().
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Control experiments performed with control incubated PIs without carbohydrates did not show
any difference in IgE binding level compared to that of the native proteins (data not shown).
Contrary to the results obtained with PTT (Fig. 6.3A), the conjugation of Pls to carbohydrates
resulted in lower immunoreactivity as compared to the native (ICsop of 1.11 ug/ml, p < 0.01),
where the conjugation with GOS (ICsp of 5.17 ug/ml, p < 0.01) resulted in a higher decrease in
the immunoreactivity than that with galactose (ICsy of 1.21 ug/ml, p < 0.01) (Fig. 6.3B). It is
likely that the conjugation of Pls to galactose or GOS resulted in epitope modification and/or to
epitope shielding, thereby affecting the antigen-antibody recognition (Ma et al., 2013). A
decrease in the immunoreactivity of lysozyme was also obtained, in our previous study, upon its

conjugation with galactose and GOS (Seo et al., 2013).

The overall results emphasize that the immunoreactivity effect is allergen and carbohydrate
dependent (Taheri-Kafrani et al., 2009). For further studies, PTT, being a heat-labile allergen,
was selected to study the effects of the primary and secondary molecular modifications upon

glycation and thermal treatment on immunoreactivity.

6.4.3. Location of Conjugated PTT Residues

To determine the conjugated residues on PTT, the skipped trypsin cleavage sites due to glycation
of lysine residues and the increase in molecular weight of the digested peptides were identified
by peptide mapping of conjugated PTT (Fig. 6.4). Table 6.3 summarizes the peptide masses
identified through MS analysis. As expected, the highest number of glycated residues was found
in PTT glycated with galactose, after one day of incubation (Lys 129, 159, 162, 168, 173, 253,
269, 331, 353, and 357, in red), as compared to PTT glycated with GOS, after three days of
incubation (Lys 159, 162, 173, 353, and 357, underlined in red) confirming the higher reactivity
of the smaller carbohydrate compared to that of the larger one. The most reactive residues were
Lys 159 and 357, which were found in the highest proportion in their conjugated state. The
glycated residues did not overlap with the amino acid sequence of the epitopes previously
identified in PTT (in bold, Fig. 6.4) (Alibhai et al., 2005), which demonstrates that the direct
blocking of these epitopes did not occur. This supports our inhibition ELISA findings where no
decrease in the immunoreactivity of PTT was observed upon its conjugation with galactose (Fig.
6.3A). On the contrary, the minor increase observed in the immunoreactivity might be explained

by the conjugation of the carbohydrate to the residues that are found in close
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MATTKSFLIL SVMILATTSS TFASLEEMVT VLSIDGGGIK GIIPGTILEF LEGQLOQKMDN

70 80 90 100 110 120
NADARLADYF DVIGGTSTGG LLTAMITTPN ENNRPFAAAN EIVPFYFEHG PHIFNSSTGQ

130 140 150 160 170 180
FFGPKYDGKY LMQVLQEKLG ETRVHQALTE VAISSFDIKT NKPVIFTKSN LAKSPELDAK

190 200 210 220 230 240
MYDICYSTAA APTYFPPHYF ATNTINGDKY EFNLVDGAVA TVADPALLSV SVATRRAQED

Most reactive residues
250 260 270 280 290 300
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Figure 6.4 Amino acid sequence of PTT: glycated with galactose (red), glycated with GOS (red, underlined), documented epitopes (bold) (A). Three-
dimensional mapping of PTT with glycated residues (magenta) and most reactive glycated residues (red) (B)
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Table 6.3 Peptide composition of the tryptic hydrolysates of PTT and its PTT:galactose conjugates

. Number of  Actual Mass
Residues Sequence .
peptides (amu)
332-352 (K)ADDASEANMELLAQVGENLLK(K) 4 2,230.09
332-357 (K)ADDASEANMELLAQVGENLLKKPVSK(D) 2 2,785.43
237-247 (R)AQEDPAFASIR(S) 24 1,203.58
358-369 (K)DNPETYEEALKR(F) 20 1,463.70
243-252 (A)FASIRSLNYK(K) 1 1,197.63
41-57 (K)GIPGTILEFLEGQLQK(M) 2 1,855.04
41-65 (K)GHPGTILEFLEGQLQKMDNNADAR(L) 2 2,758.40
312-319 (L)HSQNNYLR(V) 2 1,030.50
253-269+G (K)K*MLLLSLGTGTTSEFDK(T) 2 2,002.02
253-278 (K)KMLLLSLGTGTTSEFDKTHTAEETAK(W) 4 2,808.44
253-278+G+H,0 (K)K*MLLLSLGTGTTSEFDKTHTAEETAK(W) 1 2,986.47
253-278+G (K)K*MLLLSLGTGTTSEFDKTHTAEETAK(W) 2 2,970.48
353-369 (K)KPVSKDNPETYEEALK(R) 9 1,846.94
353-369+G (K)K*PVSKDNPETYEEALK(R) 4 2,165.09
353-369+G (K)KPVSK*DNPETYEEALK(R) 5 2,165.05
353-369+2G (K)K*PVSK*DNPETYEEALK(R) 2 2,327.15
25-40 (SYLEEMVTVLSIDGGGIK(G) 2 1,659.84
139-159 (K)LGETRVHQALTEVAISSFDIK(T) 5 2,313.25
139-169 (K)LGETRVHQALTEVAISSFDIKTNKPVIFTK(S) 2 3,341.85
139-169+G (K)LGETRVHQALTEVAISSFDIK*TNKPVIFTK(S) 1 3,503.90
254-269 (K)YMLLLSLGTGTTSEFDK(T) 9 1,711.86
254-278 (K)YMLLLSLGTGTTSEFDKTHTAEETAK(W) 17 2,680.35
236247 (R)RAQEDPAFASIR(S) 15 1,359.69
169-180+G (K)SNLAK*SPELDAK(M) 2 1,433.73
169-180 (K)SNLAKSPELDAK(M) 4 1,271.67
160—-168 (K)TNKPVIFTK(S) 37 1,046.61
160-168+G (K)TNK*PVIFTK(S) 2 1,208.67
160-173 (K)TNKPVIFTKSNLAK(S) 2 1,559.91
144-159 (R)VHQALTEVAISSFDIK(T) 66 1,756.93
144-168 (R)VHQALTEVAISSFDIKTNKPVIFTK(S) 9 2,785.54
144-168+G (R)VHQALTEVAISSFDIK*TNKPVIFTK(S) 8 2,947.60
144-173+2G (R)VHQALTEVAISSFDIKTNKPVIFTK*SNLAK*(S) 1 3,622.96
320-331 (R)VQENALTGTTTK(A) 24 1,261.64
320-352 (R)VQENALTGTTTKADDASEANMELLAQVGENLLK(K) 6 3,473.74
320-352+G+ H,0 (R)VQENALTGTTTK*ADDASEANMELLAQVGENLLK(K) 2 3,651.77
126138 (K)YDGKYLMQVLQEK(L) 9 1,613.82
126-138+G (K)YDGK*YLMQVLQEK(L) 1 1,775.87
130-138 (K)YLMQVLQEK(L) 18 1,150.60
130-143 (K)YLMQVLQEKLGETR(V) 2 1,706.90

" Glycated residue
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proximity to the documented epitopes, such as Lys 269 and 357, which could have resulted in an
increased exposure of these epitopes. The three-dimensional mapping of the PTT (Fig. 6.4B)
demonstrated that the glycation sites (in magenta) were mostly found toward the termini of
individual PTT secondary structures, such as a-helix and f-sheet, which indicates a minimal
change in the secondary structure due to glycation. The most reactive residues (in red) are very

easily accessible according to the three-dimensional mapping of the native PTT.

6.4.4. Investigation of the Secondary Structure of PTT Conjugates

Table 6.4 shows the percent change in the secondary structure of the conjugates compared to that
of the native PTT estimated through FTIR. The FTIR spectrum of native PTT shows the
presence of 6.1% intermolecualr f-sheets, 51.0% f-sheet, 9.2% p-turns, and 33.7% a-helix. The
FTIR spectrum of the control incubated PTT showed negligible change (<5%) in protein’s
secondary structure upon incubation at mild temperature of 48 °C. The results also show that the
glycation with galactose had minimal effects on the secondary structure of PTT with 9.2, 43.1,
8.6, and 39.1% of aggregated strands, f-sheet, f-turn, and a-helix, respectively. These results
confirm the high affinity of galactose to exposed glycation sites located at the termini of PTT
secondary structures (Fig. 6.4B), leading to minimal secondary structural changes of PTT upon
glycation. Similar low structural changes were exhibited by PTT:GOS conjugates with 12.7,
43.3, 9.4, and 34.6% of aggregated strands, f-sheet, f-turn, a-helix, respectively. The most
significant changes in the secondary structure of PTT were observed upon glycation with
galactan with 24.0, 38.0, 6.9, and 31.1% of aggregated strands, S-sheet, f-turn, and a-helix,
respectively; these results are due to the disruption of intermolecular non-covalent interactions
that stabilize the secondary structure of PTT (Povey et al., 2008). The significant structural
changes observed in the PTT:galactan conjugates resulted in the burying of IgE specific epitopes
between the protein molecules and to the subsequent decrease in IgE-binding affinity
(Koppelman et al., 2002). Although relatively small, the changes in PTT secondary structure
upon conjugation with the smaller carbohydrates seems to have induced an exposure of inner
epitopes, leading to an increase in the immunoreactivity as observed in Fig. 6.3A. Ma et al.
(2013) have reported that the increase in the immunoreactivity of the ovalbumin conjugated with

glucose was due to the exposure of hydrophobic epitopes upon glycation.
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Table 6.4 Effect of glycation on the secondary structures of PTT and its conjugates obtained
through FTIR®

PTTsample  a-Helix (%)  fB-Sheets (%)  f-Turns (%) I“tesrh“e‘gt'sec(},‘/lj;r p-
PTT 33.75 51.02 9.16 6.07
Incubated PTT 34.19 46.21 9.07 10.53
PTT:Galactose 39.02 43.14 8.62 9.22
PTT:GOS 34.54 43.29 9.43 12.74
PTT:Galactan 31.10 37.99 6.94 23.96

*Each spectrum was obtained by co-adding 256 scans.
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Table 6.5 Effect of heat treatment on PTT conjugates’ immunoreactivity obtained through

competition ELISA®
I1Csp (ug/ml)*
Conjugates Incubation time (days)
Non Heated Heated

PTT — 1.19 (£ 0.11) 2.77 (£ 0.66)
Incubated PTT 3 0.82 (+0.16) 2.64 (£0.28)
PTT:Galactose 1 0.70 (£ 0.10) 0.98 (£ 0.65)
PTT:GOS 3 0.38 (+ 0.05) 0.03 (£ 0.01)
PTT:Galactan 3 5.49 (£ 0.79) 0.81 (£ 0.05)

“ICs is the concentration of PTT conjugates that produced 50% inhibition of antibody binding to the native
PTT. All assays were done in triplicates. p values < 0.05 were considered to be statistically significant..

135



6.4.5. Effect of Heat Treatment on the Immunoreactivity and the Secondary Structure of PTT
Conjugates
The effect of heat treatment (80 °C for 15 min) on the immunoreactivity of native PTT and PTT
conjugates was assessed (Table 6.5). The heat-treated native PTT demonstrated a significant
decrease in the IgE-binding affinity with an ICsy value of 2.77 ug/ml (p < 0.01) as compared to
the non-heat treated PTT (ICsy value of 1.19 ug/ml (p < 0.01). Koppelman et al. (2002) have
obtained similar results to native PTT after heat treatment, and attributed the decrease in the
immunoreactivity to the hiding of the epitopes through their aggregation, caused by the exposure
of hydrophobic regions of PTT during heat induced denaturation. On the other hand, the heat
treatment did not affect the IgE-binding affinity of PTT:galactose conjugates (ICso of 0.98 ug/ml,
p < 0.01). Contrary to PTT:galactose conjugates, an increase in the IgE-binding affinity of
PTT:GOS conjugates (ICsyp of 0.03 ug/ml, p < 0.01), and of PTT:galactan conjugates (ICsy of
0.81 ug/ml, p < 0.01) were obtained after heat treatment. These results can be explained by an
increase in the exposure of the epitopes after a partial protein unfolding and/or by the efficiency
of longer carbohydrate chains (GOS, galactan) in preventing thermal protein aggregation upon
glycation, leading to a better accessibility of the epitopes by IgE (Koppelman et al., 2002). The
increase in the immunoreactivity observed with the PTT conjugates are in direct contrast to the
results obtained by Vissers et al. (2011) where carbohydrate conjugated 2S albumins had lower

IgE-binding capacity after heat treatment.

To better understand the effect of the conformational changes on the immunoreactivity of PTT
conjugates, the changes in secondary structures after heat treatment (Fig. 6.5) were assessed. The
results demonstrate that the partial unfolding of PTT and its conjugates upon heat treatment
supports previous findings (Pots et al., 1998). Indeed, an increase in the intermolecular f-sheets
(> 23.03%) after heat treatment was observed for PTT and its conjugates, except for
PTT:galactan conjugates. These results confirm the strong tendency of native PTT and its
conjugates with galactose and GOS to aggregate upon partial denaturation. Although the largest
increase in the aggregated sheets was observed with PTT:galactose (32.67%) and PTT:GOS
(32.45%) conjugates upon heat treatment, these changes did not lead to a decrease in the
immunoreactivity of the conjugates, as observed with the native and the control PTT (Table 6.5).
The major secondary structural changes observed with PTT:galactose and PTT:GOS conjugates

were the complete loss of a-helices and f-turns, respectively; such structural modifications
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resulted in an increased exposure of the PTT epitopes, leading to an increase in the
immunoreactivity of these conjugates even after aggregation (Table 6.5). On the contrary,
galactan seems to have stabilized PTT against heat denaturation with only 2.71% total change in
the secondary structure. However, the relatively small change in the secondary structure resulted
in an exposure of the hydrophobic epitopes. In addition, the lack of subsequent protein
aggregation after exposure of the hydrophobic groups due to galactan conjugation seems to have

resulted in a significant increase in the immunoreactivity (Table 6.5).

6.4.6. Effect of Digestion on the Inmunoreactivity of PTT Conjugates

The effect of in vitro simulated gastric digestion on the allergenic potential of native PTT and its
conjugates was assessed by subjecting the samples to simulated gastric digestion before
measuring their immunoreactivity by inhibition ELISA (Fig. 6.6). The highest percent digestion
was obtained with the native PTT (59.6%) as compared to PTT conjugates. The low percent
digestion of PTT conjugates is explained by the fact that the cleavage site of one of the digestive
enzymes, trypsin, is specific toward the Lys residues, which are involved in the conjugation
reaction with carbohydrates. These results are in accordance with those reported by Jiménez-Saiz
et al. (2011) showing a decrease in ovalbumin conjugates’ digestibility as a result of glycation.
Nevertheless, as compared to PTT:galactose conjugates (29.5% degree of digestion), the higher
resistance of PTT:GOS (15.7%) and PTT:galactan (14.2%) conjugates to digestion could be due
to the large size of their carbohydrates moieties, shielding PTT proteolytic sites. The results (Fig.
6.6) also show that the digestion resulted in a 6.51-fold decrease in the IgE-binding affinity of
native PTT as compared to the non-digested one; these experimental findings can be explained
by the disruption of both conformational and sequential epitopes. Similarly, a decrease in the
IgE-binding affinity of PTT:galactose and PTT:GOS conjugates by 3.94 and 7.66-fold,
respectively, was obtained upon digestion. In contrast, the IgE-binding affinity of digested
PTT:galactan conjugates remained unchanged compared to the undigested conjugates; this can
be due to the large polysaccharide chains that have sterically blocked the disruption of the
epitopes (Aoki et al., 2010). However, compared to the digested native PTT (ICsy of 7.75 ug/ml,
p <0.01), a higher retention in the IgE-binding was exhibited by digested PTT:galactose (ICso of
2.76 ug/ml), PTT:GOS (ICsp of 2.91 ug/ml), and PTT:galactan conjugates (ICsy of 4.90 ug/ml).
These high immunoreactivities of digested conjugates is due to their lower susceptibility to

digestion, thereby preserving the integrity of IgE binding sites on conjugated PTT.
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6.5. Conclusion

The immunoreactivity of the conjugates after carbohydrate conjugation increased slightly for
PTT:galactose and PTT:GOS conjugates indicating an increased exposure of the epitopes after
conjugation. Galactan conjugation to PTT led to the largest decrease in immunoreactivity
following glycation by restricting the access of IgE to the epitopes through steric hinderance.
Although the heat treatment of the native PTT led to a decrease in immunoreactivity through
protein aggregation, it remained less effective when conjugated PTT was used due to the
decrease in protein aggregation, and also due to the difference in the change in protein secondary
structure after heat treatment leading to more exposure of buried epitopes. After simulated
gastric digestion, native PTT exhibited the largest decrease in immunoreactivity as a result of
protein hydrolysis and disruption of both conformational and sequential epitopes. PTT glycation,
however, increased PTT resistance to digestion and resulted in less important decrease in IgE-
immunoreactivity. This was particularly true for PTT:galactan, which exhibited no change in

immunoreactivity.

140



CONNECTING STATEMENT 5§

The production of PTT:carbohydrate conjugates with improved functional properties was
achieved (Chapter V) and the changes in immunoreactivity of these conjugates were also
investigated (Chapter VI). In order to minimize the protein cross-linking that occurs during the
advanced stages of Maillard reaction and improve the quality of produced PTT:carbohydrate
conjugates, the effect of Maillard reaction inhibitors on the production of
PTT:galactose/xylose/GOS/XOS/galactan/xylan conjugates was investigated in Chapter VII. The
effectiveness of selected inhibitors, aminoguanidine, cysteine, pyridoxamine, sodium bisulfite, to
control the glycation of PTT was assessed by monitoring the glycation extent and the protein
cross-linking along with the formation of dicarbonyl compounds as well as by determining the

digestibility of the PTT conjugates.

The results from this chapter was presented at [FT14 Annual Meeting & Food Expo.

Seo, S., & Karboune, S. (2014) Production of Potato Patatin:Carbohydrate Conjugates through
the Use of Maillard Reaction Inhibitors, IFT14 Annual Meeting & Food Expo, New Orleans,
Louisiana, June 21-24 .

