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ABSTRACT

Lipid transfer proteins (LP9 are a class of low molecular weight hydrophobic conserved proteins
comprising four intramolecular disulphide bonds making the structure very resistant to proteolysis
and harsh food processing conditions. These proteins are identified as strong allenggizéng

through the gut and share epitopes with LTPs from closely related species. Peach LTP, Pru p 3 is
the primary sensitizer in the Mediterranean area being the most frequent food allergen. Wheat LTP,
Tri a 14 is a relatively weak allergen with a ydow prevalence. The study here compares the
structural properties of these proteins and their resistance to various digestive and processing
processes. Ligand binding experiments showed that Pru p 3 binds to ligands more strongly than Tri
a 14. The gasbduodenal digestion of these LTPs revealed that both are stable to gastric digestion
and while Pru p 3 is susceptible to duodenal digestion, Tri a 14 digestion is negligible. Ligand
binding did not affect the digestibility of Pru p 3 but improved the doalddigestibility of Tri a 14.

The IgE binding studies using sera from peach allergic individuals confirmed that both Pru p 3 and

its digestion fragments in the presence and absence of ligand were IgE reactive.

Model processing conditions were employedraat these LTPs. It was found that heat treatment

destroys the secondary structure of Pru p 3 at 121°C and slightly affects that of Tri a 14. Heat
treatment also increased the susceptibility of Pru p 3 to gastric digestion while Tri a 14 was less
affected. The IgE binding studies showed that heat treatment of Pru p 3 appeared to reduce its IgE

recognition while its digestion fragments lost all of their IgE reactivity.

To investigate the effect of the food matrix on the digestibility of these LTPs, peacbgmtaining

Pru p 3 and wheat flour containing Tri a 14 were digested under simulated conditions. It was found
that they were resistant to proteolysis in their native matrices. Effect of heat treatment to the food
matrix again confirmed that both of #eproteins were more stable to heat in the matrix and were

less digestible.

In conclusion, this study shows that there are factors in food matrices which enhance structural
stability of LTPs to both processing and digestion. Thus factors such as theoéfieaed matrix
and effect of processing should be taken into account in assessing the allergenic risk posed by foods

and not simply rely on data from purified proteins.
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1 Introduction

The immune system protects higher organisms against the harmful substateesnvirmment,
invaders such as microbial pathogens, and defective cells such as tumour cells. A healthy immune
system is intelligent and can identify the di
this through layers of systems. The first linetbése is the physical barrier between an organism
and the environment such as the stratum corneum of skin and mucus layer lining epithelial surfaces
of the gastrointestinal, respiratory and urogenital tracts. The immune system is constantly surveying
the eavironment across this barrier through adaptive immune responses which categgresic
response for enviromental agents. In most cases, this removes or inactivates the harmful agents
and remains functional af t er uwn@rr SUch adgapticevespbrisesg a
are complemented by innate immunity provided by, for example many kinds of antimicrobial
peptides called defensins generated by the human body in response to attack by infectious
organisms that restrict the activity and/opogth of micreorganisms(Yang et al., 1999 Other
mechanisms include phagocytosis, the process of engulimgsolid particles by macrophages
which enzymatically hydrolyze them, and complement, a system of small inactive zymogens
circulating in blood that triggers the activation of proteases in the system and leads to release of
cytokines(Aderem and Underhill, 1999

~

Il n some cases, the i mmune system | oses its i
like foods or a component of them, as a harmful invader. In this way, the body initiates a series of
response$o remove this component which is not necessary, which can initiate as adverse reaction
to food of one type which has been termed as hypersensitivity redbwscotes and Choquet
Kastylevsky, 200). During the 1920s, t h®ocatamdrCookefil®R80 py 0
define an abnormal response associated with immediate type skin reactions like wheal and flare,
which rapidly occur in individuals within minutes or hours after exposure to the trigger factor.
Clinically this type of reaton was defined for hay fever, which is characterized by symptoms like
sneezing, runny nose and itching following exposure to environmental factors like pollen or dust. It
can also be accompanied by bronchial asthma, a condition involving constrictiorflamination

of the lining of airways, as well as excessive mucus production. On further investigation, Coca and
Grove (Coca and Grove, 1925 eported some heat |l abil e compo
which were responsible for atopy, but they were unsure whether reagins were produced as result of
immunological stimulation. In the flewing decades, the conditions such as asthma, hay fever,

atopic dermatitis (inflammation of skin), perennial rhinitis (irritation and inflammation of the nasal

1



passage) and food allergy became closely associated, and it was found that levels of atiigen sp

immunoglobulin E (IgE) were increased in these condit{dokansson et al., 2001

SubsequentlyCoombs and Gel(1969 proposed a classification of adverse reactions into four
types, known as type I, type I, type Il and type IV, based on the exposure to drugs but which could

also be used for other conditions including allergies.

Type | reactions are acute (i.e immedjatoccurring with minutes of exposure to a trigger. They
share common clinical features, manifested mainly as urticaria and angioedema, along with cardio
respiratory shock (anaphylaxis), asthma, rhinitis or conjunctivitis. Individuals previously sehsitize
have a state in which mast cells and basophils are rich in IgE bound to high affinity receptor located
on the cell surface. On exposure to a multivalent antigen, these IgE molecules are cross linked by
antigen which triggers degranulation of the masiscahd basophils and release of the mediators.
The symptoms result from action of mediators like vastive amines, such as histamine, released
from mast cells and basophils. This is followed by synthesis of secondary mediators like
thromboxanes, prostagidins and leukotrienes.

In contrast, type Il reactions are delayed in nature and involve cytotoxic antiedigted (IgM,
IgG) reactions and can proceed via two different mechanisms. Firstly, macrophages, neutrophils
and eosinophils can directly attaek antigen by homing in on antigeound IgM and IgG.
Another mechanism involves activation of the complement classical pathway, where hydrolases
cause cell lysis. Commonly, such reactions include haemolytic anaemia, granulocytopenia and

thrombocytopeniarad may occur in hours or even days after exposure to a trigger.

Type 1l reactions involve tissue injury caused by the soluble immune complexes of antigens
formed with specific IgG and in some cases, insoluble immune complexes formed with specific
IgM. When exposed to an abundant mass of antigen, a soluble alg@eaomplex is formed. In

normal functioning, these complexes are removed by liver. However, if they are not destroyed in
the liver, they are carried by the circulation into body tissues sukim@sjoints, kidneys and skin,

where they become deposited and cause inflammatory reactions. The resulting lesions contain

neutrophils, the immune complex and some complement compounds like C3a, C4a and Cb5a.

The type IV reaction is another delayed raactibut involves cellular, rather than antibody
reactions. Contact dermatitis and urticaria are good examples of this type of adverse reaction.
Environmental factors like drugs, cosmetics and other chemicals are involved. Usually, symptoms

may appear withid to 8 hours of exposure but may take up to 2 to 14 days to appear.



Whilst the Gell and Coombs classification has been important in helping to define different types of
allergy, it has some limitations. For example allergic reactions to drugs do not fthis
classification, one reaction may involve more than one mechanism, and one drug may induce

several hypersensitivity reactions via several mecha(ssicalfe et al., 2008

In 1968, WHO announced the fifth immunoglobulin IgE, which was proposed in the same decade to
be respnsible for the classic reaginic activity first described by Coca and Qaa and Cooke,

1923. Later on, the term fAat op(19¢H refdrrihgetmegnpatant w a s
all ergens only. The t er rinefha ltypesénsitvity reactionsithat afre e i n
IgE mediated.

In more recent timeglohanssonetal.,,2001 t he term fihypersensitivi
reaction(s) initiated by exposure to a defined stimulus at a dose tolerant to a healthy person, in an
individual whose symptoms are reproducible. It encompasses both immunological and non
immunologicalreactions but excludes infections, autoimmune and toxic reactions. The definition
also excludes drug and multiple chemical sensitivities, reactions to amalgam, electromagnetic
waves and other physical factors. Allergic hypersensitivity is the reactioedbantially involves

an immunological mechanism (including cell mediated reactions such as celiac disease and IgE
mediated reactions) while nailergic hypersensitivity has no proven immunological mechanism
and includes conditions such as lactose inamlee, a condition caused by a lack of the enzyme

lactase required to digest this su@fishansson et al., @Q).

According to the classification of food allergy, it is divided into two types depending upon the
mechanism involved in the clinical expression
adverse food reaction mediated by IgE. This isnamediate type reaction commonly expressed as
gastrointestinal hypersensitivity, oral allergy syndrome, acute urticaria, angioedema, allergic
rhinitis, asthma and anaphylaxis. The second type of allergy is-lgBamediatd allergy mediated

by T-cells, esinophils and IgG. Major clinical expressions are coeliac disease, dermatitis

herpetiformis and dietary proteinduced enterocolitifMetcalfe et al., 2008

1.1 Food allergy

Food allergy is major health problem in western countries with increasing prevalence with time

(Sicherer et al., 2003Many food allerges are glycoproteins in nature ranging®kDa molecular

weight with high abundance in foods and possessing multiple epitopes f(Bdg&on, 2005 The

clinical symptoms developed depend upon various factors like the characteristics of the allergen,
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and the level of exposure. Similarly the food matrix and whether an allergen was ingested alone or
in combination with other foods may all affect the absorption of allergen which in turn plays an
important role in developing reaction. Other factors inclgdalcoholic beverages, aspirin or

exercise also affect clinical presentat{@sero et al., 2007

Historically, eight foods were described as being responsible for more than 90% of allergic
disorders all over the world. These foods are soy, egg, milk, wheat, peanut, tree nut, fish and
shellfish, although other food groups like fruits and vegetables alBo been recognized to cause
allergy (Bush and Hefle, 1996 Atopic diseases especially respiratory allergies are being raised in
mary developed countries including UK and USA. Food allergy is more prevalent in children than
adults affecting @% in UK and USA. A general pattern of food allergy around the globe is given

in Fig. 1.1. In general, the prevalence of food allergy among gesnike US, Canada, UK,
Australia, New Zealand, rest of Europe including Scandinavian and Mediterranean countries, Japan,
Korea and China has been reported from as low-2% o as high as 10% ohe population
studied. The selfeported food allergy wa12% in children while 13% in adults. On the basis of
testing including double blind placebo controlled food challenge (DBPCFC) and positive history,
the prevalence was found to be 8%icherer, 201)L Among various foods, prevalence of allergy to
peanut (0.75%), milk (0:8.5%), egg (0.4%), fish (0.20.6%) and shellfish (0-&.1%) is reported
(Sicherer, 2011Rona et al., 2007
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Fig. 1.1: Ritterrs of food allergy in developed countries of different continents of world
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Cowdbs mil k allergy is predominantly found in
them develop tolerance by the age of fi{&hek et al., 2004 The main milk allergen is theative
mi |l k protein casein. Many cowsd6 mil k allergic
only, amino acid formula is hypo allergenic. The symptoms are the same for all foods as a rule.
Allergy to egg is also found frequently in children liké milk allergy, they can usually tolerate it

by 3-5 years of age. Soybean allergy is found in early childhood and is due to the soy proteins as
individuals usually tolerate soya oil and lecitlontaining foods. Allergy to peanuts is a most
common akrgy found in western populations, especially North America whilst other nut allergies,
such as hazelnut, are found in Europe. Allergy to fish aetifish is observed especially iAsia
(Rosenlund et al., 20)1Since the subject of this thesis is comparison of allergens from fruit
(peach) and cerealwlieat), these will be described in more detail.