Seo, S., & Karboune, S. (2014). Investigation of the use of Maillard reaction inhibitors for the
production of patatin:carbohydrate conjugates (To be Submitted).
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CHAPTER VII

INVESTIGATION OF THE USE OF MAILLARD REACTION
INHIBITORS FOR THE PRODUCTION OF PATATIN:CARBOHYDRATE

CONJUGATES
n
. Carbohydrate
Potato Patatin Galactose/Galactooligosaccharides/Galactan

Xylose/Xylooligosaccharides/Xylan

Maillard Reaction Without
Inhibitors Maillard Reaction
(e.g. Aminoguanidine) Inhibitors

Patatin-Carbohydrate Conjugate Cross-Linked Patatin-Carbohydrate Conjugate
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7.1. Abstract

Selected Maillard reaction inhibitors, including aminoguanidine, cysteine, pyridoxamine, and
sodium bisulfite, were evaluated for the production of carbohydrate conjugated proteins with less
cross-linking/browning. Patatin, one of the major potato proteins, was glycated with galactose,
xylose, galactooligosaccharides, xylooligosaccharides, galactan, and xylan under controlled
conditions. The effectiveness of the inhibitors to control the glycation reaction was assessed by
monitoring the glycation extent and the protein cross-linking along with the formation of
dicarbonyl compounds. Sodium bisulfite was the most effective inhibitor for PTT:galactose and
PTT:xylan reaction systems (reaction control ratios of 210.0 and 12.8). On the other hand,
aminoguanidine and cysteine led to the highest reaction control ratios for the
PTT:xylose/xylooligosaccharide (160.0 and 143.0) and PTT: galactooligosaccharides/galactan
(663.0 and 71.0) reaction systems, respectively. Using the identified inhibitors, lower proportions
of extensively polymerized species (3.5-37.3%) and lower amounts of total unreacted
dicarbonyls (0.0-2.8 ug/ml) were obtained as compared to the reaction without inhibitor (5.1—
94.2%, 0.0-6.3 ug/ml). The use of cysteine and aminoguanidine as inhibitors led to 1.7-99.4%
decreases in the particle size distribution of the PTT conjugates and to 0.4-9.3% increases in

their relative digestibility, per 5% blocked lysine.

7.2. Introduction

The Maillard reaction has been demonstrated to be an effective method to produce
protein:carbohydrate conjugates as biomacromolecules with improved functional properties.
However, the control of the Maillard reaction rate to limit the protein cross-
linking/polymerization, associated with the intermediate and advanced stages of the reaction, is
very challenging. It has been reported that such control may lead to the preservation of functional
properties, gained by the conjugation of protein with carbohydrates at the early stage, and to the
limited formation of advanced glycation end-products (Corzo-Martinez et al., 2010a; Huang et
al., 2011). In addition, the decrease in the protein digestibility and the amino acid bioavailability,
that can result from protein cross-linking, can be reduced (Mauron, 1990). Dicarbonyl
compounds generated during the Maillard reaction, such as methylglyoxal, glyoxal, and
deoxyosones, have been identified as active cross-linkers (Meade et al., 2003; Nagaraj et al.,
1996), and the arginine and lysine have been identified as the main amino acid residues involved

in cross-linking (Degenhardt et al., 1998; Miller et al., 2003).
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Our previous studies (Seo et al., 2013; Seo et al., 2012) and others (Jiménez-Castafio et al., 2005;
ter Haar et al., 2011; Yeboah et al., 1999) have provided good understanding of the effects of
selected key Maillard reaction parameters, including protein:carbohydrate ratio, temperature,
incubation time, and water activity (ay), on the control of the glycation rate. Because of the
complexity of the Maillard reaction, the use of inhibitors may be required to better control its
progress and to limit the protein cross-linking. Aminoguanidine is a known a-dicarbonyl
scavenging agent that can prevent the formation of advanced glycation end-products (Thornalley
et al., 2000). Indeed, the nucleophilic hydrazine (—-NHNH,) and the dicarbonyl-directing
guanidino (-NH-C(=NH)NH;) groups of aminoguanidine contribute to the bifunctional
scavenging of a-dicarbonyls. Aminoguanidine has effectively inhibited advanced stages of the
glycation reaction of RNAse A with glucose with no effect on the conjugate formation (Edelstein
& Brownlee, 1992). On the other hand, cysteine's thiol group, being a scavenger of reactive
dicarbonyls, has been efficient in the inhibition of the color formation that occurs during the
advanced stage of the Maillard reaction of soybean peptide with xylose (Huang et al., 2012).
Furthermore, the use of pyridoxamine, a natural derivative of vitamin B, delayed the formation
of Amadori compounds and inhibited the protein cross-linking during the Maillard reaction
between f-lactoglobulin and galactose/tagatose; such effect was attributed to the ability of
pyridoxamine to chelate the metal ions that are involved in the generation of reactive dicarbonyls
and also to scavenge the reactive dicarbonyls (Adrover et al., 2008). In addition, pyridoxamine
has effectively delayed the formation of N*-(carboxymethyl)lysine, which has an inhibition effect
on the post-Amadori pathway (Booth et al., 1997). Sulfites and sulfate-containing compounds
have been reported to inhibit the cross-linking and the browning occurring during the advanced
stages of the Maillard reaction by scavenging the free-radicals and the reactive dicarbonyls
through its bisulfite ion (Friedman & Molnar-Perl, 1990). Scaman et al. (2006) have reported that

both sodium bisulfite and cysteine decreased the rate of conjugation of lysozyme with dextran.

Although the control of the progress of the Maillard reaction through the use of inhibitors can be
beneficial in modulating the functional properties of glycoproteins, only limited studies (Corzo-
Martinez et al., 2010a; Huang et al., 2011; Scaman et al., 2006) have assessed the effectiveness
of these inhibitors to produce functional protein:carbohydrate conjugates for food and biological
applications. To our knowledge, to date, no literature has systematically compared the efficiency

of aminoguanidine, cysteine, pyridoxamine, and sodium bisulfite as inhibitors for the purpose of
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producing functional protein:carbohydrate conjugates. In addition, the effects of the carbohydrate
structure (chain length; pentose/hexose) on the efficiency of these inhibitors have not been

studied.

The aim of the present study was to investigate the effects of selected Maillard reaction
inhibitors, including aminoguanidine, cysteine, pyridoxamine, and sodium bisulfite, on the
production of potato patatin (PTT):galactose/xylose/galactooligosaccharides
(GOS)/xylooligosaccharides (XOS)/galactan/xylan conjugates with specific functionalities. PTT
has previously demonstrated numerous biological and functional properties including lipid acyl
hydrolase activity (Anderson et al., 2002), antiproliferative activity on mouse melanoma cells,
and antioxidant activity (Sun et al., 2013), which makes it an interesting candidate for
carbohydrate conjugation. The effectiveness of the investigated inhibitors to control the glycation
of PTT was assessed by monitoring the glycation extent and the protein cross-linking along with
the formation of dicarbonyl compounds. The PTT:carbohydrate conjugates were produced using

the effective inhibitors and their digestibility was assessed.

7.3. Materials and Methods

7.3.1. Materials

Solanic 206P (=75% PTT, =25% protease inhibitors) was kindly provided by Solanic (Foxhol,
Netherlands). Potato galactan (~280 kDa) and endo-1-4-5-D-galactanase from Aspergillus niger
were purchased from Megazyme (Wicklow, Ireland). Furosine standard was purchased from
Neosystem Lab. (Strasbourg, France). Biogel P2 extra fine, Bradford reagent and broad range
SDS-PAGE standards were purchased from Bio-Rad (Philadelphia, PA, USA). XOS were
obtained from Shandong Longlive Bio-tech (Yucheng, China). Xylan from beechwood (>90%)
and all other chemicals were purchased from Sigma Chemical Co. (St-Louis, MO, USA).

7.3.2. Production of Conjugates

Potato proteins (Solanic 206P) in sodium phosphate buffer (50 mM, pH 7) were ultrafiltered
using a stirred ultrafiltration unit (Amicon system, Millipore, Billerica, MA, USA) fitted with a
30 kDa molecular mass cut-off membrane to remove the protease inhibitors. Galactose, xylose,
GOS, XOS, potato galactan and soluble xylan were investigated as selected carbohydrates for the
preparation of conjugates. GOS, with an average molar mass of 1,990.9 g/mol, were produced

according to Paragraph 3.3.2. Mixtures of enriched PTT and selected carbohydrates at a molar
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ratio of 1:7 were prepared. The appropriate Maillard reaction inhibitor (aminoguanidine/
cysteine/ pyridoxamine or sodium bisulfite) was added to the mixtures at a protein to inhibitor
ratio of 1:0.2 (w/w). The mixtures were freeze dried and incubated at 48°C for 1, 3, 5, and 7 days

at ay, of 0.65 (saturated potassium iodide). The collected mixtures were kept at —20°C.

7.3.3. Determination of Glycation Extent

Previously described methods were used for the quantification of furosine (Seo et al., 2014b) and
for the measurement of free amino groups (Seo et al., 2013). All assays were run in triplicates.
No furosine was detected from control unincubated mixtures of protein, carbohydrate, and

inhibitors.

The final percentage of blocked lysine was indirectly estimated from the furosine content,
considering that the Amadori compound tagatosyl-lysine formed during the Maillard reaction
between lysine residues and galactose moieties generate about 42% furosine upon 8 N acid
hydrolysis (Krause et al., 2003). Since the percent conversion of xylulosyl-lysine into furosine
upon acid hydrolysis is unknown, the same conversion factor of tagtosyl-lysine to furosine was
used for the estimation of xylulosyl-lysine. The furosine content and the total available lysine
content before glycation were used for the estimation of the percentage of blocked lysine that

was due to the glycation and not to the protein cross-linking according to the Equation 5.1.

7.3.4. Determination of the Level of Protein Cross-Linking

7.3.4.1. Advanced Reaction Index of PTT Glycoforms
Advanced glycation reaction index was estimated by measuring spectrophotometrically the
turbidity/browning of protein:carbohydrate mixtures (10 mg/ml) at 600 nm. All assays were run

in triplicates.

7.3.4.2. Molecular Weight Distribution of PTT Glycoforms
The glycated sample mixtures were subjected to size exclusion chromatography on Superdex 200
5/150 (GE Healthcare, Piscatawa, NJ, USA) column on AKTA purifier system (GE Healthcare).
The isocratic elution was run with potassium phosphate buffer (50 mM, pH 7) containing 0.15 M
sodium chloride (3CV) at a flow rate of 0.3 ml/min. The fractions were detected at 280 nm.
Selected proteins, including f-amylase, albumin, chymotrypsinogen A, and lysozyme, were used

as standards for calibration.
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7.3.4.3. Particle Size Distribution of PTT Glycoforms
To estimate the distribution of the protein aggregates, the particle size was estimated through
dynamic light scattering (DLS) measurements by Delsa Nano C system (Beckman Coulter) at 25

°C. The means of intensity distributions were obtained from 70 measurements.

7.3.5. Quantification of a-Dicarbonyls

The quantification of a-dicarbonyls was carried out according to the method of Marceau and
Yaylayan (2009). Glycated samples (20 mg/ml) were suspended in 0.5% (w/v) solution of o-
phenylenediamine solution and incubated overnight in darkness at 25°C. After centrifugation
(5,000 x g, 5 min), the quantification of a-dicarbonyls was performed with a Beckman HPLC
system equipped with a programmable solvent module (model 126), a photodiode array detector
and 32 Karat software for data collection. The separation was performed on a Zorbax SB-C18
(4.6 x 150 mm, 5 um, Agilent Technologies, Palo Alto, CA, USA) at 25°C. The elution of the
derivatized samples (20 wul) was carried out with an isocratic mobile phase of
methanol:water:formic acid (55: 45: 0.1, v/v/v) at 0.7 ml/min. The detection was done at 312 nm
and the spectrum was recorded from 200 to 400 nm. The unglycated proteins/carbohydrate
mixtures with and without inhibitor were run as controls. To assess the presence of any side
derivatization reactions due to the presence of protein, carbohydrate, and/or inhibitors, control
reactions were run with each of these glycation components separately. Glyoxal, methylglyoxal,
and 2,3-butanedione were used as standards for the identification of the formed dicarbonyls. The
derivatization of these standards at selected concentration varying from 8.33 to 300 ug/ml was
carried out as discussed here above. The identification of deoxyosone was done based on the
characteristic two absorption maxima of the quinoxaline derivatives (~250 nm, ~330nm) and on

the RP-HPLC elution order characterized by Marceau and Yaylayan (2009).

7.3.6. Simulated Gastric Digestion of PTT and its Glycoforms

The simulated gastric digestion of PTT and its corresponding glycoforms was performed
according to the modified method of Moreno et al. (2008). The glycated and non-glycated PTT
samples (I mg/ml) were suspended in 20% (v/v) simulated gastric fluid (0.75 M sodium
chloride, pH 2.2). To initiate the enzymatic digestion, porcine pepsin (7 mg/ml, > 2,500 units/mg
protein) at a ratio of 1:50 (v/v) was added. After 2 h incubation at 37 °C, the pH of the mixture

was raised to 7.5 with ammonium carbonate (0.125 M). Following solutions were added to
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slightly lower the pH and to simulate a duodenal environment: 1) 10 ul bile salt mixture
consisting of 0.025 M sodium taurocholate, 0.25 M sodium glycodeoxycholic acid, 0.4 M
calcium chloride and 0.5 M Bis-Tris, 2) 6 ul of porcine trypsin (3 mg/ml, > 6,000 units/mg
protein) and 10 ul of bovine a-chymotrypsin (4.77 mg/ml, > 39 units/mg protein). The sample
was then incubated at 37 °C for 1h. The reaction was stopped by heating the samples in boiling
water for 5 min. The control without the incubation steps was prepared as the unhydrolyzed

control and the native PTT was used as hydrolyzed control. All assays were done in triplicates.

The analysis of hydrolysates was performed by HPLC using a Beckman HPLC system equipped
with a programmable solvent module (model 126), a photodiode array detector and 32 Karat
software for data collection. The separation was performed on a Zorbax SB-C8 (4.6 x 150 mm, 5
um) at 25°C. The hydrolyzed sample (20 ul) was injected in triplicates. The absorbance was
measured at 214 nm. A linear gradient at a flow of 0.5 ml/min was used using water: acetonitrile:
formic acid (90: 10: 0.1, v/v/v) as solvent A and water: acetonitrile: formic acid (10: 90: 0.07,
v/v/v) as solvent B. The elution gradient was as follows: 1-45 min. 50 % B; 45-50 min, 100 %
B; 50-55 min, 58 % B; 55-60 min: 0 % B, 60—80 min: 0 % B. The unhydrolyzed control was
used as a standard to quantify the unhydrolyzed PTT in the samples. Percent hydrolysis was

calculated as follows:

Percent protein digestion = 100 — (the peak area of unhydrolyzed PTT over the peak area
of the PTT control) X 100 (7.2)

7.4. Results and Discussion
7.4.1. Effect of the Inhibitors on the Progress of the Maillard Reaction

7.4.1.1. Changes in the Glycation Level of PTT with Galactose/Xylose in the Presence
of Inhibitors
To investigate the effects of inhibitors on the level of PTT glycation and protein cross-linking,
the percent blocked lysine, the advanced reaction index and their ratio (reaction control index)
were estimated (Table 7.1). The results show a faster glycation reaction rate of PTT with
galactose (3 to 5 days) than with xylose (3 to 7 days). Similar findings were reported by
Hofmann (1999) where the low glycation rate of L-alanine with pentoses was attributed to the
higher degradation of pentoses as compared to hexoses, limiting their availability. In addition,

higher advanced reaction index values of PTT:xylose conjugates (0.1-9.8) were obtained as
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Table 7.1 Progress of the Maillard reaction at 48°C at a,, of 0.65

Incubation Percent blocked lysine*™ Advanced reaction index”" Reaction control ratio®”

PTT mixtures time NIAICIPIS NIAICIPIS NIAICIPIS

—_

77 35 00 38 00]o06 01 08 04 01 |128 350 00 95 00

979 40 180 29 43|12 02 17 08 0.1 |86 200 106 3.6 43.0
182 00 154 1.8 21.0| 47 07 01 01 01 |39 00 1540 18.0 210.0
1.0 08 124 28 29 |32 06 14 01 01]03 13 89 280 290

PTT:Galactose

00 00 36 00 08|39 01 04 01 01 ]00 00 90 00 80
24 35 137 1.7 0.0 ‘ 36 0.1 1.0 24 0.1 ‘ 0.7 350 137 0.7 0.0

P Xylose 130 64 04 00 17]33 37 61 98 17[39 17 01 00 10
00 160 00 00 00| 45 01 43 45 21|00 160.0 00 00 0.0
08 00 00 00 00|05 30 01 01 01]16 00 00 00 00
PTT:GOS 1300 663 00 00|10 60 01 01 01|13 00 6630 00 0.0
00 00 00 00 00|09 25 18 01 0400 00 00 00 00
61 00 00 12 00|16 31 01 01 01 ]38 00 00 120 0.0
00 00 32 00 00|15 02 04 31 01|00 00 80 00 00
PTT-XOS 04 143 69 23 00| 11 01 01 116 01 |04 1430 690 02 0.0

17 78 12 05 27 [o06 01 01 120 01 ]195 780 120 00 270
30 29 36 73 09|10 01 08 145 10|30 290 45 05 09

02 17 00 00 20}o01 38 01 93 01|20 04 00 00 200
1225 27 07 22 )01 40 01 145 0.1 |120 07 270 00 220
43 20 71 46 22|01 41 01 169 0.1 [430 05 710 03 220
2209 57 15 03|17 108 0.1 170 0.1 12 01 570 0.1 3.0

PTT:Galactan

31 L5 166 22 07 |20 09 46 90 04|10 17 36 02 18
39 24 16 70 38|29 07 24 117 10|13 34 07 06 38
82 150 29 84 167[36 21 31 163 13|23 71 09 05 128
7 165 30 25 34 54|65 66 46 185 57|25 05 05 02 09

DN W —~= |39 U LW PRI 0 W =3 O W= W =3 B W

PTT:Xylan

“Percentage of blocked lysine was calculated from furosine content and total free amino groups.

b Turbidity/browning measurement at 600 nm.

¢“Reaction control ratio = Percent blocked lysine/advanced reaction index

*Mixture containing different Maillard reaction inhibitiors: no inhibitor (N), aminoguanidine (A), cysteine (C), pyridoxamine (P), sodium bisulfites (S)
* Experimental results are averages of triplicates and the standard deviations are less than 5%.
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compared to those of PTT:galactose conjugates (0.1-4.7). These results may be due to the
formation of more reactive dicarbonyls with xylose, than with galactose (Hofmann, 1999). As
compared to other inhibitors, the highest percent blocked lysine of PTT:galactose conjugates
(21.0%) and the lowest advanced reaction index (0.1) was achieved in the presence of sodium
bisulfite; while aminoguanidine inhibitor resulted in the highest percent blocked lysine of
PTT:xylose conjugates (16.0%) with the lowest advanced reaction index (0.1). As compared to
the reaction without inhibitor (maximum blocked lysine of 97.9%, day 3), the presence of
sodium bisulfite limited both the glycation rate and the conjugation level of PTT with galactose
achieving maximum percent blocked lysine of 21.0% upon 5 days. On the other hand, the
aminoguanidine lowered the glycation rate of PTT with xylose, without affecting the maximum
conjugation level, which was slightly higher as compared to the reaction without inhibitor
(maximum blocked lysine of 13.0%, day 5). The results also indicate that sodium bisulfite and
aminoguanidine were efficient in limiting the browning and the protein cross-linking occurring
during the advanced stages of the Maillard reaction of PTT with galactose and xylose,
respectively, leading to the highest reaction control ratio of 210.0, and 160.0. Such effect of
sodium bisulfite may be attributed to its ability to trap the free-radicals and the reactive
dicarbonyls formed during the reaction through its sulfite ion (Friedman & Molnar-Perl, 1990).
Contrary to galactose, the inhibitory effect of sodium bisulfite on the glycation rate of PTT with
xylose was more pronounced than that on the protein cross-linking, resulting in low reaction
control ratio (0.0-8.0). These results may be due to the initial xylose degradation, which may
have led to lower glycation level and to the scavenging of the reactive species by sodium
bisulfite. Aminoguanidine was less efficient in improving the reaction control ratio of
PTT:galactose (0.0-35.0) conjugates as compared to that of PTT:xylose conjugates. These
results may be attributed to the high inhibitory effect of the aminoguanidine on the early-stage
glycation rate of PTT with galactose, resulting in maximum percent blocked lysine of only 4.0%.
Conflicting results have been reported in the literature regarding the inhibitory effect of
aminoguanidine at the early stage of the reaction. Edelstein and Brownlee (1992) have shown
that in the presence of excess of carbohydrates, aminoguanidine had no effect on the conjugate
formation and inhibited the Maillard reaction at the advanced stage. On the other hand, Requena
et al. (1993) have reported that at concentrations of aminoguanidine similar to the concentration

used in this study, the early glycation reaction of albumin with glucose was inhibited. For both
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PTT:galactose and PTT:xylose conjugates, pyridoxamine did not lead to any improvement in
their reaction control ratio (0. 0-28.0); these results may be due to the fact that the primary
amino group of pyridoxamine competes with protein lysine residues for the carbonyl group of
the carbohydrate during the early stage of the reaction, leading to the delay of Schiff base
formation and hence to lower glycation rate. In our controls containing only pyridoxamine and
xylose, important browning/aggregates formation was found (0.3-2.2, data not shown).
Similarly, Corzo-Martinez et al. (2010a) have obtained a high level of browning of the control
samples containing only pyridoxamine and galactose or tagatose as high as the reaction samples
containing f-lactoglobulin. However, contrary to our results, higher levels of glycation of f-
lactoglobulin with galactose/tagatose (18.8-100.0%) were reported in the presence of
pyridoxamine. These results may be attributed to the higher concentration of galactose/tagatose
used in their study leaving more carbohydrates available to react with the lysine residues on f-
lactoglobulin. Table 7.1 also shows that in the presence of cysteine, the maximum level of
glycation of PTT was achieved at similar (galactose) or shorter (xylose) reaction time (3 days) as
without inhibitor. In addition, cysteine did not affect the maximum level of blocked lysine of
PTT:xylose conjugates (13.7%), while it decreased that of PTT:galactose conjugates (18.0%). In
contrast, Scaman et al. (2006) have reported that cysteine inhibited the glycation of lysozyme at
acidic (3.5) and at basic (8.5) pHs. The discrepancy may be due to the neutral pH used in our
study at which the reactivity of the thiol group on the cysteine is lower than at basic pH of 8.5.
The results also show that the inhibitory effects of cysteine on the cross-linking of PTT:galactose
and PTT:xylose conjugates or on the formation of browning compounds were lower as compared
to those of sodium bisulfite. The highest reaction control ratio obtained in the presence of

cysteine was 154.0 and 13.7 for PTT:galactose and PTT:xylose conjugates, respectively.

7.4.1.2. Changes in the Glycation Level of PTT with XOS/GOS in the Presence of
Inhibitors

XOS (maximum blocked lysine of 11.7%, day 5) exhibited more or less the same reactivity

towards the glycation of PTT as its corresponding monosaccharide, xylose (Table 7.1). However,

GOS showed a much slower rate of glycation with the e-amino groups of PTT lysine residues,

reaching a maximum percent blocked lysine of 6.1% after 7 days. The lower reactivity of longer

chain carbohydrates has been previously reported (Corzo-Martinez et al., 2010b; ter Haar et al.,

2011). Furthermore, at the early stage of the reaction (1-3 days), the low percentage of blocked
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lysine of PTT:GOS (0.8-1.3%) and PTT:XOS (0.0-0.4%) conjugates was accompanied by high
advanced reaction index (0.5-1.5); these results reveal that the high advanced reaction index
values were not significantly due to the degradation of the Amadori products, but to the initial
degradation of the oligosaccharides through autoxidation/glycoxidation leading to the formation
of reactive dicarbonyls that favor protein cross-linking (Hollnagel & Kroh, 2000). As compared
to GOS, the higher maximum glycation level of XOS is probably due to the high release of the
degradation products that may have promoted the glycation. Yeboah et al. (2000) have
demonstrated that the accumulation of reactive oxidative species during the early stages can
increase the formation of protein:carbohydrate conjugates. As compared to other inhibitors, the
highest percent blocked lysine of PTT:GOS conjugates and the lowest advanced reaction index
(0.1) were achieved in the presence of cysteine (66.3%, 3 days), resulting in the highest reaction
control ratio (663.0). These results may be due to the reaction of cysteine with GOS leading to
the accumulation of reactive species that increased the affinity of GOS towards PTT glycation
binding sites. As compared to PTT:GOS conjugates, cysteine was less effective in improving the
reaction control ratio of PTT:XOS (69.0) due to the low percent blocked lysine of PTT:XOS
conjugates (6.9% at 3 days). This demonstrates the lower reactivity of cysteine towards XOS and
its high scavenging of the reactive species generated upon XOS degradation. Aminoguanidine
was the most efficient in improving the reaction control ratio of PTT:XOS conjugates (143.0),
with a maximum percent blocked lysine of 14.3% at 3 days and an advanced reaction index of
0.1. However, no glycation of PTT with GOS was detected in the presence of aminoguanidine.
The results reveal the inhibitory effect of aminoguanidine in excess on the formation of Amadori
compounds with GOS. However, the concentration of aminoguanidine used in this study was
adequate to scavenge the higher amount of reactive dicarbonyls generated with XOS, leading to
low advanced reaction index and higher level of glycation. Similarly to their monosaccharide
counterparts, the use of pyridoxamine led to low percent blocked lysine with GOS and XOS
(0.0-7.3%). Such results may be due to the reaction between pyridoxamine and XOS/GOS,
which may have decreased their availability for reacting with free amino groups of PTT. The
advanced reaction index of PTT:XOS conjugates in the presence of pyridoxamine was higher
(3.1-14.5) as compared to that of PTT:xylose conjugates (0.1-9.8). Indeed, in the control
containing only pyridoxamine and XOS, high advanced reaction index was found (1.4-4.8),

which demonstrates important browning/aggregates formation during the reaction between
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pyridoxamine and XOS (data not shown). The results also reveal no to lower reactivity of GOS
and XOS to glycate PTT in the presence of sodium bisulfite (0.0-2.7%), which may have
inhibited the early and the intermediate stages of the Maillard reaction through its scavenging
ability of free-radicals and reactive dicarbonyls (Friedman & Molnar-Perl, 1990). The
accumulation of reactive species produced as precursors at the early stage seems to be important
for the initiation of Schiff base formation and hence favoring the glycation of PTT with

GOS/XOS.

7.4.1.3. Changes in the Glycation Level of PTT with Xylan/Galactan in the Presence of
Inhibitors

Similarly to their mono- and oligosaccharides counterparts, xylan (maximum blocked lysine of
16.5%, day 7) resulted in higher percent blocked lysine of PTT as compared to galactan (4.3%,
day 5). However, the effect of chain length on the glycation extent of PTT seems to be less
significant in the case of pentose, xylose, than the hexose, galactose. As compared to
PTT:galactan conjugates (0.1-1.7), the higher advanced reaction index values of PTT:xylan
conjugates (2.0-6.5) demonstrates the high extent of side autoxidation/glycoxidation reactions of
xylan (Hofmann, 1999). These results may be due to the presence of arabinose on the
disaccharide side chains of the soluble xylan (Teleman et al., 2002). Indeed, arabinose has been
identified as an intermediate during the autoxidation/glycoxidation of monosaccharides, leading
to the formation of reactive dicarbonyls (Usui et al., 2007; Wells-Knecht et al., 1995). Contrary
to the reaction with its oligosaccharide counterpart (XOS), the use of Maillard reaction inhibitors
with xylan was less effective at inhibiting the formation of protein aggregates and the browning
compounds at the intermediate and advanced stages. In addition, the maximum level of glycation
of PTT with xylan obtained using the inhibitors (16.7%) was more or less similar to that
achieved without inhibitor (16.5%). In contrast, all investigated inhibitors, with the exception of
aminoguanidine, limited the glycation of PTT with XOS. This may be explained by the higher
degradability of xylan into reactive dicarbonyl compounds compared to XOS. Nevertheless, the
highest reaction control ratio (12.8) of PTT:xylan conjugates was obtained in the presence of
sodium bisulfite with a percent blocked lysine of 16.7% (5 days) and moderate level of advanced
reaction index of 1.3. These results reveal that the use of sodium bisulfite did not inhibit the
conjugation of PTT with xylan at the early stages, but slightly prevented the protein cross-linking

from occurring. Similarly, Scaman et al. (2006) have reported that the use of sodium bisulfite did
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not inhibit the percent glycation of lysozyme with dextran at pH 8.5 at 40°C, but prevented
protein cross-linking. Similarly to PTT:GOS conjugates, the highest reaction control ratio (71.0)
of PTT:galactan conjugates was achieved in the presence of cysteine after 5 days, where the
highest percent blocked lysine of 7.1% and the lowest advanced reaction index of 0.1 were
obtained. As compared to the reaction with GOS, sodium bisulfite, aminoguanidine, and
pyridoxamine had less inhibitory effect on the glycation of PTT with galactan leading to
maximum level of glycation of 2.2, 2.5, and 4.6%, respectively. As compared to PTT:GOS
conjugates, the higher advanced reaction index of PTT:galactan conjugates in the presence of
aminoguanidine (3.8—10.8) and of pyridoxamine (9.3—17.0) may be due to the higher reactivity
of galactan towards these inhibitors as demonstrated by the high level of advanced reaction index
of the incubated controls containing only pyridoxamine (0.3—4.6) or aminoguanidine (0.4—1.7)
with galactan (data not shown). The reaction between aminoguanidine (Requena et al., 1993) or
pyridoxamine (Corzo-Martinez et al., 2010a) and carbohydrates has previously been reported by
others and these conjugates can further be degraded to cause ultimately the browning/protein

cross-linking.

7.4.2. Protein Cross-Linking and Formation of Reactive Carbonyl Species in the Presence of
Selected Inhibitors
Selected reactive carbonyl species, including methylglyoxal, glyoxal, 2,3-butanedione, and
deoxyosone, can lead to protein cross-linking at different rates and, as a result, to the formation
of aggregates (Thornalley et al., 1999). The reactive dicarbonyl compounds can be formed
during the autoxidation/glycoxidation of carbohydrates and/or from the Schiff base, the initial
condensation product of a reducing carbohydrate and an amino compound, via the so-called
Namiki pathway under oxidative conditions (Hayashi & Namiki, 1980). In addition, the Amadori
products, although fairly stable in foods with low water activity, may undergo several
degradation reactions leading to the formation of dicarbonyls (Henle, 2005). Some authors have
identified the methylglyoxal as the important intermediate in the formation of protein cross-
linking products (Meade et al., 2003; Miller et al., 2003). Others have identified glyoxal,
deoxyosone, and methylglyoxal as the key intermediates (Usui et al., 2007). To elucidate the
protein cross-linking inhibition mechanism for PTT cross-linking in the presence of

aminoguanidine, cysteine, pyridoxamine or sodium bisulfite, the molecular distribution of
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Figure 7.1 Effect of inhibitors on the degree of polymerization of proteins during the reaction between PTT and
galactose (A1), GOS (B1), galactan (C1) at day 3, 5, and 7: extensive polymerization (M), degree of
polymerization >10 ([HIN).8—10 ([N),5—7 ()34 (),<3 (C). Quantification of a-dicarbonyls
present in the incubated mixtures of PTT:galactose (A2), PTT:GOS (B2), PTT:galactan (C2) estimated by
measuring quinoxalines derivatized with o-phenylenediamine: deoxyosone ( HNEEM), glyoxal ( ),
methylglyoxal ([HEEE), 2,3-butanedione ().
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Figure 7.2 Effect of inhibitors on the degree of polymerization of proteins during the reaction between PTT and
xylose (Al), XOS (B1), xylan (C1) at day 3, 5, and 7: extensive polymerization ( ), degree of
polymerization >10 ([HIN).8—10 ([N),5—7 (EE),3—4 (),<3 (C). Quantification of a-dicarbonyls
present in the incubated mixtures of PTT:xylose (A2), PTT:XOS (B2), PTT:xylan (C2) estimated by measuring
quinoxalines derivatized with o-phenylenediamine: deoxyosone (), glyoxal (), methylglyoxal (N
), 2,3-butanedione ().
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polymerized species of PTT conjugates and the formation of dicarbonyls’ o-phenylenediamine
derivatives were investigated. The comparison of protein polymerization degree and the quantity
of dicarbonyls’ o-phenylenediamine derivatives can reveal the effectiveness of inhibitors to
scavenge the reactive dicarbonyls. Mild protein aggregation of PTT occurred upon incubation at
48°C forming dimers (59.9%) with some oligomerized species (27.2%) (data not shown). The
Maillard reaction between PTT and galactose (Fig. 7.1A1) and xylose (Fig. 7.2A1) led to the
formation of a high proportion of extensively polymerized species of 68.5 and 90.8 %,
respectively, at day 3; as the incubation increased, the proportion of extensively polymerized
species increased to reach more than 92.9% by day 7. At day 3, the presence of inhibitors led to a
lower proportion of extensively polymerized species of PTT:galactose/xylose conjugates (4.7—
16.0%) and to a higher proportion of its mono/dimer (34.4-73.1%); as the reaction proceeded,
there was a shift toward high molecular weight species (27.1-100.0%; >10, extensively
polymerized species) at different rates. These results support the higher advanced reaction index
obtained with PTT:xylose conjugates (Table 7.1) that was attributed to the high autoxidation of
pentoses than hexoses. As compared to other inhibitors, the cross-linking of
PTT:galactose/xylose conjugates in the presence of pyridoxamine exhibited the lowest rate,
which can be attributed to the low amount of percent blocked lysine. The effectiveness of
pyridoxamine as an inhibitor of protein cross-linking occurring during the Maillard reaction has
already been demonstrated by Corzo-Martinez et al. (2010a), where they have observed lower
poly-oligomer formation within the reaction between f-lactoglobulin and galactose/tagatose in

the presence of pyridoxamine.

The only a-dicarbonyls formed in the reaction with galactose (Fig. 7.1A2) or xylose (Fig. 7.2A2)
without inhibitor was glyoxal (1.7 ug/ml) and butanedione (1.1 ug/ml), respectively. Glyoxal was
found to be formed during the degradation of monosaccharide by retroaldol condensation
reactions activated by deprotonation of the 2- or 3-hydroxy groups (Thornalley et al., 1999),
which supports the higher amount of glyoxal found in galactose reactions. Butanedione is a well-
known sugar fragmentation product, which could arise from xylose fragmentation (Ames &
Apriyantono, 1993). The results also show that the concentration of unreacted a-dicarbonyls
produced at day 3 upon the Maillard reaction of PTT with galactose was lower without inhibitor,
revealing their high reactivity as intermediates in the formation of large proportion of extensively

polymerized species (Nasiri et al., 2011). Higher total amount of a-dicarbonyls of 2.1, 7.1, 20.2,
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and 6.3 ug/ml was detected in the PTT:galactose mixture at day 3 in the presence of
aminoguadinine, cysteine, pyridoxamine, and sodium bisulfites, respectively. For the reaction
between PTT and xylose at day 3, total amount of a-dicarbonyls of 0.6, 0.0, 14.7, and 22.6 ug/ml
was detected in the presence of aminoguadinine, cysteine, pyridoxamine, and sodium bisulfites,
respectively. The decrease in a-dicarbonyls upon longer incubation time corresponded to the
increase in polymerized species observed in Fig. 7.1A1 and in Fig. 7.2A1. The major dicarbonyl
formed in the presence of aminoguanidine, cysteine, and sodium bisulfites was deoxyosone for
the reactions with galactose, and butanedione and deoxyosone for the reactions with xylose. As
compared to methylglyoxal and glyoxal, the lower reactivity of deoxyosone and butanedione
(Meade et al., 2003; Miller et al., 2003; Tessier et al., 2003) towards Maillard reaction inhibitors
and towards the lysine/arginine residues of the protein may explain the accumulation of these
dicarbonyls. The reaction between PTT and galactose/xylose in the presence of pyridoxamine led
to more methyglyoxal formation. Scheme 1, adapted from Miller et al. (2003), offers a possible
explanation for the high amount of methyglyoxal, and the low proportion of extensively
polymerized species formed in the presence of pyridoxamine. From our results, it seems possible
that pyridoxamine only reacted with one of the two carbonyl groups of methylglyoxal leaving the
other carbonyl group available to react with the lysine residues found on the protein preventing
its cross-linking. The decrease in lysine residues and pyridoxamine led to the accumulation of
unreacted methylglyoxal in the system. Similar mechanism was proposed by Miller et al. (2003)
when describing the inhibitory effect of 3, 5-dimethylpyrazole-1-carboxamidine on the protein
cross-linking caused by dicarbonyls. The inhibitors identified previously (Table 7.1), sodium
bisulfite for galactose (day 5) and aminoguanidine for xylose (day 7), that led to the highest
reaction control ratios resulted in the release of low amounts of total unreacted dicarbonyls (0.6
and 0.2 ug/ml, respectively) and to lower proportions of extensive polymerized species (13.9 and
37.3%, respectively) as compared to the reaction without inhibitor, demonstrating the efficiency

of these inhibitors to modulate the reaction progress.