1.1.1 Fruit allergy

The main reason for fruit being allemc is the presence of immunologically active proteins either
homologous to pollen allergenehich result incrossreactivity such as in Central and Noetm

Europe or resistane to proteolysis sensitizing througthe gastrointestinal tract. The labil
allergens such as those crosactive to Bet v 1 and Bet v 2 sensitize through oral mucosa or
through respiratory tract. Allergy to fruit may be due to primary sensitization to the food itself or as
a result of prior sensitization to pollen or latex. The major allergic reactionsiits frave been
reported as a condition known as oral allergy syndrome (OAS), sometimes associated with asthma,
wheezing and rhinitis, eczema being a less widely reported symiRosenlund et al., 2011

Major allergenic fruit include Rosaceae species, such as apple, pear, stone fruits such as peach anc
plum, together with kiwi(Fernande®Rivas et al., 2008 The pattern ofruit allergy varies within

Europe shows regional variation. For example, in Northern and aCdfirope, fruit allergy is

largely associated with birch, alder and hazel pollen allergy, and gives rise to mild symptoms and
has been termed class Il allerffyriksson et al., 198Zbner et al., 199%0rtolani et al., 2000

Several Rosaceae fruits such as apple are examples ofdbseactivity asthey failed to inhibit

birch extractwith a serum pool of patients allergic to appléis exlains thabirch allergensvere

primary sensitizer while elicitation occurred with apple allergemdersen et al., 2009In Westen
Mediterranean areas such&zain, sensitization to birch pollen is absent due to a lack of birch trees
and fruit allergy is more severe. It appears to result primarily from sensitization to peach itself, and
herce termed class | allergy. However, an association with pollen from mugwort and plane trees has

also been note@Andersen et al., 2009



1.1.2 Cereal allergy

The top most consumed cereaistihe world are wheat, rice and maize with wheat being the most
important. Two major types of Igiediated allergies to wheat lealdeen described, one known as
bakesbasthma, the other whedéependant exercise inded anaphylaxis (WDEIA). Bak&rasthma

is an occupational allergy associated with inhalation of wheat flour, especially in wheat milling
factories and bakeries where flour is abundant in the air asThhesprevalence of wheat allergy in
Europe and United States is reported as low a®.0% in adults while 0.41.3% in children as
determined by questionnaires filled by the population under study while another study reported it as
high as 0.44% in adults as determined by nspecific IgE binding to whedMorita et al., 2012

Maize allergy is not a very common allergy and is due to the presence of LTP which is cross
reactive to peaclh. TP (Venter et al., 2008 Rice allergy is common in Eastern Agiauvarna,

2008 and is due to the presence of albumins rangind 4 k Da bel onging to
amylase and trypsin inhibito(3suiji et al., 2001

1.1.3 Immunological basis of food allergy

The allergic response is considered to be a result of priming of the immune system resulting in
sensitization where in most cases of healthy individuals the response is suppressed by the
mechanism of oral tolerance. Tlalergic responseccurs when materlymphocyes in lymphoid

tissues either dse their function or become hyporesponsive. Tolerance is achieved by
administration of allergen through oral rowttaere this allergemains access rapidly to mucosal

and systemic lymphoid tissues. Intestinal legial cellsalsoplay a very important role in induction

of tolerance. In case of dendritic cells, the tolerance is achieved at a stage where these cells present
soluble antigen but minimal CD80 and CD86 which are required for allergic res{®srs@son,

2003 Chehade and Mayer, 20039ndividuals who loose their tolerance to certain foods become
allergic, a process which can be divided into two phases; the sensitization phase and the elicitation

phase.

1.1.3.1 Factors affecting antigenic response

According to Strobl (Strobel and Mowat, 1998the antigenic response is dependant upon various
factors affecting the direction of antigen processing either towards an allergic reaction or induction

of tolerance.



Nature of antigenThe nature of the antigen plays a very important role in development of antigenic
responses. It was observé8un et al., 1994that thymus dependant solabhntigens, when
administered through oral route follow the tolerance mechanism rhieantigenic mechanism.
Similarly, particulate or replicating antigens suchEagoli often induce active immunity and are
less tolerant because of their preferentiptake by Mcells and subsequent antigen processing
(Pierre et al., 1992

Dose of antigenit was observed that the frequency and size of dose plays a very important role in
generating tolerance with varying effects on the individual immune components. Single
administration of antigen at higher doses suppresses tolerance aoésiradlergic responses while
multiple administrations of small doses generally induce tolergi@aside et la 19995.
Continuous administration through physiological routes like drinking water leads to profound
induction of tolerance. The absorption of an intact form of an allergen or the fragments containing a
B- or T-cell epitope is a key factor affectirige allergy/ tolerance of the fod#lelamed et al.,

1996.

Genetic BackgroundStudies using mase models clearly demonstrate that antigenic responses are
also dependant on the genetic background of the individual as some strains tolerate a number of
antigens while some noffhe clearance of antigen from blood circulation is also influenced by
genetic structure of individual and hence, affects the éegfréolerancg€Strobel and Mowat, 1998

Stokes et al., 1983

Host Maturity: The age of the susceptible individual is a common factor observediengic
population. For example, it is observed that prevalence of allergy to some foods like milk, and egg
is greater in children than adults.

1.1.3.2 Sensitization

The first phaseof allergic reaction is called sensitization which the host produces an imnau
response to an invader or environmental agaoh as allergen. The allergsrengulfed by antigen
presenting cells like dendritic cellnd macrophaged$ound after crossing the epithelial barrier.
There are various routes through which antigen caaranto the body. This may be through
inhalation, skin contact or ingestion. The dendritic cells found in the epithelial surfaces (respiratory,
gastrointestinal tract or skin) engulf theadlergenic proteinsand process time into smaller

peptides These pptides are then presented tadlls which is polarized to interleukin producing



Th2-cells These interleukins are then recognized bgeBs which then produce IgE circulated

through blood and surfaced bound to mast cells (Fig. 1.2).
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Fig. 1.2: Sensigation to allergensuch as those from peacbsult in production of mast
cells with allergen specific Iggound on theell surface.

Another wayof encountering these allergens to immune systeim tise gut through the Mells,
located in spcialized structures known as RexGs patches that deliver antigen to underlying
dendritic cells. These antigens may also encourissll§, or macrophages in the lamina propria or
may go to the circulation and hence be available to interact with the immune $¢$tehade and
Mayer, 200%. The major events in this allergsensitizatiorphase are antigen presentatiorgell

polarization and Bell maturation to produce allergen specific IgE.

1.1.3.2.1 Antigen presentation

A heterologous group of cslpresent at peripheral tissues that are in contact with the environment,
like the gut mucosa and skin dendritic cells, comprise ab@&b bf the total population of the cells

in tissue. They are produced in an immature and inactive state in bone marrogvthey are
exposed to an antigen, they mature and are deposited to the peripheral tissues. During maturation,
they adopt a shape of branched projections, and hence are named as dendritic cells (dendrite being
the latin for branchjBanchereau and Steinman, 1998hey can take up and process antigen and

play a key role in activating anmblarising FCell response.

The process by which antigens are takerangprocessed by a group of cells including dendritic
cells, macrophages and®lls, is termed antigen presentation. Dendritic cells are known to capture
pathogens, infected cells, dkeells or their products or any other foreign matter to undergo antigen
presentation. Initially, these cells engulf the materials to form an intracellular vacuole after which
they are fused with endoplasmic reticulum and processed in the endosomal cwnpart

Endosomal proteases hydrolyze these proteins and fragment them into smaller peptides which are
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then become bound to the MHC class Il (majorhistocompatibility complex class 1) molecules.
These then present them on the cell surface from where thegcagmized by flymphocytes via
T-cell receptors located on CD4+ helperi @ells which are activated as a consequence of this

complexation. A graphic representation of antigen presentation is given in Fig. 1.3.
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Fig. 1.3: Antigen presentation by a daftidrcell. The phagosome is fused with endoplasmic
reticulum containing which then process antigen with its antigen presenting machinery and express
them at cell surface through MHRock, 2003.

1.1.3.2.2 T-cell polarization

A type of white blood cell T-cells are an essential component dhe immune system and
contributes to cellmediated immunity. They can be classified into different types. Thus, helper T
cells secrete cytokines and possess CD4 receptors on their surface, cytatetsctiat destroy for
example infected cells and possess CD8 receptors at their swfaitss memory Fcells persist

after infections have cleared and proliferate rapidly following repeated exposure of the original
stimulating antigen. Memory-€ells possess either CD4 or CD8 receptors. Other classes include
regulatory and suppressofcEls that manage immune responses and are characterized by CD4 and

CD25 receptors, whilst natural killer cells recognise glycolipids.

The activation of Tcells depensl upon their binding via the-@ell receptor to a short antigen

derived peptide presented the MHC class Il molecules on a partner cell like a dendritic cell or a
9



B-Cell. The CD8 receptor binds shorter peptide® @&mino acids in length while CD4 recognise
longer peptides. The stimulation ofcEll activation occurs by CD28 on its surface wiliiteco
stimulation is based upon recognition of CD80 and CD86 present on the dendritic cell. They
produce specific cytokines and in allergic individuals the expression pattern is skewed-& a Th
phenotype mostly interleukif (IL-4), IL-5 and I-:13. In aldition to antigen specific signals
presented by MHC class I, thecEll polarization is thought to be driven by CD80 and CD86 on
dendritic cells, triggering the expression of CD28 cnell. These two signals activatecélls to
rapidly express CD40L thdigates with CD40 on dendritic cell. At this stagedlls produce high
level of cytokines, which polarizes it through third signal called polarizing signal into either Thl or
Th2 cell(Kapsenberg, 2003This third signal is dendritic cell dependant hew it was activated.

The Th2 cells produce IL4, IL5, IL9, IL13 alongtWithe expressed CD 40 L which play important
part in stimulation of Bcell and production of high level of IgEuermonprez et al., 20P2n the

case of allergens,-tells become polarized into Thcells in response to & which redirects
native Th cells to T2 phenotypes, while H10 suppresses the polaiion in Thl direction
(Callard et al., 1996 A schematic representation ofc€ll polarization is given in Fig. 1.4.
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Fig.1.4: T cell polarization either into Thl or Th2 cells. PRR: pattern recognition @segpt
PAMP: pathogen associated molecular pattern; TF: inflammatory tissue (leapsenberg, 2003

1.1.3.2.3 B-cell maturation and immunoglobulin production

Anti bodies (also known as i mmunoglobulins,
shaped defensive globular glycoprotein molecules. They are produced by a healtinesystem

specifically by Bcells and are present in serum and other tissue fluids of mammals, like lymph.
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They have a conserved basic structure, with two large heavy chains and two light chains joined by
disulphide bonds. They are found in monomer, dimepemtamer forms. Although, the basic
structure of these antibodies is similar, the tip of these antihadiese the antibody binding site is
located, is found in billions of slightly different forms, allowing them to recognise billions of
different antigas found in nature. This vation is conferred by the hypeariable region of the

antibody. The unique part of the antigen that is recognized by an antibody is known as an epitope.