The reaction between PTT and GOS or XOS (Fig. 7.1B1, 7.2B1) without inhibitor led to higher
formation of oligomerized species (18.7 and 41.3%; < 3, 3—4, 5-7) at day 3 as compared to their
monosaccharide counterparts (galactose and xylose). Contrary to monosaccharides, the increase
in the proportion of extensively polymerized species within the reaction time course was not

noticeable with GOS and XOS. These results are in good agreement with the estimated low
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Scheme 7.1 Possible reaction pathway for methylglyoxal's reaction with lysine residues on PTT in the presence of

pyridoxamine adapted from Miller et al. (2003).

percent blocked lysine (Table 7.1), confirming the lower reactivity of oligosaccharides as
compared to the shorter carbohydrates. In the PTT:GOS/XOS reaction systems, all investigated
inhibitors limited the rate of protein cross-linking over 7 days of reaction time, with the
exception of aminoguanidine. However, the inhibitory effect on cross-linking rates was more
significant in the PTT:XOS reaction system than in the PTT:GOS one. These results are in good
agreement with the quantified amounts of unreacted dicarbonyl species, which were higher in the
PTT:XOS system containing inhibitors (Fig. 7.1B2, 7.2B2). Similarly to the reaction of PTT
with galactose/xylose, the most effective inhibitor for the prevention of protein cross-linking
during the reaction of PTT with GOS and XOS was pyridoxamine, leading to only 9.0 and 1.3%
of extensively cross-linked polymers, respectively, after 7 days of incubation. As their
monosaccharide counterparts, the methylglyoxal (34.9-83.4 ug/ml) was identified as the main
unreacted dicarbonyl with GOS in the presence of pyridoxamine, whereas, deoxyosone (13.5—
46.9 ug/ml) was the major dicarbonyl with XOS. The difference in the distribution of
dicarbonyls between the reaction with XOS and that with GOS may be due to the higher
degradation ability of pentose-type oligosaccharides compared to the hexose-type ones, leading
to the higher production of deoxyosones (Hollnagel & Kroh, 2000). The accumulation of
methylgloxal in the reaction between PTT and GOS with pyridoxamine may also be due to the
partial reaction between pyridoxamine, methylgloxal, and the lysine residues on the protein
leading to the depletion of available reactant for the highly reactive dicarbonyl and to its

accumulation. The best identified inhibitors, leading to the highest reaction control ratio for
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PTT:GOS (cysteine, day 3) and PTT:XOS (aminoguanidine, day 5) (Table 7.1) systems resulted
in low amounts of total unreacted dicarbonyls (0.0-2.8 ug/ml) and in lower proportions of

extensive polymerized species (14.4-23.6%) as compared to the reaction without inhibitor (1.1—

6.3 ug/ml; 42.4-59.3%).

PTT:xylan reaction system without inhibitor (Fig. 7.2C1) exhibited a higher proportion of
extensively polymerized species (94.2%) than in the presence of inhibitors (3.2-82.9%) after 3
days of incubation. In contrast, PTT:galactan reaction system (Fig. 7.1C1) showed lower
proportion of extensively polymerized species (7.7%) than in the presence of inhibitors (26.0—
52.9%). However, the decrease in the proportion of extensively polymerized species of
PTT:xylan with an increase in incubation time reveals the non-covalent interactions of these
species. Indeed, the decrease in the hydrophobicity of PTT upon glycation may have decreased
its affinity to interact with xylan and to form large non-covalent complexes (Fig. 7.2C1). The
low energy interactions, such as hydrogen bonding and hydrophobic bonding, between proteins
and large polysaccharides have been previously documented (Turgeon et al., 2007). The lower
protein cross-linking observed with galactan may be attributed to its ability to depress the protein
polymerization associated with the advanced Maillard reaction. Similar results were reported
previously for the conjugates formed between lysozyme and galactan (Seo et al., 2013).
However, as compared to the system without inhibitor, the higher proportion of extensively
polymerized species observed at day 3 in the PTT:galactan reaction system containing
aminoguanidine (41.8%) or pyridoxamine (52.9%) could be due to the higher reactivity of
galactan towards these inhibitors, leading to the formation of reactive dicarbonyl species. These
results support the high advanced reaction index (Table 7.1) in the PTT:galactan reaction system
containing aminoguanidine or pyridoxamine. The results also show that the effect of Maillard
reaction inhibitors on the protein polymerization in the PTT:xylan reaction system was not
significant. Methylglyoxal (34.9-41.0 ug/ml) was identified as the main unreacted dicarbonyl
with galactan/xylan (Fig. 7.1C2, 7.2C2) in the presence of pyridoxamine as with their
monosaccharide counterparts (Fig. 7.1A2, 7.2A2), except for the reaction with xylan at day 3 of
incubation. Butanedione, one of the dicarbonyls produced from carbohydrate degradation, was
the main unreacted dicarbonyl with xylan in the presence of aminoguanidine, cysteine, or
pyridoxamine at day 3 of incubation demonstrating that there was an accumulation of the

dicarbonyl with the lowest reactivity during the earlier stage of the reaction. The best identified
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inhibitors, leading to the highest reaction control ratio for PTT:galactan (cysteine, day 5) and
PTT:xylan (sodium bisulfite, day 5) (Table 7.1) systems resulted in lower amounts of total
unreacted dicarbonyls (0.0 ug/ml) for the galactan reaction system and in lower proportions of
extensive polymerized species (3.5%) for the xylan reaction system as compared to the reaction

without inhibitor (0.0-0.2 ug/ml; 5.1-60.9%).

7.4.3. Particle Size and Digestibility of the Conjugates Produced Using Selected Inhibitors

Cysteine and aminoguanidine were identified as the best inhibitors for each galactose-type or
xylose-type PTT conjugates, favoring high glycation level and limiting the protein cross-linking
to a certain extent during the advanced stage of Maillard reaction. Although pyridoxamine was
the most efficient in inhibiting protein cross-linking, it exhibited an inhibition effect on the PTT
conjugation by limiting or delaying the formation of Amadori product (Table 7.1). PTT
conjugates were produced using the identified inhibitors and their particle size distribution and
digestibility were investigated (Fig. 7.3). These conjugates produced with or without inhibitor
were compared to the native PTT on the basis of their relative percent digestibility and their
increase in average particle size per 5.0% blocked lysine to normalize the effect of the different
levels of glycation on these parameters. The average particle size and the total digestibility of the
PTT controls was 321.3-347.2 nm and 59.6%-60.2%, respectively (data not shown).
PTT:galactose conjugates showed more or less similar increase in the particle size of their
aggregates, per 5.0% blocked lysine, in the presence (44.0 nm) or in the absence (45.9 nm) of
cysteine inhibitor. In contrast, a significantly smaller increase in the particle size distribution of
PTT:xylose conjugates, per 5.0% blocked lysine, was obtained in the presence of
aminoguanidine (16.3 nm) as compared to without inhibitor (2,640.6 nm). These results
demonstrate the effectiveness of aminoguanidine to prevent important protein cross-linking of
PTT:xylose conjugates caused by the dicarbonyls generated from the reaction. The decrease in
digestibility of Maillard reaction conjugates due to glycation has been previously reported
(Corzo-Martinez et al., 2012; Yeboah et al., 2004). Because of the higher cross-linking level of
PTT:xylose conjugates produced without inhibitor, their relative digestibility (43.1%) was lower
than that of PTT:galactose (94.8%). However, the use of cysteine and aminoguanidine as
inhibitors resulted in an increase in the relative digestibility of PTT:galactose and PTT:xylose
conjugates by 0.4 and 8.2%, respectively, as compared to without inhibitor. It is important to

mention that the relative digestibility of PTT:xylose conjugates was non-concomitantly increased
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Figure 7.3 The relative digestibility and the increase in particle size, per 5% blocked lysine, of the
PTT:galactose/GOS/galactan:cysteine incubated mixtures and of the PTT:xylose/XOS/xylan:aminoguanidine
incubated mixtures compared to the reaction mixture without inhibitors: digestibility with (Illl) and without
inhibitors (), and the particle size with (FZZA) and without inhibitors (E==5H). The particle size is an
average of 70 measurements and the polydispersity index of each sample was < 0.5.
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to the same extent, upon the use of aminoguanidine, as compared to the large decrease of their
particle size. These results may reveal that the large particle size of PTT:xylose conjugates
produced without inhibitor was only apparent and was largely due to their non-covalent
aggregation. The results also show the high increase of the average particle size, per 5.0%
blocked lysine, of PTT:GOS conjugates (2080.8 nm) produced without inhibitor, revealing the
very high level of protein cross-linking. As expected, the use of cysteine dropped the increase in
the average particle size of PTT:GOS conjugates to 487.3 nm. The increase in average particle
size¢ of PTT: XOS conjugates, per 5.0% blocked lysine, produced with and without
aminoguanidine was 544.0 and 2,567.3 nm, respectively. Similar levels of relative digestibility
were obtained for PTT:GOS and PTT:XOS conjugates (40.1 and 47.8%) produced without
inhibitor; this may be due to the similar level of protein cross-linking observed in these
conjugates. On the other hand, the larger average particle size of PTT:GOS conjugates produced
without inhibitor (2,080.8 nm) led to lower relative digestibility (40.1%) as compared to its
monosaccharide counterpart (45.9 nm, 94.8%), whereas the comparable particle sizes obtained
for PTT:XOS and PTT:xylose conjugates (2,567.3 and 2,640.6 nm, respectively) led to similar
relative digestibility (47.8 and 43.1%, respectively). As a result of the lower level of protein
cross-linking, PTT:GOS and PTT:XOS conjugates produced in the presence of the inhibitors
showed 3.1 and 9.3% increases in their percent digestion, respectively. However, the higher
increase in the relative digestibility and the higher decrease in the particle size obtained with
PTT:XOS:aminoguanidine system reveal the effective inhibition of protein cross-linking in this
reaction system as compared to the PTT:GOS:cysteine reaction system. The experimental
findings also show that PTT:galactan conjugates produced in the presence of cysteine (29.9 nm)
had a smaller increase in the average particle size of its aggregates, per 5.0% blocked lysine, than
without cysteine (100.2 nm). Contrary to PTT:galactan conjugates, the average particle size of
PTT:xylan conjugate aggregates increased significantly (5,463.4 nm) per 5.0% blocked lysine,
and the use of aminoguanidine as inhibitor slightly limited this increase to 4,231.6 nm. As
expected, without inhibitor, the relative digestibility of PTT:xylan conjugates (37.1%) was lower
than that of PTT:galactan conjugates (81.5%). The extensive cross-linking/aggregation of
PTT:xylan conjugates may have limited the accessibility of the digestive enzymes to PTT
cleavage sites. The digestibility of lowly cross-linked PTT:galactan conjugates produced in the

presence of cysteine (81.5%) was lower as compared to its monosaccharide counterpart
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conjugates (PTT:galactose, 95.3%) despite their small relative increase in the particle size (29.9
and 44.0 nm, respectively). This can be attributed to the large size of galactan, leading to steric
hindrance and limiting the digestion of PTT:galactan conjugates. As with the oligosaccharides,
the use of cysteine or aminoguanidine as inhibitors for the production of PTT:xylan or
PTT:galactan conjugates led to 2.6 and 9.0 % increase in the percent digestion. These increases
are in good agreement with the decrease in the particle size of the conjugate aggregates. To the
best of our knowledge, this is the first study where the effect of Maillard reaction inhibitors on

the improvement of digestibility of protein:carbohydrate conjugates has been investigated.

7.5. Conclusion

The effect of selected Maillard reaction inhibitors on the production of PTT:carbohydrate
conjugates was investigated. Sodium bisulfite (galactose, xylan), aminoguanidine (xylose,
xylooligosaccharides), and cysteine (galactooligosaccharides, galactan) were the inhibitors that
led to the highest glycation level of the conjugates. These glycation levels were mostly similar or
even higher than those of the conjugates produced without inhibitors. The use of these inhibitors
led to lower proportions of extensive polymerized species or to lower amounts of total unreacted
dicarbonyls. By using cysteine for the production of PTT:galactose/GOS/galactan conjugates,
and by using aminoguanidine for the production of PTT:xylose/XOS/xylan conjugates, the
particle size distribution of the conjugates was lowered and the digestibility of the produced
conjugates was improved. The use of the Maillard reaction inhibitors to limit the protein cross-
linking/polymerization, associated with the intermediate and advanced stages of the reaction,
will allow the production of protein:carbohydrate conjugates with improved properties as

potential functional food ingredients.
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CONNECTING STATEMENT 6

The Maillard reaction inhibitors were proven to be efficient in modulating the Maillard reaction
progress and minimizing the protein cross-linking of PTT conjugates (Chapter VII). The
optimization of the production of PTT:carbohydrate conjugates by the combined use of two
selected inhibitors, cysteine and sodium bisulfite, was investigated in Chapter VIII. The effects
of incubation time, total quantity of inhibitors, the ratio of cysteine to sodium bisulfite, and the
type of monosaccharide on percent blocked lysine and on particle size distribution of PTT

conjugates were discussed in this chapter.

Seo, S., & Karboune, S. (2014). Optimization of the production of patatin-galatose/xylose
conjugates, by the combined use of L-cysteine and sodium bisulfite inhibitors, through response

surface methodology (To be Submitted).
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CHAPTER VIII

OPTIMIZATION OF THE PRODUCTION OF PATATIN-
GALATOSE/XYLOSE CONJUGATES, BY THE COMBINED USE OF
L-CYSTEINE AND SODIUM BISULFITE INHIBITORS, THROUGH
RESPONSE SURFACE METHODOLOGY
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8.1. Abstract

The optimization of the production of potato patatin:galactose/xylose conjugates through the
Maillard reaction was investigated using a combination of cysteine and sodium bisulfite as
inhibitors to minimise the protein cross-linking. Using response surface methodology, models
were developed to relate independent variables (incubation time, ratio of cysteine to total
inhibitors, total quantity of inhibitors, monosaccharide used) to responses (percent blocked
lysine, particle size). The most important variable affecting the percent blocked lysine and the
particle size was the incubation time and the ratio of cysteine to total inhibitors, respectively. The
interaction between the monosaccharide type and the cysteine/total inhibitors ratio and between
cysteine/total inhibitors ratio and total quantity of inhibitors exhibited significant effect on the
percent blocked lysine and the particle size of the conjugates, respectively. The identified
optimal glycation conditions for the production of patatin:galactose/xylose conjugates

demonstrated the synergistic effect of cysteine and sodium bisulfite as inhibitors.

8.2. Introduction

Patatin (PTT) is one of the major proteins found in potato tuber (Solanum tuberosum). PTT is a
glycoprotein with up to two N-linked glycans, Man;-Man(Xyl)-GlcNAc-GlecNAc(Fuc)-
(Welinder & Jorgensen, 2009) and a molecular weight of 40-45 kDa (Pots et al., 1999a). The use
of PTT as potential food ingredient is of great interest due to its high nutritional quality that is
similar to egg proteins (Camire et al., 2009), its antioxidant activity, and its anti-proliferative
activity against cancer cells (Sun et al., 2013). In addition, PTT offers many functional properties
such as foam forming, gelling, and emulsifying properties (Creusot et al., 2010; Ralet &
Gueguen, 2000, 2001). However, the application of PTT as food ingredient has been limited by
its very high exposed hydrophobicity (Creusot et al., 2010), leading to limited solubility at
increased ionic strength. As compared to many other proteins being used as food ingredients,
PTT exhibits a very low thermal stability with a denaturation temperature at around 59°C

(Creusot et al., 2010).

The improvement of the solubility of PTT and the decrease of its astringency, through
conjugation with different carbohydrates by the Maillard reaction, have already been reported by
Giuseppin et al. (2011). In addition, our previous study (Seo et al., 2014a) demonstrated

improvements in the thermal stability and the antioxidant activity of PTT upon its conjugation
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with galactooligosaccharides (GOS) and galactan through the Maillard reaction. However, the
difficulty in controlling the Maillard reaction rate makes it challenging to limit the intermediate
and advanced stages of the reaction, leading to protein cross-linking/polymerization and to the
loss of functional properties gained by the conjugation of the carbohydrate (Oliver et al., 2006a;
Seo et al., 2012). Our previous results (Seo & Karboune, 2014) demonstrated that the use of
Maillard reaction inhibitors can result in a decrease in the protein cross-linking of PTT:galactose
/GOS/xylose/xylooligosaccharide/xylan conjugates. This decrease in the protein cross-linking
ultimately led to an increase in the digestibility of these conjugates, while improving or
preserving the glycation level of most of these conjugates as compared to the conjugates
produced without inhibitors. Cysteine and sodium bisulfite were among the most promising
inhibitors for modulating the Maillard reaction rate to produce well defined PTT:carbohydrate
conjugates (Seo & Karboune, 2014). In addition, the easier availability of these inhibitors in the
food industry validates them as the Maillard reaction inhibitors that need to be focused on.
Sulfites inhibit protein cross-linking and browning occurring during the intermediate and
advanced stages of the Maillard reaction by scavenging through the sulfite anion free-radicals
and the reactive carbonyl species formed and by forming bisulfite adducts with the degradation
products of the Amadori compound (Farmar et al., 1988; Friedman & Molnar-Perl, 1990).
Cysteine’s modulation of the Maillard reaction occurs through its thiol group, which also
scavenges the reactive species formed during the reaction (Huang et al., 2012). In addition,
cysteine also competes with the protein for the carbonyl groups of the carbohydrates to slow
down the overall reaction. The separate effect of each of these two inhibitors, cysteine and
sodium bisulfite, on the Maillard reaction rate to produce protein:carbohydrate conjugates has
already been investigated (Scaman et al., 2006; Seo & Karboune, 2014). However, so far, no
study has looked at the synergistic and interactive effects of these two inhibitors. Understanding
their synergistic effects of cysteine and sodium bisulfite may help better modulate the progress of

the Maillard reaction.

Response surface methodology (RSM) is a combination of mathematical and statistical
techniques used to optimize a response (an output), which is influenced by different independent
variables (parameters) (Montgomery, 2008). RSM offers the advantage of reducing the number
of experiments needed by developing mathematical models to assess the relevance and the

statistical significance of the variables being studied as well as the interaction effects between the
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variables (Ferreira et al., 2007). These advantages make RSM a useful tool for the optimal
production of PTT:carbohydrate conjugates with high level of carbohydrate conjugation and with

minimal protein cross-linking.

As part of our ongoing research, the overall objective of this study was the optimization of the
production of PTT conjugates by the combined use of two Maillard reaction inhibitors, cysteine
and sodium bisulfite, through RSM. The effects of selected glycation parameters, including
cysteine to total inhibitors weight ratio, total inhibitor quantity, incubation time, and the use of
galactose or xylose, on the glycation extent and the protein cross-linking of PTT conjugates were
investigated. These findings will bring more insight into the interactions between the glycation
parameters and the possible synergistic effects of these two inhibitors, cysteine and sodium

bisulfite, for the production of low-cross linked PTT:galactose/xylose conjugates.

8.3. Materials and Methods

8.3.1. Materials

Solanic 206P (PTT = 75%, protease inhibitors = 25%) was kindly provided by Solanic (Foxhol,
Netherlands). Furosine standard was purchased from Neosystem Laboratories (Strasbourg,

France). All other chemicals were purchased from Sigma Chemical Co. (St-Louis, MO, USA).

8.3.2. Preparation of the Conjugates

PTT was purified from the Solanic 206P by ultrafiltration using a stirred ultrafiltration unit
(Amicon system, Millipore, Billerica, MA, USA) fitted with a 30 kDa molecular mass cut—off
membrane. Mixtures of PTT:galactose or xylose at the molar ratio of 1:9 in 0.1% (w/v) of 0.05
M sodium phosphate buffer (pH 7.0) were prepared. A specific quantity of cysteine and sodium
bisulfite was added to the mixtures before freeze drying at —25°C (Table 8.1). The recovered
powders were incubated in sealed glass desiccators at 48°C for 2 to 6 days under controlled ay
value of 0.65 (a saturated solution of potassium iodide). Control experiments were performed
with PTT incubated under the same conditions in the absence of galactose/xylose or in the

absence of cysteine/sodium bisulfite.

8.3.3. Determination of Percent Blocked Lysine
The furosine assay and the measurement of free amino groups for the calculation of blocked

lysine were made from a previously described method by Seo et al. (2014a).
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Considering that the Amadori compound tagatosyl-lysine, formed during the Maillard reaction
between lysine residues and galactose moieties, generates about 42 % furosine upon 8 N acid
hydrolysis (Krause et al., 2003), the final percentage of blocked lysine was estimated from the
furosine content using a conversion factor of 2.4. Although the conversion factors from xylulosyl-
lysine to furosine is unknown, the difference between the conversion factors for different
carbohydrates has been demonstrated to be smaller at conditions used in this study (stronger acid
hydrolysis, 8N HCI) (Krause et al., 2003). Therefore, the same correction factor for the conversion
of tagtosyl-lysine to furosine was used for the estimation of xylulosyl-lysine. The percentage of
blocked lysine that was not due to the protein cross-linking was estimated from the furosine content

and the total initial available lysine content according to the Equation 5.1.

8.3.4. Particle Size Analysis

The average particle size of the polymerized conjugates was estimated by dynamic light
scattering measurements using Delsa Nano C system (Beckman Coulter) at 25 °C. The mean of
size distributions was obtained from 70 measurements. The polydispersity index (PI) as a
measure of the width of particle size distributions was also measured. To validate the use of the
particle size as an indicator of the cross-linking level of conjugates, the molecular weight
distribution of PTT:galactose conjugates, determined according to the previous size exclusion
chromatography method (Seo & Karboune, 2014), was correlated to the particle size distribution

of the aggregates of the same conjugates.

8.3.5. Experimental Design and Data Analysis

The production of PTT:galactose/xylose conjugates using both cysteine and sodium bisulfite as
inhibitors was optimized using RSM and a central composite rotatable design (CCRD). Central
composite design consists of a 2* full factorial design, 2k axial designs at a distance a from the
origin, and m center points, where k is the number of variables and m is more than 1. Incubation
time in days (X)), cysteine to total inhibitors weight ratio (X>), quantity of total inhibitors (X3) in
mg/mg of PTT were chosen as independent numerical variables. The type of monosaccharide
(galactose or xylose) was chosen as the categorical variable (X4). The range and center point
values of independent variable incubation time (X;) and quantity of total inhibitors (X3) presented
in Table 8.1 were based on our previous results (data not shown). The experimental design

consists of eight factorial points, six axial points at a distance of + 1.682 from the center and six
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replicates of the central point for each categorical variable. The central values (zero level) of the
experimental design were: 4 days of incubation, 0.5 weight ratio of cysteine to total inhibitors,
and 0.18 mg of total quantity of inhibitors /mg of PTT. Percent blocked lysine and particle size
were the quantified responses. Each observed response for an experimental design point is an
average of triplicate experiments. The runs were randomized. The variables were coded

according to the following Equation 8.1:
x=X-X,)/AX (8.1)

Where y is the coded value, X is the corresponding actual value, X, is the actual value in the

centre point, and AX is the value of the step change.

The relationship between variables and responses was expressed by a second order polynomial
Equation 8.2:
Y= Bo+ XiBixi + X X Bijxij + X Buix? (3.2)

Where Y is the measured response (percent blocked lysine, particle size), S, is the model
constant, and f;, f; and p;; are the measures of the linear, interaction, and quadratic effects of
variables X;, X.X;, and X%, respectively. Analysis of the experimental design data and calculation
of predicted responses were carried out using Design Expert software (Version 8.0, Stat-Ease,
Inc. Minneapolis, MN, USA). Statistical analysis of the model was performed to evaluate the
analysis of variance (ANOVA) including lack of fit, Fisher’s F-test (overall model significance),
its associated probability P(F) and correlation coefficient R, and determination coefficient R* to
measure the goodness of fit of quadratic model. The predicted optimum conditions by the

generated quadratic model were validated by conducting quadruplicate experiments.

8.4. Results and Discussion

8.4.1. Effects of Incubation Time, Inhibitor Parameters, and Monosaccharide Type

RSM approach was applied in order to investigate the effects of incubation time (X;), the ratio of
cysteine to total inhibiors (X)), the total inhibitor concentration (X3), as well as the
monosaccharide type (X,) on the glycation of PTT through Maillard reaction. The experimental
design was performed based on the CCRD. The levels of the selected parameters were set based
on preliminary trials, where one factor at a time was varied (data not shown). The percent

blocked lysine and the particle size of the reaction species were chosen as selected responses to
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monitor the progress of the Maillard reaction. Indeed, the percent blocked lysine, calculated from
the furosine formed upon the acid hydrolysis of the Amadori products, provides a good
estimation of the extent of early Maillard reaction (Krause et al., 2003), whereas the particle size
of the reaction species allows the assessment of the level of protein cross-linking occurring

during the intermediate and the advanced stages (Gerrard, 2002).

To validate the use of particle size distribution as an estimation of the level of protein cross-
linking occurring during the Maillard reaction, the molecular weight distribution of
PTT:galactose conjugates produced with (Fig. 8.1A) or without cysteine (Fig. 8.1B) were
characterized by size exclusion chromatography (right) and correlated to the particle size
distribution of their aggregates measured by dynamic light scattering measurement (left). The
PTT:galactose conjugates produced in the presence of cysteine exhibited a smaller average
particle size distribution (433.1 nm, PI of 0.19), which reflected the lower estimated level of
highly polymerized species (35.3%; >10 degree of polymerization) obtained through size
exclusion chromatography. Similarly, the higher average particle size distribution (527.3 nm, PI
of 0.25) obtained for PTT:galactose conjugates produced without cysteine are in accordance with
the higher proportion (79.7%) of species with high degree of polymerization (>10). These results
validate the use of average particle size distribution as an indicator of the level of protein cross-

linking within our conjugates.

Table 8.1 shows the experimental conditions and their corresponding observed responses as well
as the predicted values for percent blocked lysine and particle size. Comparing runs #2 and 21,
where only sodium bisulfite (0.18 mg/mg PTT) was used, and runs #4 and 16, where only
cysteine (0.18 mg/mg PTT) was added, reveals the higher percent blocked lysine (7.3—-10.4%)
and the higher average value of particle size distribution (663.9—768.0 nm) in the presence of
cysteine as inhibitor. Fig. 8.2 also shows the larger particle size distribution of the PTT:galatose
and PTT:xylose conjugate species in the presence of cysteine (PI of 0.29-0.33) as compared to
the reaction containing only sodium bisulfite as inhibitor (PI of 0.25-0.18). The PTT conjugates
with higher percent blocked lysine (8.3—18.0%) and smaller particle size (306.9-371.5 nm) were
obtained after 4-day incubation when both inhibitors were used at a ratio of 0.5 (runs #5, 7, 17,
26, 28, 30, 32, 37). The highest percent blocked lysine of 25.0 and 38.0 % for PTT:xylose and

PTT:galactose conjugates, respectively, were achieved at runs #6 and 15 (6 days of incubation,
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Figure 8.1 Intensity weighted particle size distribution (left) and the proportions of polymerized species (right) of
PTT:galactose conjugates produced with (A) or without cysteine (B): extensive polymerization (IIlll), degree
of polymerization >10 (1), degree of polymerization 3—10 (1), degree of polymerization <3 ( ).
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Table 8.1 Design and experimental results of RSM

Run Time (days) Ilzllggi;:;sxsizgiil)t qrflg;atliti;fl l(1111l1);t/(1)111‘g Monosaccharide o Bl‘o df,ed Particle Size (nm)”
0.0)) (X>) PTT) (X)) used (X)) lysine

Actual (Coded) Actual (Coded) Actual (Coded) Actual (Coded) Observed Predicted Observed Predicted PI¢
1 4.00 0) 0.50 0) 0.03 (-1.68)  Galactose -1 20.00 17.83 350.00 288.05 0.20
2 4.00 (0) 0.00 (-1.68) 0.18 0) Galactose -1 8.08 7.40 300.00 27391 0.25
3 4.00 0) 0.50 0) 0.18 0) Xylose 1) 3.27 5.71 460.90 390.29 0.25
4 4.00 0) 1.00 (+1.68) 0.18 0) Xylose e 7.27 7.97 768.00 757.37 0.33
5 4.00 0) 0.50 0) 0.18 0) Galactose -1 17.59 13.01 306.90 340.24 0.27
6 6.00 (+1.68) 0.50 0) 0.18 0) Xylose 0 25.00 22.65 947.50 972.00 0.40
7 4.00 0) 0.50 0) 0.18 0) Xylose 1) 10.00 5.71 309.60 390.29 0.29
8 5.19 (+1) 0.20 -1) 0.09 -1 Galactose -1 20.00 23.39 348.00 419.31 0.18
9 2.81 (@)) 0.80 (+1) 0.09 -1 Xylose 0 2.62 2.73 331.30 391.01 0.26
10 4.00 0) 0.50 0) 0.33 (+1.68)  Galactose -1 9.22 8.95 391.60 401.89 0.20
11 5.19 (+1) 0.20 -1 0.27 +1) Xylose ) 3.10 3.57 326.60 345.95 0.22
12 4.00 0) 0.50 0) 0.18 0) Xylose 1 3.08 5.71 447.20 390.29 0.25
13 2.81 -1 0.20 -1 0.09 -1 Galactose (@)) 12.46 15.41 327.10 347.94 0.22
14 2.81 -1 0.20 -1 0.27 +1) Galactose (@)) 5.12 6.05 277.00 315.12 0.25
15 6.00 (+1.68) 0.50 0) 0.18 0) Galactose -1 38.00 35.72 650.00 561.60 0.45
16 4.00 0) 1.00 (+1.68) 0.18 0) Galactose (@)) 10.38 8.15 663.90 660.25 0.29
17 4.00 0) 0.50 0) 0.18 0) Galactose -1 13.95 13.01 310.30 340.24 0.23
18 4.00 0) 0.50 0) 0.33 (+1.68) Xylose ) 5.55 6.36 361.60 354.09 0.18
19 5.19 (+1) 0.20 -1) 0.09 -1 Xylose 1 5.18 6.10 715.90 718.92 0.34
20 2.81 -1 0.80 (+1) 0.09 -1 Galactose -1 6.00 6.80 394.80 372.14 0.18
21 4.00 0) 0.00 (-1.68) 0.18 0) Xylose ) 0.36 0.10 348.20 314.20 0.18
22 5.19 (+1) 0.80 (+1) 0.27 (+1) Xylose e 25.00 22.86 836.20 921.91 0.33
23 5.19 (+1) 0.80 (+1) 0.09 -1 Galactose -1 20.00 23.49 400.00 448.48 0.22
24 2.81 -1 0.80 (+1) 0.27 (+1) Galactose Q)] 4.49 6.81 920.90 839.74 0.35
25 2.81 -1 0.20 -1 0.09 -1 Xylose ) 3.28 2.43 343.00 365.58 0.18
26 4.00 0) 0.50 0) 0.18 0) Galactose -1 18.03 13.01 333.70 340.24 0.20
27 4.00 0) 0.50 0) 0.18 0) Xylose e 3.27 5.71 500.00 390.29 0.26
28 4.00 0) 0.50 0) 0.18 0) Galactose -1 18.00 13.01 319.50 340.24 0.22
29 2.81 -1 0.20 -1) 0.27 (+1) Xylose ) 0.74 0.96 259.30 241.84 0.29
30 4.00 0) 0.50 0) 0.18 0) Galactose -1 10.00 13.01 371.50 340.24 0.18
31 2.00 (-1.68) 0.50 0) 0.18 0) Xylose e 5.97 4.47 423.40 407.71 0.20
32 4.00 0) 0.50 0) 0.18 0) Galactose Q)] 11.63 13.01 332.00 340.24 0.21
33 2.81 -1 0.80 (+1) 0.27 +1) Xylose ) 8.44 6.46 608.30 644.47 0.28
34 5.19 (+1) 0.20 -1 0.27 (+1) Galactose (Q)) 11.58 11.35 272.70 276.25 0.25
35 200  (-1.68)  0.50 (0) 0.18 (0) Galactose  (-1) 10.38 11.09 565.70 53628  0.25
36 5.19 (+1) 0.80 (+1) 0.27 (+1) Galactose (Q)) 20.67 23.51 828.90 736.15 0.33
37 4.00 (0) 0.50 (0) 0.18 (0) Xylose 1) 8.28 5.71 307.40 39029  0.29
38 5.19 (+1) 0.80 (+1) 0.09 (-1) Xylose 1) 15.15 15.14 809.30 768.94  0.35
39 4.00 0) 0.50 0) 0.18 0) Xylose e 3.82 5.71 417.50 390.29 0.24
40 4.00 (0) 0.50 (0) 003  (-1.68)  Xylose 1) 5.17 5.10 450.00 430.19 036

“Observed values are averages of triplicate measurements

’ Mean of size distributions obtained from 70 measurements © Polydispersity index
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0.50 ratio of cysteine to total inhibitors, inhibitor quantity of 0.18 mg/mg PTT); at these
conditions, the average value of particle size of PTT:galactose conjugates (650.0 nm, PI of 0.45)
was lower than that of PTT:xylose conjugates (947.5 nm, PI of 0.40). Increasing the cysteine to
total inhibitors ratio to 0.80 and their total quantity to 0.27 mg (run #22) resulted in the highest
percent blocked lysine of PTT:xylose conjugates (25.0%) at day 5.19 with an average particle
size of 836.2 nm and a PI of 0.33; however, at these conditions (run #36), the percent blocked
lysine of PTT:galactose conjugates decreased to 20.7%, whereas the particle size distribution
increased to an average of 828.9 nm with a PI of 0.33. The largest particle size of PTT:galactose
conjugate species (920.9 nm, PI of 0.35) was obtained at run #24 (cysteine to total inhibitors
weight ratio of 0.80; quantity of inhibitors of 0.27 mg/mg PTT; 2.81 days of incubation) with a
low percent blocked lysine of 4.5%. The excess of cysteine promoted the cross-linking of
PTT:galactose conjugates by generating reactive species upon short incubation time. Decreasing
the cysteine to total inhibitors ratio to 0.20 with the same quantity of inhibitors of 0.27 mg/mg
PTT (runs #34 and 29) led to the lowest mean particle sizes of PTT conjugate species (272.7 and
259.3 nm). At these conditions, lower percent blocked lysine of PTT:galactose and PTT:xylose
conjugates of 11.6 and 0.7%, respectively, were obtained. These last results demonstrate the

higher inhibitory effect of sodium bisulfite, which is concentration dependent.

8.4.2. Analysis of Variance and Model Fitting

To find the best percent blocked lysine and the particle size models, Box-Cox plot was used to
determine the appropriate power transformation needed to normalize the response data (Sakia,
1992). The Lambda value indicates the power to which all data should be raised in order to
transform the data into a normal distribution. Fig. 8.3A and B show the Box-Cox plots for the
percent blocked lysine and the average value of particle size. The lower and upper confidence
levels show that the best results for normality is reached with Lambda values between 0.17 and
0.61 for the percent blocked lysine and between -0.77 and 0.76 for the particle size. The best
Lambda values calculated are 0.40 and 0.06 for the percent blocked lysine and the particle size,
respectively. To make the transformation process easier, the best Lambda values were rounded.
The recommended Lambda values by the Design Expert software for the transformation of the
data were 0.50 (square root transformation) and 0.00 (log transformation) for percent blocked

lysine and particle size, respectively.
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Figure 8.3 Box-Cox plot demonstrating the optimized Lambda for the transformation of the values obtained for percent blocked lysine (A) and particle size (B);
confidence intervals (red), best Lambda value (green), recommended Lambda value (blue).
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After applying these transformations to the observed data, quadratic model fitting was performed
(Table 8.2). Neglecting the insignificant terms by backward elimination regression (a out =
0.05), the results of analysis of variance (ANOVA) indicate that the quadratic model was
statistically significant for the description of the variations of the percent blocked lysine (F-value
of 29.40 and p-value of < 0.0001) and the average value of particle size of the PTT conjugates
(F-value of 30.11 and p-value of < 0.0001). The lack of fit was not significant relative to pure
error with F value of 0.37-0.53 and p-value of 0.88—0.97; these results indicate a good quality of
the fit and its ability to predict within a range of variables employed. In addition, the closer the
coefficient of determination (R?) value is to 1.00, the better is the model to predict the response
(Kaushik et al., 2006). The R? of the fitted models was 0.91, which attributes the percent blocked
lysine and the particle size to the given independent variables; the R* also indicates that only 9 %
of the total variations were not explained by the model. The fitted quadratic model for percent
blocked lysine and the average value of particle size in terms of coded factors is given in

Equations 8.3 and 8.4.