There are five different classes or forms of antibodies produced by mdmsn6 | mmune s
which are commonly known as immunoglobulin A (IgA), immunoglobulin D (IgD),
immunoglobulin E (IgE), immunoglobulin G (IgG) and immunoglobulin M (IgM). IgG, IgE and

IgD are found in monomeric forms while IgM is found in a pentameric fdaime. IgA is found in
monomeric, dimeric and pentameric for(kitt et al., 1998There are two forms of antibodies, a
sduble form that is found in the blood and other body fluids, while a membrane bound form
attached to cell surface ofé&lls. They are produced in response of attack by foreign intruders such

as microorganisms, bacteria, virus, parasites and other forgtgrials. After their synthesis, they
circulate in the blood and either become bound by other immune cells, like tissue mast cells and
blood basophils, or remain free in the lymph.

IgG is the most abundant immunoglobulin, accounting?5% of the total mmunoglobulin in

serum and is regarded as antitoxin. It is equally distributed between intravascular and extravascular
pools. IgA is the second most abundant antibody accountirgp%bof the total immunoglobulin
synthesis. It is found in monomeric form lhumans while in mostly dimeric forms in other
mammals. Mostly it is found in seromucous secretions like saliva, milk and tracheobronchial
secretions as well as the gigM is another abundant immunoglobulin that accounts 10% of total
immunoglobulins. Ingeneral, it is found in an intravascular pool and its production is associated
with microbial infections. IgD is found in very low levels, usually <1% and is largely present on the
surface of Bcells. IgE is found on the cell surface of mast cells andgtalsoand is produced in
response to parasitic infections, or to environmental agents in allergic diRe#set al., 198).

Immature Bcells are produced in bone marrow in case of mammals or in bursa of fabricius in birds
and are key components of the immune system since they are responsible for synthesising
antibodies. Initially, when these cells are formed, they rtegva the circulatory system to certain

areas of the body like the spleen and lymph nodes. There they differentiate in one of two ways; the
first one is antigen independent where the genes for antibodies are selected for rearrangement and

expression whicteads to production of memory-&lls. The second involves antigen dependent
11



activation, proliferation and differentiation to form antibody producing plasma cells. Differentiation
occurs as a consequence of sigrieden antigen, dendritic and-gells (Tanabe, 2008 In case of

the antigerbeing an allergen, the-&ells respond to the stimulation produced by these cell types to
produce allergen specific IgE whiclrculates in blood and received by major recipients in allergic
reactions like mast cells and blood basophils through Fc receptor. Both the IL4 and IL13 secreted
by Th2type T-cells induce Bcells to proliferate, activate and express CD23 along with lsiugc

from anti body production from I gM to | gE. Th
individual doesnot s how an yTanabg, R08F. Ai schematic mpt o

representation of this process is given in Fig. 1.5.
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Fig. 1.5: Antibody production by Bells as a function of -Eell response dependant on antigen
presentatiofAhrazem et al., 2007

1.1.3.3Elicitation

The second phase #fie immuneresponse in food allergy is responsible for the expression of
allergic disease in allergic reactions. The main event in this phase is degranulation of mast cells and
basophils which triggrs physiological responses suchvasodilation. The step is depentlaipon

the multivalency of the allergen to which the sensitized individual is exposed. When the multivalent
allergen enters the blood it is recognized by IgE bound to the surface of the cells such as mast cells
and cross link them. This aggregation of ligiesponsible for the release of mediators from mast

cells and basophils where they reside in thi
12



interleukins, serotonins, leukotrienes and prostaglandins. The release of these mediators into the
tissuesresults in the symptoms of an allergic reaction including inflammation, vasodilation, excess
mucus secretion, smooth muscle contraction, itching amongst ¢ifeerabe 2008. A schematic

representation of elicitation is given in Fig. 1.6.

Allergen

4

Prostaglandins @

% S ®A® ©

Leukotrienes

000 O @ // Cytokines
W
\@\@/@%

Histamine

Fig. 1.6: Degranulation as a result of elicitation of allergic response ugxposure
of allergen(Geha et al., 2003

1.1.4 Diagnosis of food allergy

Initially, a history of the disorder is taken including winifood caused the reaction. The length of

time between ingestion and symptom development, previous observations of reactions after eating
the same food, all need to be noted. Other factors that are important are whether the symptoms are
associated with etcise(Sampson, 2003 In general, it is difficult to correctly identify a problem

food as the patient may be eating a mixture of food while the symptoms may arise sometimes after
eating. Therefore, it is important to identify whether the symptoms are IgE dependantigEnon
mediated(Sicherer, 200R The diagnosis of food allergy is based upon two classes of diagnostic
methodsjn vitro tests commonly performed to identify IgE in serum atignts andn vivotests.

1.1.4.1 Serological analysisn vitro

In vivotests are expensive and time consuming to perform. Therafong,o laboratory tests offer

some advantages. There are several laboratory tests that used to determine food specific IgE in
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serum, including radio allegreorbent test (RAST), enzyme linked immunosorbent assay (ELISA),

immunoblotting and histamine release gssa

1.1.4.1.1 Radioallergosorbent/ Enzyme allergosorbent test (RAST/ EAST)

Initially developed in 1970 and commercialized in 1974, RAST was, for a long time the method of
choice for determining specific IgE. The test is simple to perform and needs a disc, usuallyf mad
microcrystalline cellulose that is coated and covalently crosslinked with an extract of the food to be
tested. The disc is incubated for a certain period of time with the serum of the patient, bound IgE
being detected with radioactive iodiné*) labelled antihuman IgE. The method has been modified
because of safety considerations associated with usingledwilbed reagents. Several equivalent
methods have now been developed using fluorescent labelled antibodies, enzyme coupled
monoclonal antibodig (EAST) and biotin coupled allergens (detected by fluorescent streptavidin).
These have been accompanied by physical improvements like the use gfhsskd support
systems to increase the binding capacity of allergens and autorf®&diochezvionge and Salcedo,
200B). Sometimes, the serum is incubated with a varying amount of extract or purified allergen and
hence inhibits fully or partly Igbinding to the solid support to give inhibition tests (RAST/ EAST
inhibition). However, the sensitivity of these testaisch less than RAS{Mills et al., 2006.

1.1.4.1.2 Phadia CAP system

An adaptation of the RAST principal is the commercial Phadia CAP system used to determine the
total and specific IgE in the undiluted sera of patients. Solid bound allergens are allowed to react
with the antibodies in the sample followed detection of antibodies by labelled algE. The

system is built around a new type of sgbldase, consisting of a flexible hydrophilic carrier encased

in a capsule, ImmunoCAP. The carrier is a highly efficgisc that is made up of CNBellulose

that can adsorb at least three times more protein than a normal paper disc and around 150 times
more than a tube coated with the same material providing a highly favourable condition for allergen
antibody reaction with improved diffusion capacity. The systéifizes monoclonal and polyclonal

anttl gE ant i bodi egalaciosadbse that gederates fludresdence genezglyded as
fluorescence immurassay (FEIA). The system works in very low and very high concentration of
allergen making its capahii} very improved. The clinical investigations proved its diagnostic value

and confirmed the correlation between the serum concentration of IgE antibodies and allergic
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diseasdBousquet et al., 199@lthough it only determines the extent of sensitization and does not

necessarily indicate if an individual has clinical allergy.

1.1.4.1.3 Histamine release ssay

The histamine release test determines the IgE bound to basophils of a patient susceptible to allergy
which is capable of triggering degranulation. It givesravitro measure related io vivo reactions

like skin prick tests (Sec. 1.4.2.1). The heparinised blood from an allergic patient is exposed to the
susceptible allergen that initiates the cross linking of basophil surface bound IgE leading to
degranulation of the cell. The assay followss thy measuring the amount of histamine release.
Recently, a glass fibre is being used that absorbs histamine released with high affinity and
selectivity. The histamine released was adsorbed with glass fibres and quantified by treatment with
o-phthalaldelgde. The condensation reaction product is w@d and highly fluorescent and can be
measured at 355/ 450 nitdchio et al., 2001L

1.1.4.2In vivo tests

Whilst in vitro tests are simple to conduct, easy to control and mostly economical, they sese tim
provide false positive results. Therefoire vivo tests still have a place of importance and the final

conclusion over whether a patient has a food allergy depends upon the results from such tests.

1.1.4.2.1 Skin tests

Skin tests are still the most widely used, simple and easy to perform tests that provide fast and, to
some extent, quantified results. Initially it was regarded as a qualitative test but can be performed in
a semiquantitative fashion to give a measuresgfent of reaction. The test is simple and needs no
instrumentation which is perhaps, a strong reason to choose it for routine testing. A very small
volume of glycerinated extract (~ 30 p L) is dropped on to the skin, e.g forearms, of the patient and
thenpricked into theskin by a lance. The positive (histamine) and negatainé controls are also
applied but at a distance apart to avoid the overlapping reactions. The appearance of a wheal of area
at least 75% of the positive control (histamine) isardgd as a positive tefauli et al., 1996

while the minimum area should be 7 frBeveral factors can affect the results, such as the quality

of the food extret, its freshness, prieto-prick technique and use of other medications. Since fresh
fruits and vegetables are rich in proteases, they may alter the allergen structure making extracts

ineffective compared with fresh fruits. Thus an allergic food may shaegative test while a false
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positive test may be due to clinically insignificant sensitizatioorossreactivity. Whilst skin tests
are used as a primary tool to identify allergy, their results need coupling with some other tests to
ensure the reliabtly of the diagnosigAsero et al.2007).

1.1.4.2.2 Oral challenge and double blind placebo controlled food challenge tests

Oral challenge tests are considered as the gold standard for confirming food allergy in a patient. The
suspected food is given to the patient to eat with continommrstoring of symptoms and measures

such adlood pressure, pulse, respiration rate. Physical symptoms assessed include wheal, flare and
the subjective symptoms experienced by the patient like itching, tightness in throat. The duration
and the quantity ofood required to produce such symptoms is also recq@ecklik and Haytac,

2006. Again, food aversion is the problem associated with this test, an individual can react to
placebo. This is minimized by introducing the double blind placebo controlled food challenge
(DBPCFC). In this method, at least two meal samples are preparedivansaciple with potential
allergen while the other is a placebo with the same colour, texture, appearance, taste, aroma and
other physical parameters as the active dose. The homogeneity should be monitored by triangle tests
where the difference is measurby identifying one from other in a taste panel where both the
foods are tested at the same tifBendslevJensen et al., 20D4lthough this is not always the case.

The meals are administered to the patients in such a hedyneither patient nor the physician
knows which is placebo and which is active. Both the meals are administered on different days
while the doses are started from a very small volume to the average daily serving with a time
difference of mostly 15 minuseor until the symptoms stagBallmerWeber et al., 2007 The
drawback of the test may be the masking of allergen in the complex environment of the food or
other irrelevant changes that may bhappbetween the time of preparation to tt@e of
administration. Therefordt is preferableo perform the challeng®r some foodsith fresh food

(Asero et al., 2007 Again, the method lacks standardization and can be risky for p@ieds|ev

Jensen, 2001

1.1.5 Allergen management

Previously, it has been suggested that exposure to allergenic foods in the early stages of childhood
caused sensitizatio allergens It was thus hypothesized that avoidance of fodet@géns in the

early stage of childhood by using hypoallergenic infant formulas may reduce the risk of food
allergy at later stages of life by helping individuals to develop tolergAlten et al., 2009
However, the concept failed in terms of increasedrgiks including anaphylaxis to some foods

such as peanuts as observed in Western countries due to a lack of tolerance.
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In immunotherapyto treat allergiestraditional methods include injecting the allergen into the
dermisto improve cellular and humoraiechanisms responsible for tolerariEee drawback of the
technique is the direct exposure of allergen to the immune system which may elicit severe allergic
reaction.Recent advances in this therapy involve introduction of engineered allergens into the
demis or oral administration of allergen either sublingual in the form of extraictgastion along

with afood vehicleto avoid this problemAll these methods start with very low doses and increase

in quantity over time (Scurlock et al., 2009 Other methods of immunotherapy involve
administration of heat denatured allergens, suppress Th2 mediated immunity in a general fashion

for all allergensandtheuse of Chinese herbal medicif&kripak and Sampson, 2008

Since there is no cure at preseifitsomeone has allergyhat person has to avoid their problem
food. In common practice, food industries wélsood Manufacturing Practices (GMP) approach

use classic hazard analysis critical control points (HACCP) to assure the removal of allergenic
components not listed in the ingredients and label clearly the allergens that are the part of the
formula. Parallel to this manufacturing process, there are vametisods developed to identify the
presence of allergens in the samples from various steps of processing to finished (pvord ctt

al., 2aL0).

1.1.6 Classification of food allergens

Allergens were originally classified by source as reported by International Union of Immunological
Societies Allergen Nomenclature Subcommit(€hapman et al., 200.7However, other criteria

that have been used are the biological function of allergen, the protein fold/ family to which they
belong. Among this class of proteins, thosaohtwere glycosylated showed higher activity against
nonglycosylated forms. In cereals such as barley and rice, same amylase inhibitors along with
trypsin inhibitors showed IgE reactivity. Other protein identified as allergens are wheat germ
agglutinin anl gliadins(Tatham and Shewry, 2008

Wheat dependant exercise induced anaphylaxBEW)i s associ at e d-gliading h U,
along with some other low molecular weight subunits of gluten proteins. This type of allergy is
induced by ingestion of wheat and subsequent physical exercise and is not seen in the absence of
any of the two factoréTatham and Shewry, 2008 he najor allergen causing this adverse reaction

has been isgladinfMofita etal, 208F ¥

This introduction will use the latter, where allergens can be grouped on the basis of sequence
identity and three dimensional structure into a protein family. For plant food allergens, these include
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the major families namely the cupin, prolanand Bet v 1 families together with minor families

such as the profilins.

1.1.6.1Cupin superfamily

This family of proteins is grouped on the basis of possessing a common 3D structure comprising a
b-barrel. The barrel is composed of two conserved motifseazn t a i n-sheejs seéparated by

t wo | es s -sheets and a smalldooph Whilst the primary sequence of this family of proteins
spans microbes and plants and shows weak homologies, the 3D structure is conserved. They have
diverse functions includg enzymes such as dypenase, germins and germin like proteins
(GLPs), phosphomannose isomerise, oxalate decarboxylase, auxin binding proteins and nuclear
proteins. The most widely found cupins are in the form of bicupins which include the seed storage
globulins of the 113 legumin type and 78 vicilin type which were originally identified on the

basis of their sedimentation coefficients. Other multicupins have also been reported in literature
(Dunwell et al., 200%

1.1.6.1.1 7S Seed Storage Globulins

These are high molecular weight disc shaped proteins found in trimeric form with the subunits
ranging from 40 to 80 kDa. They lack cysteine residues and hence are not stabilized by disulphide
bridges. Various members of this clagproteins undergo posttranslational processing including
proteolysis (such as pea 7S) and glycosylation (such as bean 7S, phaseolin) on the individual
subunits. Many food allergens belong to this group including the major peanut allergen Ara h 1, and

Jug r 2 from walnufHauser et al., 2008reiteneder and Radauer, 2004

1.1.6.1.2 Legumin Type 11S Globulins

These are composed of a 20 kDa basic polypeptide which is disulphide linked to an adidic 35
kDa polypeptide. Each of these subunits istgsized as a precursor and proteolytically cleaved in
the seed prior to assembling into a hexameric structure comprising two trimers. Examples of
allergens are Ara h 3, Ara h 4 from peanut and Cor a 9 from haZBlriteneder andRadauer,

2004 Hauser et al., 2008
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1.1.6.2 Prolamin superfamily

The family groups the proteins on the basis of an eightiogsmotif (8CM) proteins. They are
characterized by high proline and glutamine content. All the proteins in this family are low
molecular weight proteins with conservedgattern ofdisulphide bridge They share a similar 3D

st r uct ur-kelicesi Teey arei stablelo heat and gastrointestinal digestion. Therefore, they
may elicit severe anaphylactic reactigBseiteneder and Radauer, 20Gtauser et al., 2008The

family is subdivided into following groups.

1.1.6.2.1 2S Albumins

These are major seed storage proteins in dicotyledonous plants rich in arginine, glutamine, and
asparagine along with eight cysteines in conserved pattern. Mostly, they are heterodimeric

comprising subunits of 4 and 9 kDa joint by four conserved intermialedisulphide bridges. They

are characterized and identified by their sedimentation coefficient as 2S. They are mobilized during

germination and hence act as nitrogen and sulphur donor as well as antifungal protein. They have
high frequency of systemidlergic reactions. Allergenic forms include Ber e 1 from Brazil nut and

Jug r 1 from English waln({Breiteneder and Radauer, 206tauser et al., 2008

1.1.6.2.2 Non specific lipid transfer proteins

Monomeric proteins, the LTPs can be subdivided in todlasses, LTP 1 with molecular weight 9
kDa and LTP 2 with mol ecul ar whelices ljoined by féduD a .
intramolecular disulphide bridges. The characteristic feature of this group is a hydrophobic tunnel
considered to play a biolaml role of transferring lipid. However; this activity has not been
confirmed. They are stable to peptic digestion, wide pH change and heat denaturing conditions
(Brenna et al., 2000Common examples of allergens are Pru p 3, the major allergen of peach, Cor
a 8 from hazelnutrad Tri a 14, from whedaBreiteneder and Radauer, 2Q06tauser et al., 2008A

detailed discussion of this class of protein is given in the faligwection of this chapter.

1.1.6.2.3 U-amylase and trypsin inhibitors

They share common eight stranded conserved U/
dimeric or tetrameric forms with subunits ranging from 120 to 160 amino acids and the same

conservd structure characteristic odnyldsdand psotegsesr f ar
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such as tryamyilmseCGemea&l|l i thportant allergens in
from this group of proteins include Hor v 15 from barley and &4 from rye(Breiteneder and
Radauer, 20Q4Hauser et al., 2008

1.1.6.2.4 Cereal prolamins

They are also major storage proteins in cereals. Prolamins from cereals are named according to their
sourcesuch agliadins in wheat and secalins in rye. They are found in the endosperm of cereals.
The Gterminal region is rich in cysteine and is responsible for intrachain disulphide bonds: The N
terminal is rich in proline and glutamine with repeating pattern o&-tetpto hexapeptides.
Common examples reported are Hor v 21 from barley, Sec ¢ 20 from rye and Tri a 19 and Tri a 26

from wheat(Breiteneder and Radauer, 206tauser et al., 2008

1.1.6.3 Bet v 1 family

A class of plant proteins generally expressed at lower levels in normal conditions, these are induced
in plants by infections and abiotic stress. They comprise a group of homologous proteins with an
average molecular weight of 17 kDa similar to the firstmber of the family to be described, Bet v

1, the major birch pollen allergen. More than 95% of birch pollinosiscergsreactivitywith other

plant foods is due to this group of proteins. Both, pollen and plant derived allergens of this family
share comon structural features which bind IgE. They are gathered in the group by their amino
acid sequence, serological relationship and enzymic or other biological activity characteristic for the
defence. They can be subdivided into 14 classes. However; thsificition is expanding by the
discoveries of new proteins from varying sour¢gslireva, 200 Examples of the allergens
belonging to thigroup of proteins are Pers a 1 from avocado Cas s 5 from chestnut and Mal d 1
from apple.

1.1.6.4 Thaumatin like proteins

These are 20 kDa proteins consisting -ana r a tsheetd stabilized by eight intramolecular
disulphide bonds very similar to thaumatimn intensely sweet protein isolated from
Thaumatococcus danielliThey are resistant to proteolysis, pH and heat denaturation. They are
either naturally occurring antifungal proteins or induced in response to pathogen attack or osmotic
stress. Common examples are Mal d 2 from apple, Pru av 2 from cherry and Actnd Riviio
(Breiteneder, 20Q4Hauser et al., 2008
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1.1.6.5 Profilins

These are low molecular weight proteirenging from 12 to 15 kDa found in cytosol of all
eukaryotes and involved in actin polymerization as they extensively bind actin. The family
members are found to be highly conserved in structure and found to be 70% to 85% identical and
hence are responsibfor high degree ofrossreactivity among the members of this family. They
are rich i ssheasnTheypaee rfoarid lineall organisms thus regarded asllpegen.
Examples of allergens of this group are Pyr ¢ 4 from pear, Pru av 4 from éPrergy4 from peach
(Breiteneder and Radauer, 2004

1.1.7 Biological properties of food allergens

Proteins that have the ability to induce allergic response and are present in sufficient quantities to
the right context are known as allergéBseiteneder, 2008 They are usually of variable molecular
weight ranging from 9 to 70 kDa. The biochemical properties of allergens may also play a role in
determining their allergenicity. Currently we do not understand whatréogsp characteristics of a
protein are, that make it allergen. The abundance of a particular protein in a food is one hypothesis,
as most of the allergens reported are the major proteins of the allergeniSémoe.of themare
glycoproteins, although the are several exceptions like Pru p 3, the major allergen from peach.
The stability of the molecule is also a parameter considered to promote its allergenicity. Many
allergenic proteins are found to be stable under various harsh conditions like thoseaastahg.
Similarly gastrointestinal digestion is another major property that may alter the allergenicity since
many can survive the harsh denaturing conditions of gastric compartment and usually arrive in the
duodenum without being digested or in lasgable fragments. The muitalency of IgE epitopes is
another common features of these molecules, a property responsible forofiseeactivity
phenomena found in this group of prote{behrer et al., 2002 For the protein to be allezgc, it

must have at least two epitopes each having a length of fifteen amino acids mitilloyret al.,