\Percent blocked lysine = 3.00 + 0.79X; +0.40X,- 0.14X3- 0.61X,+ 0.33X, X, + 0.37X,X;
+0.35XX, + 0.22X:X, + 0.37X,° - 0.29X5° (8.3)

Logjy (Particle size) = 2.56 + 0.06X; + 0.11X>+ 0.009X;- 0.03X,- 0.03X, X3+ 0.05X X, +
0.10X:X3- 0.03X:X; + 0.07X,° - 0.03X,° (8.4)

The significance of each coefficient was determined using the F-test and p-value. The variables
are deemed more significant if the F-value is bigger and the p-value is smaller (Atkinson &
Doney, 1992). As expected, the linear term with the largest effect on the percent blocked lysine
was the incubation time (X;, F-value of 94.96, p-value of < 0.0001); more carbohydrate
conjugation is expected to occur with an increase in the incubation time. The variable with the
largest effect on the particle size of conjugates was the linear term of inhibitor ratio (X,, F-value
of 111.90, p-value of < 0.0001). This demonstrates the significance of the interaction occurring
between both selected Maillard reaction inhibitors to modulate the protein cross-linking. On the
other hand, the effect of incubation time on the level of protein cross-linking (particle size
distribution) is expected to be significant due to the progress of the Maillard reaction towards the

intermediate and the advanced stages. However, the presence of Maillard reaction inhibitors
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Table 8.2 Analysis of variance of blocked lysine and of particle size

Blocked Lysine” Particle Size’
Source Sum of Mean F value! Sum of Mean FVal valued
Squares Square  Value prvaiue Squares Square ae - p-value
Model 5247 10 5.24 29.40  <0.0001 0.96 10 0.10 30.11 <0.0001
X; (Time) 16.95 1 16.95 9496 <0.0001 0.10 1 0.10 2996  <0.0001
X, (Inhibitor ratio) 4.27 1 4.27 23.90 <0.0001 0.36 1 0.36 111.90  <0.0001
X; (Total inhibitors) 0.57 1 0.57 3.18 0.0848 0.002 1 0.002 0.69 0.4142
X, (Carbohydrate) 14.82 1 14.82 83.02  <0.0001 0.04 1 0.04 11.13 0.0023
XX 1.80 1 1.80 10.10 0.0035 - — - - -
XX - — — — — 0.02 1 0.02 6.02 0.0204
XXy — — — — - 0.08 1 0.08 2422  <0.0001
XoX; 2.21 1 2.21 12.36 0.0015 0.16 1 0.16 50.33 <0.0001
XX, 3.43 1 3.43 19.25 0.0001 - — - - -
XX, 1.35 1 1.35 7.57 0.0101 0.03 1 0.03 9.98 0.0037
X7 4.01 1 4.01 22.44  <0.0001 0.16 1 0.16 49.43 <0.0001
X’ 2.47 1 2.47 13.85 0.0008 0.03 1 0.03 10.83 0.0026
Residual 5.18 29 0.18 0.09 29  0.003
Lack of Fit 2.12 19  0.11 0.37 0.9715 0.05 19  0.002 0.53 0.8845
Pure Error 3.05 10 031 0.05 10 0.005
Cor Total 57.64 39 1.05 39

“R¥=0.910216.
PR%2=0.912094.
¢ Degree of freedom.

4 p-value < 0.05 = statistically significant.
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diminished the extent of the effect of incubation time on the level of particle size (X;, F-value of
29.96, p-value of < 0.0001) as compared to its effect on the percent blocked lysine. The linear
term of the inhibitor ratio exhibited the third largest effect on the percent blocked lysine (X>, F-
value of 23.90, p-value of < 0.0001). The fact that cysteine can participate directly in the
Maillard reaction must have affected the percent blocked lysine differently depending on the

ratio of cysteine to total inhibitors.

For the percent blocked lysine model, the effect of the linear term of the type of the carbohydrate
(X4, F-value of 83.02, p-value of < 0.0001) was the second largest one. The difference in the
glycation rate between aldopentoses and aldohexoses has already been reported (Seo &
Karboune, 2014). The variable with the second largest effect on the particle size was the
interactive parameter between the inhibitor ratio and the total quantity of inhibitors (X>Xj3, F-
value of 50.30, p-value of < 0.0001); this confirms the effect of inhibitors on the level of protein
cross-linking occurring during the Maillard reaction. Among all interactive effects, the most
important one for the percent blocked lysine model was the one between the inhibitor ratio and
the type of monosaccharide (X>Xs, F-value of 19.25, p-value of < 0.0001), demonstrating that the
two selected inhibitors have different effects on the glycation extent depending on the type of
monosaccharide used. The interactive effect between the inhibitor ratio and the type of
monosaccharide was non-significant for the particle size model. The second most important
interactive parameter for the percent blocked lysine was the one between the inhibitor ratio and
the total quantity of inhibitors (X>X3, F-value of 12.36, p-value of 0.0015); these results indicate
that the effect of inhibitor ratio on the glycation extent is significantly affected by the total
quantity of inhibitors used. Although the individual effect of incubation time on the particle size
was less important as compared to its effect on the percent blocked lysine, it had statistically
significant interactive effects with total quantity of inhibitors (X X3, F-value of 6.02, p-value of <
0.0204) and with the type of monosaccharide used (X;X,, F-value of 24.22, p-value of < 0.0001).
This demonstrates that depending on the quantity of inhibitors and the carbohydrate present
within the reaction system, incubation time had different effects on the particle size distribution
of the conjugates. These interactive effects were not observed in the percent blocked lysine

model. In terms of quadratic effects, the incubation time (X,?, F-value of 22.44-49.43, p-value of
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< 0.0001) and the inhibitor ratio (X»%, F-value of 10.83-13.85, p-value of 0.0008) had significant

effects on both percent blocked lysine and the particle size.

To verify the accuracy of the predictive models, the observed values for the percent blocked
lysine and the average value of particle size were plotted against the predicted ones (Fig. 8.4A,
B). There was no significant deviation from the models, and the predicted data of the responses
were in agreement with the observed ones in the investigated range of the variables. The values
of residuals for the response factors were plotted in a normal probability plot (Fig. 8.4C, D). A
residual is the difference between the observed value and the predicted value. The normal
probability plot is often used to verify the normality assumption. Almost all data points formed a
straight line and were placed within the 95% confidence interval indicating that the calculated
residuals follow a normal distribution. To test for the assumption of constant variance, a plot of
residuals versus the predicted response was verified (Fig. 8.4E, F). The residual scatters were
randomly displayed (constant range of residuals across the graph), demonstrating that the

variance of the original observation was constant for all values of the responses.

8.4.3. Effects of Glycation Parameters on the Percent Blocked Lysine of Conjugates

The 2D contour plots generated from the predicted model of the percent blocked lysine show the
interactive effect of incubation time/ inhibitor ratio at constant quantity of total inhibitors of 0.18
mg/mg PTT and that of inhibitor quantity/ inhibitor ratio at an incubation time of 5.19 days (Fig.
8.5). Higher percent blocked lysine could be obtained with galactose (Fig. 8.5A, C) as compared
to xylose (Fig. 8.5B, D). These results may be due to higher degradation of xylose decreasing its
availability and leading to advanced cross-linking of its conjugates (Hofmann, 1999). The effect
of the inhibitor ratio on the blocked lysine of conjugates was not as significant as that of the
incubation time. The interaction between the incubation time and the inhibitor ratio (ellipsoidal
lines) was mostly observed at higher cysteine to total inhibitors ratio and upon longer incubation
time (Fig. 8.5A, B). Increasing the incubation time resulted in an increase of the percentage of
blocked lysine of conjugates. On the other hand, the highest percent blocked lysine was achieved
upon the use of a high ratio of cysteine to total inhibitors; however, higher quantities of cysteine
had more effect on the percent blocked lysine of PTT:xylose conjugates than on that of
PTT:galactose conjugates. This difference between xylose and galactose can be explained by the

cysteine's participation in the Maillard reaction leading to the production of reactive dicarbonyls,
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Figure 8.4 Actual vs predicted values (A, B), normal plots of residuals (C, D), plot of internally studentized

residuals vs predicted values (E, F) for percent blocked lysine (A, C, E) and for particle size (B, D, F).
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Figure 8.5 Contour plots of percent blocked lysine as a function of incubation time and cysteine/total inhibitors ratio at a constant total inhibitor quantity of 0.18
mg/mg of PTT (A, B) and as a function of cysteine/total inhibitors ratio and total inhibitor quantity at 5.19 days of incubation (C, D) of PTT conjugated with
galactose (A, C) or with xylose (B, D). The numbers inside the contour plots indicate the predicted values under given reaction conditions. Percent blocked

lysine: 0.36 I 138.00.
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which may have increased the reactivity of xylose to undergo glycation with PTT (Yeboah et al.,

2000).

Fig. 8.5C and D show that the interaction between the total quantity of inhibitors and their ratio
occurred mainly in the PTT:galactose glycation reaction system in the presence of larger
quantities of inhibitors. This interaction was not significant in the PTT:xylose glycation reaction
system. Indeed, at a constant inhibitor ratio, the percent blocked lysine of PTT:xylose conjugates
remained constant as the total quantity of inhibitors increased; however, increasing the cysteine
to total inhibitors ratio resulted in an increase of the percent blocked lysine of PTT:xylose
conjugates. Higher quantities of cysteine was needed in the PTT:xylose glycation reaction
system to improve the glycation level, confirming the inducing effect of cysteine on the
glycation level of PTT:xylose conjugates as previously mentioned. On the other hand,
PTT:galactose conjugates achieved the highest percent blocked lysine when lower quantities of
inhibitors were used at a ratio of 0.5. Indeed, in the PTT:galatose glycation reaction system, the
increase in the quantity of total inhibitors had a negative effect on the percent blocked lysine in
the presence of an excess of sodium bisulfite as compared to cysteine. These results can be
attributed to the higher inhibitory effect of sodium bisulfite at higher concentrations at the initial
stage of the Maillard reaction as reported by Scaman et al. (2006). The lower inhibitory effect of
cysteine as compared to sodium bisulfite was demonstrated by Friedman and Molnar-Perl
(1990), who have investigated the browning extent occurring during the incubation of different
amino acids with glucose. Indeed, the reaction of the amino group of cysteine with the carbonyl
group of the carbohydrate can lead to the formation of reactive species that favor the

carbohydrate conjugation (Yeboah et al., 2000).
8.4.4. Effects of Glycation Parameters on the Particle Size Distribution of Conjugates

The 2D contour plots presented in Fig. 8.6 illustrate the interactive effects of incubation
time/inhibitor quantity (at inhibitor ratio of 0.8) and inhibitor ratio/inhibitor quantity (at 5.19
days of incubation) on the predicted average value of particle size. Generally, higher average
particle size of aggregates was obtained in the PTT:xylose glycation reaction system (Fig. 8.6B,
D) as compared to the PTT:galactose one (Fig. 8.6A, C). These experimental findings confirm
the higher formation of polymerized species in the presence of xylose. This accumulation of

polymerized species may have been accelerated upon the autoxidation/glycoxidation of xylose.
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Hofmann (1999) has reported that more reactive dicarbonyls were formed upon the
autoxidation/glycoxidation of pentoses than hexoses. The incubation time/inhibitor quantity
contour plots display different trends for both PTT:galactose (Fig. 6A) and PTT:xylose (Fig.
8.6B) conjugates. An hyperbolic interactive effect was obtained in the PTT:xylose glycation
reaction system, in which an increase in the incubation time had more effect on the particle size
compared to the total inhibitor quantity. The variations of the predicted particle size of
PTT:xylose conjugates with the incubation time and the total inhibitor quantity showed similar
trends as the predicted percent blocked lysine. On the other hand, the incubation time/inhibitor
quantity interaction exhibited a polynomial effect on the predicted particle size of PTT:galactose
conjugates with the total inhibitor quantity being more significant in increasing the particle size.
The progression of the Maillard reaction with the incubation time is expected to lead to more
protein cross-linking and hence to high particle size distribution of the conjugates. Contrary to
the percent blocked lysine of PTT:galactose conjugates, the increase in the incubation time as the
independent variable did not increase significantly their particle size distribution. These results
may be due to the low generation of the reactive carbonyl over the investigated incubation time

in the presence of galactose.

Fig. 8.6C and D indicate that the interactive effect of the inhibitor ratio and their total quantity on
the particle size of conjugates was more significant in the presence of an excess of cysteine (>
ratio of 0.6) for the PTT:galactose conjugates and of sodium bisulfite (< ratio of 0.5) for the
PTT:xylose conjugates. Below and above these values of the inhibitor ratio, the particle size of
the conjugates remained constant as the total quantity of the inhibitor increased. At a constant
total quantity of inhibitors, the particle size of PTT:galactose and PTT:xylose conjugates
increased with the increase of the ratio of cysteine to total inhibitor ratio. The contour plots of
predictive percent blocked lysine (Fig. 8.5) showed similar trends in that higher levels of
glycation were obtained when the proportion of cysteine was greater than the proportion of
sodium bisulfite (> ratio of 0.50). The side reaction of cysteine with the carbohydrate may have
led to the formation of reactive dicarbonyl species that favor the conjugation of PTT (Fig. 8.5),
but also participate in protein cross-linking (Fig. 8.6).
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8.4.5. Model Validation and Optimization

Using the predictive models (Equations 8.3 and 8.4), the optimum glycation parameters for the
production of conjugates with the highest conjugation level and the lowest particle size were
determined. The desirability being an objective function that ranges from zero outside of the
limits to one at the goal was looked at as an indication to obtain the optimal PTT conjugates
(Myers & Montgomery, 1995). The optimization process finds a point (or reaction condition)
that maximizes the desirability function. The lowest observed blocked lysine (0.4 %, run #21)
and the highest observed blocked lysine (38.0 %, run #15) values during the experimental runs
(Table 8.1) were assigned as desirability of 0 and 1, respectively. In addition, the highest
observed particle size (947.5 nm, run #6) and the lowest observed particle size (259.3 nm, run
#29) values were assigned as desirability of 0 and 1, respectively. This assignment of desirability
allows for the identification of the level of predicted variables producing the most desirable
predicted responses. The 2D plot of the desirability indicates that the optimum reaction
conditions were 5.19 days of incubation, 0.42 and 0.54 cysteine to total inhibitors ratio, and 0.09
and 0.27 mg of total inhibitors to obtain 26.3 and 14.0 % of blocked lysine and 400.2 and 544.3
nm of particle size for PTT:galactose conjugates (Fig. 8.7A) and PTT: xylose ones (Fig. 8.7B),
respectively. The higher desirability of PTT:galactose glycation reaction system (0.71) as
compared to the PTT:xylose one (0.45) demonstrates that the percent blocked lysine and the
average particle size distribution of PTT:galactose conjugates were closer to the desired values
obtained during the experimental runs. The approximately equal quantity of cysteine and sodium
sulfite needed for the optimum production of these conjugates demonstrates that both inhibitors
act synergistically at close to equal concentrations while exerting an adverse effect when the
presence of one inhibitor is greater than the other. The validation of the model was done by
carrying out quadruplicate experiments under the predicted optimum conditions. Under the
optimum conditions, the experimental percent blocked lysine of 25.1 = 1.5 % and 13.7 + 0.5 %
as well as the particle size of 404.0 nm and 506.3 nm obtained for the glycation reaction system
with galactose and xylose, respectively, were in good agreement with the predicted values. The
slight difference in the particle size between the experimental and the predicted values are due to
the protein polymerization not occurring uniformly, as reflected by the PI of 0.25 for both
PTT:galactose and PTT:xylose conjugates, which is indicative of a polydisperse system. Using

the identified optimal combination of cysteine and sodium bisulfite, higher percents blocked
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lysine values (13.7-25.1%) were obtained than using each of cysteine (7.3—10.4%) or sodium
bisulfite (0.4-8.1%) inhibitor alone. The average particle sizes of conjugates produced in the
presence of both inhibitors were higher than those obtained using only sodium bisulfite (300.0—
348.2 nm), but lower than the sizes achieved using only cysteine (663.9-768.0 nm). Without
inhibitors, higher particle sizes of PTT conjugates (645.7-2987.8 nm, <1 day of incubation) were
previously obtained (Seo & Karboune, 2014). These results confirm the effectiveness of the
identified optimal combination of cysteine and sodium bisulfite in inhibiting the protein cross-
linking, occurring at the intermediate/advanced stages of the Maillard reaction, without limiting

the glycation of PTT that takes place at the early stage.

8.5. Conclusion

The CCRD and RSM were successfully applied for the investigation of the effects of incubation
time, cysteine to total inhibitorsratio, and total quantity of inhibitors on the production of PTT
conjugated with galactose or with xylose through Maillard reaction. The optimal conditions for
conjugates production that maximize the conjugation level of PTT and minimize the protein
cross-linking were also identified. The incubation time and the inhibitor ratio were the most
significant independent variables affecting the percent blocked lysine and the particle size,
respectively. The most important interactive effects were between the monosaccharide used and
the inhibitor ratio and between the inhibitor ratio and the total quantity of inhibitors for percent
blocked lysine and particle size, respectively. The presence of larger quantities of cysteine led to
higher percent blocked lysine, but also to bigger particle size due to the production of
dicarbonyls during the early stage of the reaction; while the use of an excess of sodium bisulfite
generally led to an overall inhibition of the Maillard reaction. Therefore, the combination of
sodium bisulfite and cysteine was essential in improving the glycation extent of the PTT

conjugates and in minimizing their protein cross-linking.
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CONNECTING STATEMENT 7

In Chapter IX, a glycosidase-catalyzed transglycosylation reaction was investigated as a new
approach for the production of amino acid/peptides/proteins:carbohydrate conjugates. The
synthesis of galactosylated serine/threonine derivatives by f-galactosidase from Escherichia coli
were investigated in buffer and biphasic organic solvent mixture and using lactose or ONPG as
donors. Molecular docking simulations were explored as a structure-based computational tool to
provide the structural basis of the enzyme's selectivity and to compare the relative binding

affinities of enzyme towards different serine/threonine derivatives.

The results of this study will be presented at [UFoST2014 and published in the Journal of
Molecular Catalysis B:Enzymatic.