2000, which also provides another characteristic feature of allergdmsh have amolecular
weightgreaterthan 3 kDa (being at least 30 amino acids long with two epitopes). Various allergens
to date have been characterized as ligand binding proteins, bmeitad) ions and lipids like fatty

acids. The ligand can have a very strong impact on the 3D structure of protein as metal ions are
known to affect protein folding to various extents by affecting polypeptide mobilities. The
association of the allergens witlpid structures of cell membrane helps them to serve as a

defensive force in plants where they may destabilize the cell membrane of infectious microbes,
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leading to cell lysis. Lastly, other properties that are found in allergens are the repetitivetsegmen
in their structure and aggregation that play very important role in breaking the tolerance
(Breiteneder and Mills, 200%a

1.1.7.1 Epitopes

The specific areas on an antigen which contain immunogenic elements and are recognized by
antibodies are known as epitopgkerne, 1960 These are specific antigenic determinants on
allergens which are identified by IgE in susceptible individuatEording to Benjamir{Benjamin

et al., 198% the whole surface structure of proteins is antigenic, however the recognition of some
of the areas on the surface is much quicker than others. Therefore, antigenic proteins have few areas
of structure at the surface where they bind to antibodies called epitopes. Generally, these epitopes
are found on the surface of native protaimd hence, thendividual elements of a single epitope

may be far from each other in the primary sequence of protein. Due to protein fold and three
dimensional structure of protein, these distant amino acids come together and found together on
protein surface. Such epfes are calledi c o nf or ma tdisamiaubus eptopeés @in
denaturation of protein, the secondary structure is lost and the individual amino acids of these
epitopes get separated from each other resulting in no identification through anfithacy.
recognition through antibody in this case needs a properly folded protein stivetahdilligen et

al., 1994 Cooke and Sampson, 1997

In some cases such as recognition througtels, the protein is initially eithéragmented due to

antigen presenting cell processing or partially unfolded such as in gastrointestinal tract. Still in this
case, the protein remains antigenic since recognizeddsll& In this case, amino acids are found

in sequential stretches ofl@ amino acidon the primary sequence and hence, they retain their

i mmunogenicity even after denaturati onivan Such
Milligen et al., 1994Cooke and Sampson, 1997

1.2 Plant lipid transfer proteins

Isolation of soluble plant protesrthat could transfer phospholipid between membranedtro

began the study of new class of plant proteins called lipid transfer proteins (Kdek®ret al.,

1984. They were thought to be involved in trafficking lipids between cellular compartments
however, it was later discovered that they are synthesized in premature state containing a signal
peptide which directs them into extracellular matnxthe form of mature LTHBernhard et al.,

1991 Meijer et al., 1993Thoma et al., 1993 They are widely distributed among plant tissues and
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around 13 proteins have been identified as putative or confirmed LARIdopsis thalianalone
(Chae et al., 2009 Despite the unknown function of this protein, they have been reported as
antifungal proteins involved in plant defen@un et al., 2008 They have also shown important
characteristics in foogrocessing such as barley LTP responsible for beer quality and foam

formation(Jegou et al., 2000

LTPs have been reported as important food allergens in fruits, vegetables, nuts, pollen and latex.
They have been classed as true food allergens sensitizing through Gl tract and are clinically
important in Mediterranean are@dsgger et al., 201Borghesan et al., 2008

1.2.1 General properties

LTPs are small(9 kDa for LTP1 or. 7 kDa for LTP2) basic proteins with aghi pl (9) and share
a characteristic eight cystein motif (C...C...CC...CXC...C...C). They possess a
characteristic hydrophobi c tiulealiceeHeld fogetker bydourr u c t

intramolecular disulphide bridge&.general structure of LTPs is given in Fig. 1.7.

Fig. 1.7: 3D structure of peach lipid transfer protein. Large solid rods represent helices
while small solid rods are loops at &nd N terminals.The potential cleavage sites are also
shown Reprintedwith permission fron{WijesinhaBettoni et al., 2010

The first three helices are amphiphilic and parallel to central hydrophobic cavity which can
accommodate ligands such as lipid and fatty acids. The cavity is covered at the other end by the
fourth helix and loop at @rminus. There are various residuesisgsved among this class of
protein in addition to the cyises. Forexample, Tyr 15 and 79, Asp 43 aAdg 44 are well

conserved in LTPgYeats and Rose, 20p8Molecular dynamic studies have revealed that the
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hydrophobic cavity is plastic in nature and expands on ligandngr{&ilipp and Sattler, 20Q7
Lerche et al.,, 1997Lerche ad Poulsen, 1998 LTPs have shown binding in micromolar
concentrations to lipids such as glycerolipids, fatty acids andiaCgA with one or two binding
sites(Yeats and Rose, 2008

1.2.2 Localization and biological significance

LTPs have been known to concentrate either in the skins of fruits such as apple and fpeach or
equally distributed in both the skin and pulp such as apricot and plum. Confocal laser scanning
microscopy revealed the location of this protein in the cytopladjacent to the cell wall. Again,

the proportion of this protein decreased from pericarp to mesocarp. A very high proportion of LTP
was found in the thick wall of the downy hairs of peach peel along with some proportion in the
cytoplasm(Borges et al., 2006 Immunocytostaining of peach, apple and plum is given in Bg 1.
showing locézation of respected LTPs. Other locations of LTPs found in cabbage were in the
cytoplasm especially in mitochondria, chloroplast and nud{8akilling et al., 2008 In case of
germinatingEuphorbia lagascaand sunflower seeds, the LTPs were found to be located within
vascular tissues and apoplastic space in the endosperm close to cotyledgwst, 2003
Pagnussat et al., 2009n chillies, this class of protein is also found in the intracellular vesicles in
lumen(Diz et al., 201}
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Fig. 18: Immunocytostaining of LTPs in apple (A, D, G, K), peach (B, E, H, K) and plum

(C, F, I, L). Layers I, Il and Il represent epidermis, hypodermispamdnhyma respectively.

The red colour represents LTP stain&kprinted with permission fronBorges et al.,

2006.
In the context of the biological significance of these proteins, the exact functionality of these
proteins remais unclear although several possible roles of this protein in plants have been
proposed. They are reported as important in defensive proteins against bacterial and fungal
pathogens in radish, barlefrabidopsis thalianaspinach and onion¥eats and Rose, 20D8The
lipid precursors of cuticleare synthesized in epidermal cell and are transferred through the
hydrophobic cell wall, and it has been suggested that LTPs are involved in such transfer activity.
They may also be involved in reproductive and vegetative growth of plants such asdrinaive
extension of cell wal{Yeats ad Rose, 2008

1.2.3 Peach lipid transfer protein

Peach LTP has 91 amino acid residues formed into four helicesi4iHtonnected in a compact
domain by four intramolecular disulphide bridges, as for all LTPs. These bridges are formed
between H1 and H3 (Cys33Cys50), H1 and H2 (Cys13Cys27), H2 and H4 (Cys28Cys73) and

H3 and Cterminus coil (Cys48 Cys87). The hydrophobic cavity formed here has a polar end
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containing GIn35 and Arg44 while a npolar end containing LeulO, Alall, llel4, Leu54 and
Val58 (Pasquato et al., 20P6 he protein contains eight basic and one acidic residue.

The protein is regarded as an important allergen in the Spanish population, and is the best
characterized allergenic LTP, also called Pru (®&lcedo et al., 2008Originally, it was isolated
twelve years ago from the skin of peacfrastorello et al., 199%anchezaMonge et al., 199%and
currently; its quantitation by various means such as by using antil{Budiffert et al., 2002Carnés

et al., 2002 has been well established. The proportion of this WBEB bund to be250 fold higher

in peel than the pulfAhrazem et al., 2007 Therecombinant form oprotein iswell folded and
posses equal biological activjitguch as IgE binding capacitio its natural counterparfDiaz
Perales et al., 2003Five conformational IgE binding epitopes have been identified imglv
Arg39, Thr40, Arg44, Lys80 and Lys91 while three sedaémpitopes covering residues-23,
31-45 and 7180 (GarciaCasado et al., 2003 ave also been defined which are homologous with
closely related plant LTP allergen epitog@orges et al., 2008 T-cell epitopes have also been
determined for Pru p 3 and were located between residu2g,13448 and 437, using Fcell
cultures from more than 30% of a group of peach allergic patients witth @king the immuno
dominant epitop€Schulten et al., 2009

1.2.4 Wheat lipid transfer pr otein

Originally, isolated and sequenced 19 years (@fsormeaux et al., 19892vheat LTP was one of

the first LTPs to have its 3D structure defined. The protein is 90 amino acid long containing
characteristic four helice¢Gincel et al.,, 1994 which are connected by four intramolecular
disulphide brilges. The bridges are formed between H1 and H3 (C@&&50), H1 and H2 (Cys13

T Cys27), H2 and H4 (Cys2B Cys73) and H3 and C terminal coil (Cys48 Cys87). The two

ends of the hydrophobic cavity are exposed to solvent and include both hydrophobic and
hydrophilic residues such as Asp7, Argll, Leul4, lle54 and Ile58 to one end while His35, Arg44,
Pro78 and Val90 on the other ef@harvolin et al.,, 1999 The protein contains 12 basic and 7

acidic residues.

Wheat LTP, Tri a 14 has been regarded as animpot al | er gen i n wheat r
asthma showing 60% sensitization rate as compared to other wheat alsugerssU-amylase
inhibitors previously reported as allergefi®alacin et al., 20Q9%alacin et al., 2007 The LTP

content was found to be equally distributed in branemtbsperm yielding 400 mg LTP1 and 200

mg LTP1b (an adduct of LTP1 with 294 Da compound) from 3 kg of (auliez et al., 2001

26



The identification of this LTP has been well established by means of UV, CD, mass spectrometry
(Douliez et al., 200land immunodetaémn (Dieryck et al., 199p The recombinant form of this
protein is equally folded and posses equal biological activity in terms of IgE recodRs@Tin et

al., 2009.

The conformational epitopes of Tri a 14 have been identified to include several residues namely
His35, Asn36, Arg39, Serd40, Asp43, Gly74, Val75, Leu77, Pro78, Tyr79 and Thr80 while
sequential epitopes located betweemB15:60 and 6680. Two of these epitopes share similarity

with Pru p 3 i.e residues 310 and 6630 (3140 and 7190 in Pru p 3)Tordesillas et al., 2009

1.3 Structural stability of lipid transfer proteins

The structural stability of an LTP is thought to be of prime importance in determining its
allergenicity as it allows the LTP to retain its 3D structure, thus maintaining conformational as well

as sequential epitopes and making available for IgE binding hemce triggering an allergic
reaction after exposure. The stability of LTPs relates to their stability during either food processing
or digestion in gastrointestinal tract. In some cases, some allergens are denatured during heating and
returned to theioriginal conformation after cooling such as Bet v 1 homolod@sser et al.,

2008. This condition is also referred to as structural stakaliig may affect the allergenic potential

of allergen.

1.3.1 Processing in food context

The term stability refers to the retention of original native 3D structure of LTP after chemical
treatment such as urea or physical treatment like heérgteneder and Mills, 200%aMany

LTPs have shown structural stability to heating until 70°C such ashfd&aer et al., 2008
soybean(Berecz et al., 2000 barley(Perrocheau et al., 2006herry(Scheurer et al., 2004and
apple(Sancho et al., 2005At high temperatures, the behaviour of differefPs variesdepending

upon the primary sequence as evident by the fact that some of them denature reversibly while some
are irreversible. This behaviour is due to the fact that four intramolecular disulphide bridges hold
the helices together with low flebility (WijesinhaBettoni et al.201Q Murtagh et al., 2003 Pulse

electric field and high pressure also did not induce any structural change in apple LTP showing the
resistance of LTPs to her processing conditionidohnson et al., 20). Chemical modifications

such as acylation in wheat lipid transfer protein did not show any change in protein secondary

structure except hexanoic acid making a slight change in the protein f¢Rkbg et al., 2002

27



Pectin was also found to be protective against heat denaturation of applgiusitand et al.,

2017). These examples explain the resistive nature of LTPs to harsh food processing conditions.

1.3.2 Gl tract digestion

The resistance to digestion of LTPs allélem to maintain their immunogenic and allergenic
motifs and hence, interact with the gut immune system in their active form to sensitize and elicit
allergic responseSalcedo et al., 2004LTPs have been shown to be resistant to pepsin digestion
under physiological conditioria vitro (Asero et al., 2000 Many LTPs to date have been shawn

have resistance to pepsin digestiam vitro such as grapeg/assilopoulou et al., 2006 cherry
(Scheurer et al., 2004peach and barlefWijesinhaBettoni et al., 2010 Cavatorta et al., 2010

wheat (Palacin et al., 20Q09and apple(Akkerdaas et al., 20Q0%except for soybean which was
rapidly degraded by pepsi{Astwood et al., 1996 Although LTPs contain Phe and Tyr which are
susceptible to pepsinolysis, the flexibility of the target residues in Lddes not allow such
proteolytic interactions making this class of protein pepsin resistant. Under simulated duodenal
phase of digestion, LTPs show variable behaviour depending upon again on their primary sequence.
For example LTPs from grapes and peaches aesigd slowly(Vassilopoulou et al., 2006
WijesinhaBettoni et al., 2010while from barley and wheat remain resistant to digegfatacin et

al., 2009 WijesinhaBettoni et al., 2010 The interaction of physiological compongrsuch as
phosphatidyl choline also affects the digestibility profile of LTPs such as in grapes, where a

protection in duodenal phase of digestion was obsdWaskilopoulou et al., 2006

1.4 Aims and objectives

The structural stability of LTPs to food processing and gastroduodenal digestion has been well
studied in literature andit is proposed that this inherent property of LTPs is important for
determining their allergenicity. Such stability is a major factor for this class of proteins to be
allergen as hypothesized. The present study was desigimaastigatevhether these stabilities are
important in identifying a protein as potential allergen within a group of similar proteins by taking
into account two model LTPs, Pru p 3 and Tri a 14 the former being a more frequent allergen while

the later being rare allgen.

The aim of the study was to investigatiee behaviour of these proteins under simulated
gastroduodenal conditioms the context of the proteinghe behaviour of these protemwss to be
determined by incorporating a detailed study on the digestibil these proteins in the presence
and absence of physiological ligands. The affinity to various physiological ligands was to be
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determined by ligand binding study through fluorescence mechanishes. effect of food
processing was bestudied by incquorating the thermal processing the proteinandits effect

on thedigestibility of denatured proteins. Finally, the effect of food matrix on the structural stability
of these LTPs was studied either by expressing Pru p 3 into wheat or through thibilitiged

LTPs within their native matrix in both processed and unprocessed forms.
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2. Materials and methods

2.1 Biochemicalmethods

2.1.1 Materials

Cis-Parinaric acid was obtained from Molecular Probes, Invitrogen, Paisley, UK. Bovine serum
albumin(BSA -98%), bicinchoninic acid (BCA), copper (ll) sulphate (4% wi/v) were obtained from
Sigma, Dorset, UK. The 96 microtitre well plates were supplied by-mest (MaxiSorp",
Thermo Scientific, Roskilde, Denmark). Sodium chloride was supplied by SignraetDtJK.
Water used throught the study was purified t
Sodium dihydrogen orthphosphate was obtained from BDH, Leicestershire, UK. Palmitic acid, 1
Palmitoyli sni glyceroi 31 Phosphatidyl Choline (PC), 4®6H Palmitic acid, 120H Stearic acid

and Linoleic acid were obtained from Sigma, Dorset, UK. 1 mM PC vesicle solution was prepared
by dissolving PC into ethanol first and drying under argon over night followed by dissolving the
dried PC into 50 mM phosphateffer pH 7.5(Mandalari et al., 2009b Standard precast 2%

and 12% BisTris gels, LDS sample buffer (4x), MES SDSrunning buffer and Coomassie
Brilliant Blue were supplied by Invitrogen, Paisley, UK. Methanol, tri fluoroacetic acid (TFA) and
acetic acid were supplied by Sigma, Dorset,. A etonitrile was supplied by Fisher Scientific,

Loughborough, Leicestershire, UK.

2.1.2 Sodiumdodecylsulphate polyacrylamide gel electrophoresis (SDSPAGE)
2.1.2.1 Principles of SDSPAGE

SDSPAGE is among the most powerful techniques used commonly for proteipsianalhe
technique is also used to separate complex mixtures of proteins and can be used to identify the
relative molecular mobility of intact protein or separated subunits. The technique may also be used
for preparative purpose where a significant quearaf the protein may be obtained for further
analysis. When combined with isoelectric focusing (two dimensional electrophoresis), the
separation power increases to several fold enabling separation of thousands of proteins from a
single mixture(Garfin, 2009. In this study, this technique was used to identify and monitor the
homogeneity of proteins during their purification and characterize digestion products of purified

proteins as well as proteins from their native plant tissue matrices.
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This technique seperates miois from a mixture depending upon their size, hence gives
information about the relative molecular mass of the protein (Mr). Polyacrylamide gels are prepared
by polymerizing acrylamide monomers in the presence-airmtional crosdinking agents such as

N 6 ,-rethylenebisacrylamide. The properties of such gels are highly influenced by the degree of
crosslinking and pore siz€anson and Rydén, 1998Therefore, theM, and R are in direct
relationship in SDSPAGE. Proteins to be analyzed are heated in sample buffer in the presence of a
suitable reducing agent suas dithiothreitol (DTT) and SDS. The reducing agent (DTT) reduces
the disulphide bonds responsible for the tertiary structure of protein whereas SDS denatures and
unfolds protein by binding them and creating a uniform rod like shape with a unifornlipwdtist
negative charge. Under the influence of a potential difference, these negative charged protein
molecules migrate towards the anode of the electrophoretic chamber and form bands, the sharpness
of which depends upon the effectiveness of glycinate amwl proportion of crosslinken the gel.

The migration rate of the proteitisrough the pores of the gelrislative to their molecular siznd

charge For this reason, SBBAGE is a simple and reliable tool to determine the molecular weight

of proteirs (Janson and Rydén, 1998

2.1.2.2 Methods

SDSPAGE was carried out in a-Eell Surelock Electrophoresis system (Invitrogen, Paisley, UK)
using a 1 mm thick-42% resolving gelSDSPAGE samples were prepared by mixing 10 pL 0.5M
DTT (Sigma, Dorset, UK) and 25 pL 4x LDS sample buffer (InvitrogeaaisiBy, UK) with 65 pL

of protein sample. The mixture was heated at 70°C for 10 minutes and applied to precast SDS
PAGE gels (Invitrogen, Paisley, UK) as 5 ug protein per lane for purified proteins. The gel was
placed in electrophoresis tank with two comipeents, the upper (cathode) and lower (anode)
chamber. Both the chambers were filled with running buffer (Invitrogen, Paisley, UK). A constant
voltage of 200 V was applied for 35 minutes at ambient temperature with consistent stirring. At the
end of the un, the gel cassette was removed from the tank and the gel removed from the cassette
using a spatula. The gels were fixed for one hour in fixing solution (40% (wethanol, 10% (v

V) acetic acid in water) followed by a brief washing with water for fimautes. The gels were
stained in coomassie brilliant blue Safestain (Invitrogen, paisley, UK) for two to three hours
followed by destaining in water for one to two hours. The image of the visualized bands was

captured using an image scanner (BioRagttfdrdshire, UK).
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2.1.3 Totallab anlysis

Totallab (TL 120, Totallab Ltd., Newcastlgon Tyne, United Kingdom) is a powerful automated
software for 1D gel analysis. It sensitively detects the bands in complex patterns within gels and
accurately quantifies them which can be further verified through visualization tools. It also
calibratesthe bands according to the standard molecular weight markers and hence, provides

information about the molecular weight of the protein.

The Totallab gel analysis software was used to quantify the band intensities of the intact protein and
their digestionproducts within SD$ AGE gel s. The software wuses
analysis. Firstly, the image was divided into various lanes by automatic detection tools through
selecting the target area on the gel. As the gels retain some background staneetls to be
removed prior to densitometric analysis. The background removal was made by using program tool
Abackground subtractiono by choosing fArubber
imaginary rubber band between the edges of first ancbasd on each lane and considering the

pixel counts outside this area as background. After background subtraction, bands were detected by
using automatic tool Adet ect bandso which pi
positions within a la@. Profile deconvolution is a process of representing the band pattern of a lane

in terms of peaks based on measuring the pixels at various positions of a lane, such that each peak
represents a single band. This method then calculates the area undevekentich corresponds

to the relative pixel count of the band and hence, represents the volumes of bands through
ifGaussian fito tab. To calcul at e tcdlilerationavase c ul
applied where the first band of the standardlecular weight lane is set at R 0 while the last

band of this lane is atiR 1. Then the Rvalues are matched with the lane containing samples and

relative molecular mass calculated.