Seo, S., Rebehmed, J., de Brevern, A. G., & Karboune, S. (2014) [nvestigation of
Transglycosylation by p-Galactosidase Using Serine/Threonine Derivatives as Acceptor Models,
IUF0oST2014, Montreal, Quebec, August 17-21 .
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9.1. Abstract

The potential applications of structurally defined glycoproteins and glycopeptides have led to the
investigation of different strategies for their production. In this study , experimental assays and
docking simulations were used to study the second step of the mechanism of transgalactosylation
of B-galactosidase from Escherichia coli for the synthesis of galactosylated serine/threonine
derivatives. Using lactose or ONPG as donor substrates, the yields of galactosylated
serine/threonine derivatives were dependent on the C/N-protecting groups of the acceptors. The
highest yields were achieved in the heptane:buffer biphasic media (70:30). The structures of
most abundant galactosylated serine products were characterised by MS/MS. The binding of
serine/threonine derivatives to the enzyme's active site were found to be stronger (-4.6 - -7.9
kcal/mol) than the natural acceptor, glucose, and mainly occurred through interactions with
aromatic residues. For N-tert-butoxycarbonyl serine methyl ester (6.8%) and N-carboxybenzyl
serine benzyl ester (3.4%), their binding affinities and the distances between their hydroxyl side
chain and the 1'-OH group of galactose moiety were in good accordance with the quantified
transgalactosylation yields. Despite its lower predicted bioconversion yield. However, the high
bioconversion experimental yield obtained with N-carboxybenzyl serine methyl ester (23.2%)
despite its unfavorable theoretical predictions by the docking simulations demonstrated the

importance of the thermodynamically driven nature of the transgalactosylation reaction.

9.2. Introduction

There is a growing interest in new approaches to synthesize glycoproteins and glycopeptides,
consisting of amino acids/peptides/proteins moieties with carbohydrate substituents. These
glycoproteins and glycopeptides play important roles in many biological systems (Schwarz &
Datema, 1982), such as protection against proteolytic enzymes, cell-cell recognition, cell growth,
oncogenesis (Feizi, 1985; Olden et al., 1982). In addition, the improvements in the functional
properties of carbohydrate conjugated food proteins, such as emulsifying activity, protein
solubility, and thermal stability, have been previously demonstrated (Oliver et al., 2006b). These
advantages emphasize the need for a highly specific method for the formation of glycosidic
bonds between carbohydrates and amino acids/peptides/proteins. Because of the presence of
various functional hydroxyl groups in saccharides, sequential selective protection-deprotection

steps of these functional groups are needed in order to control the stereochemical and

192



regiochemical specificity of the glycosidic bond formed through chemical synthesis. Contrary to
the chemical synthesis, enzymatic synthesis often offers regio- and stereospecificity to the

glycosidic linkages.

Glycosidases (EC 3.2.1.) catalyze the hydrolysis of glycosidic linkages but can also catalyze
their formation. The applications of glycosidases for the synthesis of glycoproteins and
glycopeptides rely on the thermodynamic equilibrium of the reaction and/or on the affinity of the
enzyme to transfer the glycosyl moiety of a substrate to other acceptors than water. The synthetic
reaction-catalyzed by glycosidases may be thermodynamically favored over the hydrolytic one
by using high substrate concentration, elevated temperatures and organic co-solvents (Dordick,
1989). The use of an appropriate glycoside donor may also kinetically favor the

transglycosylation activity of glycosidase.

[-Galactosidase (EC 3.2.1.23, Fig. 9.1A) hydrolyzes the fp-D-1-4 linkage of lactose releasing
glucose and galactose as end-products or converting them into allolactose (f-D-1-6 linkage).
This enzyme is a retaining glycosidase because it maintains the initial conformation on the
anomeric carbon of the substrate (Bras et al., 2010). The active site of f-galactosidase has two
subsites with only one being highly specific for the galactose moiety. This lack of specificity of
one subsite allows the binding of a wide variety of substrates, other than lactose, that can act as
acceptors (Bras et al., 2010). The first step of the mechanistic action of S-galactosidase-catalyzed
reaction involves a cleavage of the glycosidic bond of the lactose or galactose-substituted
molecules, and the formation of the covalent galactosyl-enzyme intermediate (Sinnott, 1990).
The initial shallow binding of donor is achieved through their stacking on Trp568 by a network
of specific interactions made by the galactosyl hydroxyls with the galactose-specific subsite and
by few interactions made by the leaving group with the second subsite. Subsequently, the donor
substrate moves deeper into the active site pocket, improving the interactions made between the
enzyme and the 2- and 3-OH. The deeper binding mode is associated with a conformational
change in which the 794-804 loop moves closer to the active site (Juers et al., 2001). As the
substrate moves into the deeper binding mode (Fig. 9.1B), the first catalytic carboxylic acid,
Glu461, contacts the glycosidic oxygen and donates a proton to the glycosidic oxygen in concert
with formation of the covalent intermediate with Glu537. The second mechanistic step of f-

galactosidase-catalyzed reaction involves the galactosyl transfer from nucleophile Glu537 to an
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Figure 9.1 Experimental crystallography structure of the S-galactosidase lacZ of E. coli (PDB code: 1JYN, chain A,
surface, purple) in complex with a lactose moiety (spheres, cyan) in the active site using PyMOL (A).
Visualization of the interactions between the lactose moiety and the f-galactosidase enzyme with PoseView (B).
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acceptor. During this degalactosylation step, a trigonal oxocarbenium ion as a transition state is
formed and stabilized by interactions between Glu537, Try503, and the galactosyl ring oxygen.
This transition state only forms in the presence of both incoming and leaving groups. The leaving
group (glucose or o-nitrophenyl) can be replaced by a water molecule (hydrolysis) or by another

acceptor substrate (transgalactosylation) (Matthews, 2005).

The elucidation of binding affinity, interactions and orientations of selected substrates in the -
galactosidase’s active site can contribute to the understanding of its transgalactosylation
efficiency and to the identification of a more suitable substrate for the effective production of
galactosylated amino acid/peptide/protein derivatives. Only limited studies (Attal et al., 1992;
Bay et al., 1993; Becker & Kuhl, 1999; Cantacuzene & Attal, 1991; Holla et al., 1992; Johansson
et al., 1991; Layer & Fischer, 2006) have investigated the galactosylation of amino
acid/peptide/protein by f-galactosidase. Structure-based computational methods, such as
molecular docking, have been demonstrated to be useful in calculating the position and the
orientation of a potential substrate in a binding site of an enzyme (Honarparvar et al., 2014).
Most of the docking programs use empirical potential energy functions to calculate the binding
energies of enzyme-substrate complexes, which involve Van-der-Waals, Coulomb electrostatic

interactions, and hydrogen bonds.

In the present study, a commercially available f-galactosidase from Escherichia coli was used as
biocatalyst for the transgalactosylation of a protected serine in the presence and in the absence of
organic solvents, such as heptanone and heptane. The synthesis of galactosylated
serine/threonine derivatives through f-galactosidase-catalyzed transgalactosylation reaction were
investigated using the most suitable solvent. Molecular docking simulations were explored as a
structure-based computational tool to provide the structural basis of the enzyme's selectivity and
to compare the relative binding affinities of enzyme towards different serine/threonine

derivatives.

9.3. Materials and Methods

9.3.1. Materials

The enzyme, E .coli f-galactosidase, lactose, ortho-nitrophenyl-f-galactoside (ONPG), the serine
and threonine derivatives and other chemicals were purchased from Sigma Chemical Co.

(St-Louis, MO, USA).
195



9.3.2. Enzymatic Transgalactosylation

Prior to each enzymatic reaction, stock solutions of lactose or ONPG and N-carboxy-benzyl-
serine methyl ester (N-Z-Ser-OMe) were prepared in 50 mM sodium phosphate buffer pH 7.8
with 2 mM magnesium chloride. These stocks solutions were mixed with the appropriate amount
of heptane and heptanone to achieve substrate molar ratios of 1:3, 1:3, 3:1, 9:1 (1 = 50 umol) in
heptane:buffer and heptanone:buffer (70:30) reaction mixture media. To initiate the reaction, f-
galactosidase (80 U/ml) was added to the reaction mixture. All reactions were performed in an
incubator at 40°C and with continuous shaking at 200 rpm. Trangalactosylation reactions were
run in duplicate alongside controls containing no enzyme, and were monitored at specific time
intervals over the course of 24 h of reaction. Aliquots of reaction mixtures were dried off under
vacuum, using an Automatic Environmental Speed Vac system (Savant Instruments Inc.,

Holbrook, NY).

9.3.3. Acceptors Specificity

The acceptor specificity of E .coli f-galactosidase was investigated using serine and threonine
derivatives as acceptors including N-fert-butoxy-carbonyl L-serine methyl ester (N-Boc-Ser-
OMe), N-tert-butoxy-carbonyl L-serine (N-Boc-Ser-OH), Fluorenyl-methyloxy-carbonyl L-
serine (N-Fmoc-Ser-OH), N-carboxy-benzyl L-threonine methyl ester (N-Z-Thr-OMe), N-
carboxy-benzyloxy L-threonine (N-Z-Thr-OH), N-tert-butoxy-carbonyl L-serine benzyl ester (V-
Boc-Ser-OBzl), N-carboxy-benzyl L-serine benzyl ester (N-Z-Ser-OBzl), and serine-glutamic
acid (Ser-Glu). The transgalactosylation reactions were run as described previously using a

substrate molar ratio of 1:3 in heptane: sodium phosphate buffer reaction mixture (70:30).

9.3.4. Analytical Methods

The quantification of galactosylated serine/threonine derivatives was performed using a Waters
HPLC system (Milford, MA, USA) equipped with TSK Gel-Amide 80 column (4.6 mm X 250
mm, 5 um particle size, TOSOH Bioscience LLC, Montgomeryville, PA, USA) equipped with
UV diode-array detector (Model 2998) and refractive index detector (Model 410). The elution of
the reaction mixture was conducted with acetonitrile:water mobile phase (82:18) at a flow rate of
0.7 ml/min. Amount of galactosylated serine/threonine derivatives was estimated using Breeze
software. Yield (%) was calculated as the amount of galactosylated serine/threonine derivatives

over the initial amount of acceptors, multiplied by 100.
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Accurate mass measurements and MS/MS analyses for the identification of produced
transgalactosylated serine/threonine derivatives were performed using a Synapt G2-S instrument
(Waters) in positive and in negative electrospray and resolution mode. MS/MS spectra were

acquired on defined masses with a 30V collision energy.

9.3.5. Computational Analysis

The experimental structure of f-galactosidase from E. coli in complex with a lactose moiety
(PBD ID: 1JYN) or a galactose moiety (PDB ID: 1JZ7, resolution 1.5 A) (Juers et al., 2001)
were used as model for Fig. 9.1 and for the docking simulations, respectively. Autodock Vina
search method, which consists of a genetic algorithm combined with local gradient optimization
(Trott & Olson, 2010), was used to generate 20 different binding modes (docked poses) for each
ligand with a grid box of 25 x 25 x25 A? positioned at the active site of the enzyme. A geometric
criterion was used, i.e., the OH group of amino acid close to 1’-OH of the galactose moiety to
form the linkage during the transgalactosylation. Then the most favorable binding modes
according to predicted binding affinities were selected and analyzed. Visualization of the 3D
enzyme/substrates complexes were made using PyYMOL (The PyMOL Molecular Visualization
System, Version 1.6, Shrodinger, LLC, Portland, OR). The 2D complex diagram was produced
by PoseView webserver (Stierand et al., 2006).

9.4. Results and Discussion

9.4.1. Effect of Selected Reaction Media on the Transgalactosylation of Serine Derivative

The transgalactosylation of N-Z-Ser-OMe by E.coli f-galactosidase using lactose or ONPG as
donor substrate was carried out in buffer and in selected two biphasic reaction systems (Table
9.1). Heptane (Log P of 4.27) and heptanone (Log P of 1.98) with different hydrophobicity were
used as co-solvent to form the biphasic reaction systems. In order to reduce the water activity,
70% of organic solvent was used. Higher yields of transgalactosylated N-Z-Ser-OMe were
obtained when using ONPG as donor compared to lactose. These results may reveal the high
substrate affinity of E.coli f-galactosidase towards the ONPG, which may have released more
energy upon its cleavage, leading to a more efficient transfer of the galactose to the acceptor.
Using ONPG as donor, the highest yield of transgalactosylated N-Z-Ser-OMe (23.2%) was
achieved in heptane:buffer reaction system, whereas with the lactose, the highest yield (3.94%)
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Table 9.1 Transgalactosylation of N-Z-Ser-OMe in aqueous and in aqueous-organic solvent
reaction systems using different substrate ratios

Bioconversion yield (%)

Ratio of Reaction time Reaction media
. Sugar
sugar to serine (h) Buffer Heptane:buffer =~ Heptanone:buffer
(70:30) (70:30)
5 <0.01 2.01 (£0.47) 0.13 (£ 0.12)
ONPG 12 0.26 (£0.07) 042 (£0.11) <0.01
11 24 <0.01 <0.01 <0.01
' 5 3.94(£0.80) 0.04 (£0.02) 0.16 (£ 0.05)
Lactose 12 0.47 (£ 0.16) <0.01 0.07 (= 0.00)
24 0.02 (= 0.01) <0.01 <0.01
5 <0.01 3.86 (+0.00) <0.01
ONPG 12 <0.01 23.19 (£2.53) <0.01
13 24 <0.01 19.24 (= 0.79) <0.01
' 5 <0.01 0.08 (£ 0.00) <0.01
Lactose 12 <0.01 0.56 (= 0.20) <0.01
24 0.05 (£ 0.03) <0.01 <0.01
5 <0.01 3.75 (£ 0.50) 0.24 (£ 0.04)
ONPG 12 <0.01 2.90 (£ 0.10) 0.01 (£ 0.00)
31 24 <0.01 <0.01 <0.01
' 5 <0.01 0.03 (£ 0.00) 0.01 (£ 0.00)
Lactose 12 <0.01 <0.01 <0.01
24 <0.01 <0.01 <0.01
5 <0.01 0.92 (£ 0.05) 0.02 (£ 0.00)
ONPG 12 <0.01 <0.01 <0.01
9:1 24 <0.01 0.83 (£ 0.04) <0.01
’ 5 0.17 (£0.10)  0.29 (£0.05) <0.01
Lactose 12 0.12 (= 0.08) <0.01 <0.01
24 0.01 (£0.01) <0.01 <0.01
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was obtained in the buffer reaction system. These results may be attributed to the higher
solubility of ONPG in the biphasic reaction system as compared to the aqueous reaction media.
The lower yields of transgalactosylated serine derivative obtained using lactose as donor in
biphasic reaction system (< 0.01-0.56%) are likely due to the limited solubility of lactose in
these reaction media. The higher yields of transgalactosylated N-Z-Ser-OMe obtained with
ONPG were also reported by other authors (Becker & Kuhl, 1999). Table 9.1 also shows that the
yield of the transgalactosylated products was dependent on the type of organic solvent. As
compared to heptane, the use of heptanone, denoted by its lower Log P value as a co-solvent,
resulted in very low yields (< 0.01-0.24%) indicating its detrimental effect on the enzyme’s
transgalactosylating activity. These results are attributed to the fact that the hydrophilic solvents
have higher tendency to strip off the water from the surface of the enzyme, which is essential for
its catalytic activity (Klibanov, 1989; Yang et al., 2004). The effect of substrate-solvent
interactions on the availability of substrate to the enzyme may also explain the results of the

transgalactosylation yields.

The use of an excess of carbohydrate donor (ONPG or lactose) at molar ratios of 3:1 and 9:1
resulted in a decrease in the yield of transgalactosylated N-Z-Ser-OMe and in the formation of
galactooligosaccharides (data not shown). Such results may be due to the high competition of
galactose in excess to bind to both subsites of E. coli f-galactosidase, affecting the binding of the
N-Z-Ser-OMe acceptor. The molar ratio of carbohydrate to serine derivative of 1:3 led to higher
yields. The excess of serine derivative seems to favor kinetically the transgalactosylation
reaction over the hydrolytic one. Similarly, Holla et al. (1992) have reported relatively high
yields (4.00-39.00%) of transgalactosylated products when using 2 to 3.5 fold higher
concentration of serine derivatives than ONPG. In contrast, Becker and Kuhl (1999) have
obtained higher yields in the presence of higher concentration of carbohydrates and attributed

these results to their protective effect on the enzyme in the presence of organic solvents.

9.4.2. Transgalactosylation of Selected Serine/Threonine Derivatives

It has been demonstrated that the selection of the amino blocking group is important for the
improvement of the yield of transgalactosylated amino acid derivatives (Holla et al., 1992).
Selected serine/threonine derivatives with different protecting groups were investigated as

acceptors and their effects on the transgalactosylating efficiency of E. coli f-galactosidase were
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assessed using ONPG (Fig. 9.2A) or lactose (Fig. 9.2B) as substrate donor. The identified
optimal reaction conditions, including heptane:buffer mixture (70:30) and 1:3 sugar to serine
derivative molar ratio, were used. Compared to N-Z-Ser-OMe (23.2%, Table 9.1), the
transgalactosylation of the investigated serine/threonine derivatives exhibited lower yields. The
use of N-Boc-Ser-OMe as acceptor resulted in the highest yields with both ONPG (6.77%) and
lactose (6.51%) donors. Contrary to our results, Cantacuzene & Attal (1991) have reported lower
yield for the transgalactosylation of N-Z-Ser-OMe (9.00%) by f-galactosidase, but higher one
with N-Boc-Ser-OMe (15.00%). These differences are probably due to the low solubility of N-Z-
Ser-OMe in the aqueous reaction system used by Cantacuzene & Attal (1991). The results also
show that N-Fmoc-Ser-OH led to the second highest yield of transgalactosylated serine
derivatives, but only using ONPG as donor (5.62%, Fig. 9.2A). Both threonine derivatives with
the same carboxy-benzyl (Z) amino blocking group, N-Z-Thr-OMe, and N-Z-Thr-OH, gave
comparable yields of 3.70% and of 3.38%, respectively; however, the high transgalactosylation
yields could only be obtained when using ONPG as donor for N-Z-Thr-OMe and only using
lactose as donor for N-Z-Thr-OH. These results may be due to the differences in the
hydrophobicity between the two threonine derivatives. N-Z-Thr-OMe being more soluble in the
organic phase, its transgalactosylation was more favored in the presence of hydrophobic ONPG
and the opposite for N-Z-Thr-OH. The results also indicate the low reactivity of threonine
derivatives as compared to the serine ones. The produced transgalactosylated products, S-D-
galactopyranosyl-L-serine/threonine derivatives, can also be hydrolysed by E. coli p-
galactosidase. Therefore, the yields obtained reflect a balance between the formation and the
hydrolysis of these products. This is demonstrated in our results by the decrease in the

bioconversion yields within the investigated time course.