2.1.4 Ligand binding

2.1.4.1 Principle

The ability of LTPs to bind ligand was studiéd vitro as means of establishing biological
functionality of purified proteins and discovering whether ligand binding affected stability to
digestion There are various binding forces involved in such interactions such as hydrogen bonding,
ionic interactions, hydrophobic interactions, cation ’ el ectron i nteract

complexationgBohm, 2@3).
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In order to describe ligand binding reaction, a means of labelling the ligand is required. For
example, in many cases, ligand is labelled with a radioactive isotope and the radioactivity of free
and bound ligand determined. The interaction oballad ligand L* with a protein R may be given
as:

R+L*z RL*

The concentration of free ligand (L*) at which half of the protein is liganded is known as
dissociation constant(). The Ky is half of the maximal binding By (Hofliger and Beck
Sickinger, 200R The resulting titration curves for these interactions are usually parabolic in nature.
In case where the ligand islabelled, a suitable labelled ligand can first be bound to proteins and
then competed off by displacement with an unlabelled ligand. The concentration, at which half of
the labelled ligand is displaced by the unlabelled ligand, is termelCss In this ype of
interactions, the resulting titration curve is usually sigmoft@fliger and BeckSickinger, 2003
Usually, the IGy values depend upon the concentration of labelled ligand and vary between
experiments. To overcome this problem, another constant is defined by Ciemg, 200Pcalled

Ki which is independent of labelled ligand concentration . This constant is defined as:

ICsq

Ki=

Where [s] is the concentration of labelled ligand.

Molecules that fluoresce undergo excitation and emission with respect to their electronic energy
level when exposed to light of a particular wave length. The interaction of a fluorescent probe with
its environment affects its fluorescence parameters ssicha b sor pti on maxi ma (
yield and lifetime (Moller and Denicola, 2002 In general, by decreasing the polarity of the
surroinding medium, the fluorescence of a probe may increase or decrease such as in the case of
binding to the hydrophobic sites of a typical prot@Moller and Denicola, 20Q2ncluding ligand

binding tunnel.

Cis-Parinaric acidCPA) is a conjugated polyene 18C fatty acid with four unsaturated bonds in the
middle of the hydrophobic chain making it minimaly hydrophobic and can be used asesdint

probe in ligand binding studies (Fig. 2.1).
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Fig. 2.1 Chemical structure of CPA showing the position of highly conjugated double
bonds.

Whilst the fluorescence emission spectrum ofpasnaric acid (CPA) is unaffected by its
environment, the quantum yield is sensitive to solvent, increasing to the same degree as the solvent
polarity of the solvent changé€Sklar et al., 1977a In agueous systems, CPA has a low quantum
yield, which increases several fold when bound to hydrophobic sites of a p{®ktam et al.,

19771H. Consequentl y, t hea a ERAcshiftsaftecbending avith ia pratem ( o
such as human peroxisome proliferator activatee e o(Palmer and Wolf, 1998 These

characteristics makiesuitable to probe ligand binding of proteins containing hydrophobic domains.

To compare the structural behaviour of these proteins for adopting ligands from the food matrix or
during the digestion, a model study was carried out by incorporating soyamIpfical ligands.

For binding of physiologically relevant ligands, two groups of ligands were selected. In first group,
ligands were selected which were relevant to plants and included palmitic acid, linoleic €0lid, 16

Palmitic acid and 1-®DH stearicacid. The structures of these ligands are given in Fig. 2.2.

ﬁ‘ © o (d)

Fig 2.2: Chemical structures of ligands (a) Palmitic acid, (bPH6Palmitic acid, (c) 12
OH Stearic acid, (d) Linoleic acid, (ejFalmitoyli sni Glyceroi 31 Phosphocholine

In the other group, comprising biosurfectants found in digestive juices included
lysophosphatidylcholine ¢palmitoyl 7 sn 7 glycerol i 3 - phosphatidyl choline), bile salts

corresponding to sodium glycodeoxy cholate and sodium taurocholate and lipoplodysie
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Lysophosphatidyl choline used here was in two forms, monomeric form and micellar form
(vesicles). Palmitic acid and linoleic acid are the major fatty acids in geachet al., 199band
wheat(Morrison, 1978. 16:OH palmitic acid is a component of synthetic cytimvin et al., 1993

while phosphatidyl choline is secreted in oral and gastric mucosa durirggioig®ial et al., 2008
Bernhard et al., 1995The bile salts are important components in the physiology of lipid digestion
and are secreted during the digesfidofmann and Small, 19¢.7Lipopolysaccharide (LPS) are the
found in the outer membrane of gram negative bacteria and hence are the part of microbial flora of

food and digestive syste(@ronow and Brade, 2001

2.1.4.2 Methods
2.1.4.2.1 Ligand binding at pH 7.5

2.1.4.2.1.1 Binding of cis-parinaric acid to LTPs

Two different methods were employed here. The first method was based on the method described
by Palmer (Palmer and Wolf, 1998 Absorbance was measured using a Lambda 35 UV/Vis
Spectrophotometer (Perkin Elmer, Cambridge, UK). In this method, protein at 5 UM concentration
was mixed with 3 uM concentration of CPA in 100 mM phosphate buffer pH 7.5. The aborbance of
this solution wascanned in the range of 3824 0 d m. Bl ank and CPA al on
the same range to compare the shift in absorption maximum. The second method was established on
the basis of reported method by Cooper e(Gdoper et al., 2002 Fluorescence intensity was
measured at 25 °C using an LS55 Luminescence Spectro(fetdkin Elmer, Cambridge, UK)

which had doubts in its functionality during the data collection as determined by measuring the
fluorescence of a solution repeately along with the standahasinstrument was turned on at least

one hour ago before takingeasurements to warm up and stabilize the lamp. The slit width was
adjusted to 5 mm for both excitation and emission. The measurement was taken for no longer than
1.57 2 seconds to avoid destruction of CPA which in turn, reduces the fluorescence yintensit
measured. CPA was prepared as a 3 mM stock solution in ethanol, the concentration being
determined spectrophotometricashkEy9wuiMidan® an e
Further dilutions of this probe were made in degassed ethanol. Th&tiexciand emission
wavelengths were determined by scanning a 10 uM CPA solution in 50 mM phosphate buffer pH
7.5 and were found at 320 nm and 420 nm respectively. Samples were handled carefully avoiding
light to prevent degradation of CPA. All the protsimlutions were prepared in 50 mM phosphate
buffer pH 7.5. Beta lacto globulin (BLG) was used as a test protein and positive control in the
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development of the assay. One millilitre of protein solution was poured into a cuvette and titration
was performedyadding 1 pL injections of CPA in ethanol in a stepwise manner. The fluorescence
intensity recorded at various injections was plotted against the total concentration of CPA within the
cell. In case of BLG, the observed fluorescence was very high. Theraftower concentration of
protein ranging from 500 nML uM protein was used. For LTPs, the concentration used within the

cell was 5 pM.

2.1.4.2.1.2 Binding of non-fluorescent ligands to LTPs

To explore the binding of other ligands which were not fluorescent, a displacement assay was used.
One millilitre of 5 puM protein solution containing CPA at or below Kiswas poured into the
cuvette and allowed to equilibrate for32minutes with gentlenixing. Five ligands were used
including palmitic acid, 180H palmitic acid, 120H stearic acid, linoleic acid andghlmitoyli sn

T glyceroli 31 phosphatadyl choline (PC). PC was used in its native as well as vesicular form
(Mandalari et al., 2009bThe displacing ligand solutions were prepared at a concentration of 1 mM

and were injeci@into the cuvette in 1 pL aliquots.

2.1.4.2.2 Ligand binding under gastric conditions

The binding of ligand with LTPs was also observed under gastric corgliRootein was dissolved

in simulated gastric fluid (SGF: 150 mM NaCl pH 2.5) and the pH was adjustgdb.tdne

millilitre of the protein solution was poured into the cuvette and titration was carried out with CPA

or other physiological ligands in the same way as described above. PC vesicles were prepared in the
same way as described in section 2.1.1 wittodification that dried PC was dissolved in SGF.

2.1.5 Protein determination

Protein quantification was carried out using a BCA Assay. The structure ofaB@Ahe principle

of BCA assays given in Fig 2.3.
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Protein Protein*

Cut + 2 — Cu

Bicinchoninic Acid (BCA) Cu(BCA), Complex

Fig. 2.3: Chemical structure of BCA complereffrinted by permission fronfBrescia and
Banks, 2010Brenner and Harris, 1996 Reduction of Cli into Cu" by protein (a) and
subsequent complexion of Cwith BCA (b).

The assay is based on the measurement of th&\Cusing Bicinchoninic acid whicis formed by

the conversion of Ciiinto Cu" by proteins under alkaline conditions forming Biuret complehe

Biuret complex is formed by cysteine, cystine, tryptophan and tyrosine residues of the protein with
Cu™ which is reduced to Cuin the complex i alkaline environement depending upon the
temperatureThe Cu then reacts with BCA forming an intensed purple colour complex showing
absorbance maximum at 562 nnAt elevated temperature such as 37°C to 60°C, a persistent
complex is formed by Bicinchonic acid by chelating Cuions formed which is directly
proportional to the quantity of protein. This complex shows strong absorbance at 562 nm. The
sensitivity is high with low variation at higher temperatures. The quantity of protein is measured
spectropotometrically along with known standar&nmith et al., 1986 The advantages associated

with the assay are the stability of complex and tolerance to the interfering substances such as
detergentgWalker, 2002.

The BCA assay was performed with BCA assay kit (Sigma, Dorset, UK). Protein standards were
prepared by making a stock solution of BSA at 10 mg/ mL and dilutingptawade 0.2, 0.4, 0.6,

0.8 and 1.0 mg/ mL standards. The BCA working reagent was prepared by mixing 50 parts of
reagent A with 1 part of reagent B which gave a green coloured solution. The reagent was prepared
just before the use. Samples and standar@5inuL volume were mixed with 200 uL of BCA
reagent in triplicate in a 96 well microtitre plate. The mixture was incubated at 37°C for 30 minutes

with shaking to ensure uniform distribution of the reagents. At the end of incubation, samples
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containing prot® became purple in colour whose intensity was measured by reading the plate in a
plate reader (Mark microplate absorbance spectrophotometer, BioRad, Hertfordshire, UK) at 562
nm. Protein quantity was determined by comparing the reading with thoseadrsts by applying

a calibration curve. An example of a calibration curve is given in Fig. 2.4.
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Fig. 2.4: An example of the calibration curve developed to determine protein concentration
in samples.

2.1.6 CD spectroscopy

Far UV 1 Circular dichroism (CD) is a valuable spectroscopic technique for studying protein
secondary structure in solution. It measures the differences in absorption betwbandefi and
right-handed polarized light. The differences in absorptionslaeeto the asymmetric nature of the

chiral groups in protein molecules. The protein sample is scanned over a range of wavelength
covering both the far (17850 nm) and nedr UV (250-300 nm) region of the spectrum. FauV

CD spectra of proteins generaltgflects the secondary structure of proteins since the structural
components of protein have characteristicda¥ CD s p kelicesrskaow twb negative peaks
(negative ellipticity) at 208 and 222 nm with a positive peak (positive ellipticity) at A3 n b
sheets exhibit a broad negative band near 218 nm and a large positive band near 195 nm. The
disordered extended chains have a weak broad positive band near 217 nm and a large negative banc
near 200 nm. CD spectroscopy may also be used to examiaeytsttuctures of proteins because

the chromophores of aromatic amino acids show distinct CD spectrum in the near UV region due to
the dissymmetric environmerfGreenfield, 1999. The data is analyzed by comparing it with
reference protein sets containmicyg BH5rwect-BBepgrt
rich struct ur e-schsirlciutedepro®insim@metimes, a teference set of denatured

proteins is also used to compare. Therefore, protein secondary structure determination is limited to
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the reference sets onlsreerama and Woody, 2000CD-Pro is a free for scientific research
available program to analyze the CD data with analysis programs such as CDSSTR and ContinLL
which use several reference sets of data callegdisBanging from 47 with known secondary
structures of proteins. The analysis program compares the ellipticity of the sample protein to

ellipticities of proteins with known secondary structures available in the data set.