No transgalactosylated products were obtained in the reaction containing a dipeptide Ser-Glu
with no protection groups. This result indicates the importance of protecting groups in the
transgalactosylation reaction-catalyzed by E. coli f-galactosidase as emphasized by others
(Cantacuzene & Attal, 1991; Cantacuzene et al., 1991; Holla et al., 1992). In addition, the
significant difference between the yields obtained using acceptors with the same N-protecting
groups suggests that the C-protecting groups may play an important role in the
transgalactosylation of the acceptor. Indeed, the acceptors with the same N-Boc protecting

groups had significantly different yields depending on the C-protecting group: 1.07% (-OH,
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lactose), 0.82% (-OBzl, ONPG), and 6.77% (-OMe, ONPG). The acceptors with the same N-Z
protecting groups also had significantly different yields depending on the C-protecting group:
3.37% (-OBzl, ONPG), and 23.19% (-OMe, ONPG). This difference in bioconversion yields
might be due to the relatively bigger size of the -OBzl protecting group of the serine derivative
that limits the access to the active site, as compared to the derivative with -OMe group. The
maximum yields also differed depending on the donor substrates, ONPG or lactose, suggesting
the significant effects of acceptor/donor interactions and of the substrate availability in the

enzyme’s microenvironment.

The reactions in which the acceptors gave higher bioconversion yields of transgalactosylated
products were analyzed by ESI/MS to confirm the product formation. Only stronger signals of
galactosylated product ions, galactosylated N-Fmoc-Ser-OH (Fig. 9.3A) and galactosylated N-
Boc-Ser-OMe (Fig. 9.3B), were fragmented in MS/MS-mode. The numerous fragmentation
reactions on the sugar moiety producing many ions at relatively low intensities can lead to
difficulty in the identification of the fragments (Mann & Jensen, 2003). The fragmentation
pattern mostly constituted of the ions with a complete loss of the sugar moiety from the serine
derivative. The galactosylated N-Fmoc-Ser-OH at m/z of 490.5 underwent fragmentation, leading
to abundant molecular acceptor ions [M-H] (324.1 m/z), galactose (179.1 m/z), and other
fragments. The galactosylated N-Boc-Ser-OMe at m/z 400.4 underwent fragmentation leading to
abundant molecular acceptor ions [M-H] (218.1 m/z), galactose (180.1 m/z), and unfragmented

product ions [M+CgH;005-H,O] (362.1 m/z) and other fragments.

9.4.3. Docking Simulations

In order to elucidate the possible orientation and the molecular binding of the acceptor substrates
to the second subsite of f-galactosidase from E. coli during the second mechanistic step of the
transgalactosylation reaction, molecular docking simulations were performed. The currently
available crystallographic complex of the covalent enzyme-substrate complex was not built with
galactose (2-F-a-D-glycosyl enzyme intermediate, 1JZ2, Juers et al., 2001). Therefore, the
available crystallographic structure of galactose-enzyme non-covalent complex (1JZ7, Juers et
al., 2001) was used as the enzyme model for the docking analysis. It has been reported that the

non-existence of covalent linkage between the donor sugar and f-galactosidase will not
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Figure 9.3 MS/MS spectra of fragmented transgalactosylated N-Fmoc-Ser-OH (A) and of fragmented transgalactosylated N-Boc-Ser-OMe (B).
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significantly change the position and the orientation of the sugar as compared to the covalent
enzyme-galactose intermediate (Bras et al., 2009). In addition, in the selected non-covalent
complex model, galactose binds to the enzyme in the deeper binding mode, which is required for

the hydrolysis and the transgalactosylation to occur subsequently.

As seen in Fig. 9.4, the interaction between the enzyme and the galactose moiety occurs mainly
via hydrogen bonds, with the equatorial OH groups of galactose. During the docking simulations,
each acceptor was positioned at the active site of the enzyme using twenty different orientations,
and special attention was given to the binding modes that led to the strongest affinities and to the
closest distances between the hydroxyl group of the acceptor and the 1'-OH of the galactose
moiety (Table 9.2). For instance, Fig. 9.5 depicts two of the three possible docking solutions of
N-Boc-Ser-OMe. Similarly to the leaving group of the natural substrate (Juers et al., 2001),
glucose moiety of lactose, it was observed that most acceptor substrates formed n-m stacking
interactions with Trp999 (Fig. 9.6). Other possible identified interactions include hydrogen
bonding with the surrounding residues such as the carboxylic acids of Glu487, and the amino

group of Lys517, and His418 (Fig. 9.6A).

The best identified docking solutions that can favor the synthesis of transgalactosylated product
were reported (Table 9.2) and correlated with the experimental transgalactosylation yields (Fig.
9.2). The overall results show that the binding affinities of the serine/threonine derivatives (-4.5
— -7.1 kcal/mol) in the second subsite of f-galactosidase were similar or stronger than those
reported for glucose (- 4.4 — - 5.1 kcal/mol) and galactose (-4.1 — 5.1 kcal/mol) as acceptors (data
not shown). This may be due to the larger size of serine/threonine derivatives leading to better
interactions with the amino acid residues found in the large acceptor binding site of the enzyme
as compared to the smaller monosaccharides. However, these binding affinities were weaker than
the experimental binding affinities of ONPG (-8.1 — -8.2 kcal/mol) at the degalactosylation step
(Huber et al., 1984; Huber et al., 2003; Martinez-Bilbao & Huber, 1994). This slightly weaker
binding affinity of E. coli f-galactosidase towards its acceptors may also reflect the importance
of the thermodynamic equilibrium between the transgalactosylation and hydrolysis reaction. If
the binding of the substrate at the subsite was both specific and tight, then the
transgalactosylation reaction would be kinetically predominant. Conversely, if the binding were

very weak, then the hydrolysis reaction would dominate (Matthews, 2005).
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Figure 9.4 3D presentation of a galactose moiety and its interactions with the residues at enzyme's active site in
deep binding mode
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Table 9.2 Predicted binding affinities of the acceptors and the distance between the
hydroxyl group of the serine/threonine derivatives and the 1'-OH of galactose moiety
predicted by docking calculations at a specific binding mode of the acceptor

Substrates (acceptors) Binding Modes Binding Affinity (kcal/mol) Distance (A)

1 -7.1 3.7

N-Fmoc-Ser-OH ) 63 )3
1 -6.2 3.1

2 -6.0 3.0

N-Boc-Ser-OBzI 3 -5.9 2.9
4 -5.7 3.1

5 -5.5 3.0

1 -7.0 3.0

N-Z-Ser-OBzl 2 -6.6 2.7
3 -6.6 2.8

N-Z-Ser-OMe 1 -4.9 3.1

1 -4.7 2.8

N-Boc-Ser-OMe 2 -4.6 32
3 -4.5 3.0

1 -5.7 2.7

N-Z-Thr-OMe ) 55 29
N-Z-Thr-OH 1 -5.7 3.6
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Figure 9.5 N-Boc-Ser-OMe acceptor substrate bound to fS-galactosidase according to two of the three possible
binding modes where carbon atoms are colored in green and cyan; galactose moiety (purple) and enzyme
(surface, white).
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Figure 9.6 S-galactosidase enzyme in complex with galactose moiety and N-Fmoc-Ser-OH (A) or N-Z-Thr-OH (B).
Enzyme is shown in cartoon presentation with the residues at the active site in sticks; galactose (sticks, green),
N-Fmoc-Ser-OH/N-Z-Thr-OH (ball and sticks, cyan) and hydrogen bonds (dashed lines, yellow).
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The results (Table 9.2) show that the binding mode (#1) identified for N-Fmoc-Ser-OH leading
to the highest binding affinity (-7.1 kcal/mol) did not allow its hydroxyl group to be closer (3.7
A) to the 1’-OH of the galactose moiety positioned in the first subsite. As compared to N-Fmoc-
Ser-OH, the binding mode (#1) of N-Boc-Ser-OMe exhibited low affinity (-4.7 kcal/mol), but it
favored the interaction between the hydroxyl group and the 1’-OH of the galactose, which were
closer (2.87 A). Indeed, closer distance values (<3.5 A) are expected to favor the formation of
the glycosidic linkage between the galactose moiety and the serine/threonine derivatives (Bras et
al., 2009). The docked solutions can explain the slightly lower experimental bioconversion yield
obtained with N-Fmoc-Ser-OH (5.63%) acceptor as compared to N-Boc-Ser-OMe (6.77%) (Fig.
9.2). However, N-Z-Ser-OBzI acceptor exhibited relatively higher binding affinities (-6.6 — -7.0
kcal/mol) and closer distances (2.7-3.0 A) at the best identified binding modes, but only
moderate transgalactosylation yield (3.37%) was obtained; these results can be explained by the
larger size of its C-protecting group, which may have sterically prevented its displacement into
the deeper part of the enzyme’s active site. Similarly, N-Boc-Ser-OBzl with the same C-
protecting group led to the lowest bioconversion yields (0.01-0.82%, Fig. 9.2), despite its high
binding affinities (-5.5 — -6.2 kcal/mol) and the closer distances between its hydroxyl group and
the 1'-OH of galactose moiety (2.9 — 3.1 A). As compared to N-Boc-Ser-OBzl, the maximum
transgalactosylation yields (6.51 and 6.77%) of the acceptor substrate N-Boc-Ser-OMe, with the
same N-protecting group but with a smaller C-protecting group, were higher although it
exhibited lower binding affinities (-4.5 — -4.7 kcal/mol). For the substrate N-Z-Thr-OH, the lack
of a protecting group at its carboxylic end led the latter to interact with the 1’-OH group of the
galactosyl moiety instead of the hydroxyl group of the threonine as shown in Fig. 9.6B.
However, the transgalactosylation yield of N-Z-Thr-OH using lactose as donor (3.38%) was
comparable to that of N-Z-Thr-OMe with the same N-protecting group, using ONPG (3.70%)
(Fig. 9.2). Only one binding mode (Table 9.2) was found for N-Z-Ser-OMe where its side chain
hydroxyl group was favorably placed in relation to the 1'-OH of the galactose moiety. As
compared to other serine/threonine derivatives, the lower binding affinity (-4.9 kcal/mol) and the
relatively higher estimated distance (3.1 A) for N-Z-Ser-OMe were not in accordance with its
higher transgalactosylation yield in heptane:buffer media (23.2%); however, no product
formation could be detected in aqueous media. These results demonstrate the importance of the

acceptors/solvent interactions and reveal the thermodynamically driven nature of the investigated
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transgalactosylation reaction. To better understand the effect of substrate/solvent interactions,
molecular dynamic simulations can be used. However, Bras et al. (2009) have demonstrated that
due to the lower selectivity of the second subsite of E. coli f-galactosidase and the lower binding
affinity of the acceptors in this subsite, the initial configurations of the acceptor molecules found
through docking are maintained during their molecular dynamics simulations. In contrast, using
molecular dynamic simulations, Pérez-Sanchez et al. (2011) have found a better orientation of
the substrate, N-acetylglucosamine, in the active site upon a favorable substrate-solvent
interaction although no differences in the protein flexibility and in the positioning of the active
site residues of E. coli f-galactosidase were found in glycerol-derived solvents as compared to

water.

9.5. Conclusion

The transgalactosylation of serine/threonine derivatives by S-galactosidase was dependent on the
stereochemical properties of acceptor/donor substrates and on the substrate/solvent interactions.
The molecular docking analyses have generated detailed structural information on the binding
modes of acceptor substrates. The correlations found between the docking solutions and the
experimental transgalactosylation yields revealed the important role of C/N-protecting groups of
serine/threonine derivatives in their transgalactosylations. The binding affinities of the acceptors
and the estimation of the distances between their hydroxyl group and the 1'-OH of the galactose
moiety also helped to identify the transgalactosylation reactions that were more
thermodynamically driven than kinetically. The overall findings can contribute to the
understanding of the mechanisms behind the selectivity of the transgalactosylating activity of f-
galactosidase ~ for its  better application for the enzymatic synthesis of

peptide/protein:carbohydrate conjugates.
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CHAPTER X

GENERAL SUMMARY AND CONCLUSIONS
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The focus of this research was the investigation of selected approaches for the production of
protein:carbohydrate conjugates with improved functional properties as potential multi-
functional food ingredients. Lysozyme (LZM) and patatin (PTT) were selected as protein
models. Despite the desirable bioactivities and functionalities of LZM (e.g. antimicrobial
activity, heat stability) and PTT (e.g. antioxidant, foaming, emulsifying, gelling, antiproliferative
activities), and their high nutritional quality, their applications as food protein ingredients are
limited by the low emulsifying properties of LZM, by the low solubility and stability of PTT, and
by the allergenicity of both proteins. The development of strategies, based on the Maillard
reaction and on the glycosidase-catalyzed reaction, for the carbohydrate conjugation of these

selected proteins to improve their functional properties is therefore of great interest.

The production of LZM:carbohydrate conjugates through Maillard reaction was successfully
achieved. As compared to galactose, limited conjugations of galactooligosaccharides (GOS) and
galactan to LZM, were obtained resulting in a narrow distribution of PTT:GOS/galactan
glycoforms (mono and diglycated LZM). The conjugation of LZM to galactose/GOS/galactan
improved its functional properties and decreased its immunoreactivity. These improvements are
of great importance for the technological use of LZM as functional food ingredient. The
optimization of the production of LZM:GOS conjugates was performed using RSM with CCD.
The protein: carbohydrate molar ratio was identified as the most significant independent variable
affecting importantly the percentage of blocked lysine, whereas the temperature was the most
significant parameter for the protein aggregation index. Among the variables, molar ratio and
incubation temperature showed the most significant interaction effect for both the percentage of
blocked lysine and the protein aggregation index. The produced LZM:GOS conjugates may
conceivably possess prebiotic activity and added functional properties as compared to other LZM

conjugates.

In regards to the conjugation of carbohydrates to PTT, important secondary and tertiary
structural changes were demonstrated upon the conjugation with GOS and with galactan. These
structural changes led to more heat stable forms of PTT than the unmodified protein. The
interaction of nearby amino acids of PTT with the attached galactan moieties resulted in high pH
stability of its tertiary structure. The changes in structures also increased the antioxidant activity

of PTT glycated with GOS or galactan. On the other hand, the high level of galactose
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conjugation to PTT and the increased exposure of hydrophobic residues led to a significant
increase in the emulsifying stability at pH 3. Contrary to galactose and GOS, the conjugation of
galactan to PTT resulted in a decrease in its immunoreactivity, and this lower level of
immunoreactivity was maintained after simulated gastric digestion, demonstrating the potential
of carbohydrate conjugation to lower the allergenicity of PTT. As an overall, the conjugation of
PTT with pentose-type carbohydrates led to more protein cross-linking, whereas the conjugation

of PTT with hexose-type carbohydrates led to higher levels of carbohydrate conjugation.

PTT:carbohydrate conjugates were effectively produced using selected Maillard reaction
inhibitors. In particular, sodium bisulfite (galactose, xylan), aminoguanidine (xylose,
xylooligosaccharides), and cysteine (galactooligosaccharides, galactan) were the inhibitors that
led to the highest glycation level of the conjugates, to lower proportions of extensive
polymerized species and to lower amounts of total unreacted dicarbonyls. The digestibilities of
PTT conjugates produced in the presence of inhibitors were also improved. The combined use of
cysteine and sodium bisulfite Maillard reaction inhibitors was investigated to maximize the
carbohydrate conjugation level of PTT:galactose/xylose conjugates and to minimize their protein
cross-linking. Understanding and exploring the synergistic interaction of cysteine and sodium
bisulfite helped to modulate the progress of the Maillard reaction. Indeed, both cysteine and
sodium sulfite acted synergistically at close to equal concentrations while exerting an adverse

effect when the presence of one inhibitor was greater than the other.

The production of galactosylated serine/threonine derivatives by Escherichia coli -galactosidase
was investigated, and the computational docking simulations provided detailed structural
information on the binding of the acceptor substrates. The transgalactosylation yield was
dependent on the substrates/solvent interactions, the acceptors' accessibility to the active site, the
binding affinities of the acceptors, and on their positioning in relation to the 1'-OH of the
galactose moiety. The correlations between the docking solutions and the experimental
transgalactosylation yields also helped to identify the transgalactosylation reactions that were

more thermodynamically driven than kinetically.

Taken together, the overall experimental findings will contribute to lay the scientific ground for
the production of protein:carbohydrate conjugates of potential applications as functional

ingredients and nutraceuticals.
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CHAPTER XI

CONTRIBUTION TO KNOWLEDGE AND RECOMMENDATION FOR
FUTURE STUDIES
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11.1. Contributions to Knowledge

The major contributions to knowledge of this study are:

1. This is the first study that investigated the production of LZM:GOS/galactan conjugates
and characterized their structural and functional properties. The produced conjugated
species were identified. The effect of carbohydrate length on the reaction rate and the

functional properties was discussed.

2. For the first time, the production of LZM:GOS conjugates was optimized through response
surface methodology. The most important variables affecting the glycation rate and the
protein cross-linking were identified. The optimum conditions were predicted through a

quadratic model and verified experimentally.

3. This is the first study that investigated the production of PTT:galactose/GOS/galactan

conjugates and characterized their structural and functional properties.

4. For the first time, the effectiveness of aminoguanidine, cysteine, sodium bisulfite, and
pyridoxamine was compared systematically for the production of Maillard reaction
conjugates. The effect of Maillard reaction inhibitors on the digestibility of the conjugates
was investigated. For the first time, the effect of carbohydrate type (pentose/hexose) and
length of carbohydrate (mono-, oligo-, polysaccharides) on the progress of the Maillard

reaction was investigated systematically.

5. The optimization of the production of Maillard reaction conjugates through RSM using
Maillard reaction inhibitors was performed. The important variables affecting the level of
conjugation and the level of protein cross-linking were identified. The optimum conditions

were predicted through a quadratic model and verified experimentally.

6. The effect of glycation and simulated gastric digestion on the immunoreactivity of PTT was

investigated for the first time.

7. This is the first study to have used molecular docking simulations to give a theoretical
explanation of the trangalactosylating selectivity of E. coli p-galactosidase towards

serine/threonine derivatives.
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This research work will contribute to the understandings of the complex mechanisms involved in
the production of protein:carbohydrate conjugates through the Maillard reaction and through
enzymatic glycosylation. The presented study is expected to serve as a model for a better
application of these two strategies for the effective production of protein:carbohydrate

conjugates with improved functional properties.

11.2. Recommendations for Future Research

The biological properties of these produced conjugates should be investigated. In particular, it
has been suggested that these conjugates might have the increased resistance to digestion to
reach the distal region of the colon (colonic persistence) and therefore could deliver the prebiotic
oligosaccharides more effectively. This colonic persistence and the prebiotic activity of these

conjugates should be investigated.

The production of protein:carbohydrate conjugates at the industrial level should also be

investigated, and optimized.
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