Circular dichroism (CD) of therptein solution was measured in 20 mM phosphate buffer pH 7.0

and spectra were recorded from 27@90 nm with 3710 spectropolarimeter (Jasco Corp. Tokyo,
Japan) against the same buffer by using a 0.1 mm path length quartz cell. Spectra represents the
avaage of four accumulations collected at 20 nm/ min with a 4 sec. time constant, a 0.5 nm
resolution and sensitivity £100 mdeg. The data was analyzed by using CDPro. Two different
programs were used in the software to analyze the data namely CDSSTR amdLCdfach

program utilizes seven different sets of reference spectra to match with, namely IBasis 1 to IBasis 7.

2.2 Digestionmethods

2.2.1 Materials

All the chemicals used were of analytical grade. Sodium chlargiesin, chymotrypsin, Bowman
i Birk trypsin chymotrypsin inhibitor, methanol, acetic acid and ammonium bicarbonate were
obtained from Sigma, Dorset, UK. LDS sample buffer (4x), MES -8D@ing buffer (20x),
Coomassie brilliant blue Safie stain and 412% gsandard precast SD&els were obtained from

Invitrogen, Paisley, UK.
2.2.2 Simulated gastroduodenal digestion

The gastrointestinal tract is composed of several organs and glands which play important roles
during digestion and absorption of foods. Depending than time, amount, composition and
physicochemistry of food, the digestion results in breakdown of food structure by enzymes secreted
such as splitting of proteins, carbohydrates and fats with the help of muscle contraction which
promotes digestion by physil mobilities of secretions into the fog@oupe et al., 199Hasler,
2009. In vitro models have been developed to mimic the behaviour of foodsnmponents of it
into in vivo system. In such models, charactecstof reactants such as enzyme activity, ionic
strength and composition, mechanical mimicking, digestion times and type of sample affect the out
put of these processéBoisen and Eggum, 1991Predominantly proteases found in Gl tract are
pepsin (found in stomach) and trypsin/ chymotrypsin (found in small intes@ikgr enzymes
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include lipases (gastric and pancreatic lipases) and aang e s ( s al i v a-amylasesh d d
(Hur et al., 201}

The lipases found during digestion absorb at the surface of emulsified lipid and hydrolyze
triglycerides into diglycerides, moglycerides and fatty acids. The activity of pancreatic lipase
depends upon elipase The digestion products thus proddese absorbed into mixed micelles and
transported to epithelium cells through mucus lagrort chain fatty acids absorb directly while
long chain fatty acids first form a micelle with bile salts and lecithin whico@bat luminal cell
surface(Ratnayake and Galli, 2009Amylases convert mainly starch into oligosaccharides and

monosacharides. Most common amylase usethintromo d e | -amylass(Kob et al., 2009

Pepsin is predominantly found in gastric compartment, releasgepsinogen which is denatured

by HCI in stomach and autdeaved to form acte intact pepsinThe active site of pepsin consists
Asp-Thr-Gly, which is the hallmark of aspartic proteagbavies, 199). Pepsin cleavepeptides

bonds between hydrophobic and aromatic amino affdsin, 200}). Trypsin is produced in
pancreas as trypsinogen, converted into mature trypsin by enteropeptidase and released in
duodenum. It hydrolyses-términus bonds of Lys and Arg excdpto isfollowed bythese amino
acids(Leiros et al., 2004 Chymotrypsin is also produced in pancreas as chymotrypsinogen which

is activated by tryptic hydrolysis followed by autolysis into maturechymotrypsin. It hydrolyses C
terminus of Tyr, Phard Trp (Hedstrom et al., 1992

2.2.2.1 Digestion of purified proteins

2.2.2.1.1 Simulated gastric digestion

Purified proteins (5 mg) were dissolved in 9 mL of simulated gastric fluid (SGF: 150 mM NaCl pH
2.5) and the pH was returned to 2.5 by using 1M HCI in a clean sterilin bottle. The final volume
was made up to 9.9 mL with SGF. The solution was kept for oneih a shaking incubator (New
Brunswich Scientific, Fischer Scientific, Loughborough, Leicestershire, UK) to reach the digestion
conditions (170 RPM, 37°C). A volume of 100 pL of freshly prepared pepsin solution in chilled
SGF was added into the protesolution such that pepsin to protein ratio was maintained as 1:20
(w/w). The digestion was carried out for one hour with samples (100 pL) drawn at various time
points one after adding enzyme (20 sec) and at time points 1, 2, 5, 10, 20, 40 and 60 niieutes. T
digestion was stopped in 100 pL samples by the addition of 20 pL of 0.5 M ammonium bicarbonate
solution which raised the pH of the mixture above 7 inhibiting pepsin activity. All the samples
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taken were kept in ice during the remainder of the experiraedtthen stored aR0°C until

analyzed.

2.2.2.1.2 Simulated duodenal digestion

At the end of gastric digestion phase, the pH of the remaining digestion solution was raised up to
6.5 by dropwise addition of 1M NaOH to avoid sharp increase in the pH and prewésih pr
denaturation. A volume of 5 mL of this gastric digest was transferred into a clean sterilin bottle for
duodenal digestion and mixed with 275 pL of 0.5 M BisTris pH 6.5 in simulated duodenal fluid
(SDF: 150 mM NaCl, pH 6.5) and 125 pL ofldisalt stok solution (186 mM adium
glycodeoxycholate, 142.65 mM sodium taurocholate dissolved together in SDF). The mixture was
equilibrated at 37°C with shaking at 170 RPM for 10 minutes prior to adding 50 pL of each of
trypsin (13,00620,000 units/ mg determinedy BAEE (N-benzoyl, L-arginine ethyl ester) as
substrate) and chymotrypsin (40 units/ mg protein determined by BTHer{kbyl L-tyrosine

ethyl ester) as substrate) solution freshly prepared to maintain the proportion of 1:4:4Q0a(w

to protein respaively. Samples were withdrawn at time points 20 sec, 1, 2, 5, 10, 15, 30, 60, 90,
120, 150, 180, 210 and 240 minutes. Digestion was stopped by adding 10 pL of 0.5 mg/mL
Bowman Birk trypsin/ chymotrypsin inhibitor (1 mg inhibiting 0.5 mg trypsin or 1 mg
chymotrypsin with the same activities as used in this protocol) to 100 uL of the digest. Bédwman
Birk inhibitor forms a ternary complex with the active sites of trypsin and chymotrypsin making
them unavailable for reactivity with substrate. The sampldeatetl were analyzed by SEFRAGE

and MALDIT ToFi MS and Orbitrap MS.

2.2.2.2 Digestion of foods

2.2.2.2.1 Model chew

A Achewd was prepared by using a mincer (Lak
material. Peach peel was separated from the fruit by using astiorkeife such that the thickness

of the peel was kept2 mm. Peel was removed and subjected to the model chew immediately after
the removal. The chew was subjected to digestion experiments immediately after preparation. The

mincer and chew are givenkig. 2.5.
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Fig.2.5: Mincer (left) showing the disc (middle) and model chew of peach peel (right).

In case of bread digestion, the crust and crumb were separated from the bread manually and chewed

in the same way as for peach peel.

Onegramofmoddic hewedd peach peel was mixed with 60
mM urea, and human salivary amylase 2U / mL pH 6.9). The digestion was carried out at 37°C with
shaking at 170 RPM for two minutes and stopped by dropping the pH to 2.5 using 1. M [H@l

case of raw flour or fAchewedoO bread, 200 mg
saliva and incubated for two minutes at 37°C with shaking at 170 RPM. The digestion was stopped
by dropping the pH to 2.5 using 1 M HCI.

2.2.2.2.2 Preparation of PCvesicle

2.2.2.2.2.1 Gastric PC

Commercially available egg lecithin (Avarfolar Lipids, Alabama, United States) dissolved in
chloroform (63.5 mM) was dried under argon and vacuum dried over night in a round bottomed
flask. SGF was added to the dried PC to make & doacentration of 0.5 mM and sonicated to
clarity. This solution was always used fresh.

2.2.2.2.2.2 Hepatic mix

Egg lecithin and cholesterol solution prepared individually in chloroform were dried under argon
and vacuum dried overnight in a round bottomed flask. @& added to this dried mixture to a
final concentration of 6.5 mM PC and 3 mM cholesterol. To this solution, bile salts were added to a
final concentration of 12.5 mM sodium taurocholate and 10.5 mM sodium glycodeoxycholate. The

solution was sonicated tarity and was freshly used.
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2.2.2.2.3 Simulated gastric digestion

In case of digestion of food matrix, oral digests were adjusted to pH 2.5 using 1 M HCI. The
volume of added fluid was made up with simulated gastric fluid (SGF, 150 mM NaCl pH 2.5) to
1250 pL.A volume of 550 L of gastric PC solution was added to the sample and kept at 37°C with
shaking at 170 RPM for 10 minutes to reach the digestion temperature. A volume of 100 pL of
freshly prepared pepsin solution in chilled SGF was added into the digeskdie maintain the
pepsin to protein ratio as 1:20:(w) respectively. Samples were removed after 0O, 1, 2, 5, 10, 20,
40, 60 and 120 minutes. The digestion was stopped by adding 250 pL of 0.5M ammonium

bicarbonate solution which raised the pH above The. digests were stored-20°C until required.

2.2.2.2.4 Simulated duodenal digestion

At the end of gastric digestion, the pH was increased to 6.5 by using 1 M NaOH. The digest was
mixed with 60 pL of 0.5 M BisTris pH 6.5 and 340 pL of hepatic mix (secton4.2.2).
Pancreatic lipase (3.98 uL, 25 U/ uL),-pase (16 pL, 0.55 mg/ mL) and pancreatic amylase (12.7

uL, 4 U/ uL) were added just before adding the proteases. Freshly prepared trypsin (5 pL) and
chymotrypsin (20 pL) were added into the digestoii to maintain the ratio of 1:4:400 (wv: w)

to protein respectively. The digestion was stopped at O, 1, 2, 5, 10, 15, 30, 60, 90 and 120 minutes
by adding 125 uL of Baman Birk trypsiachymotrypsin inhibitor (15 mg/ mL). The samples were

kept in ice dung the digestion and stored-a0 °C until required.

2.3 Massspectrometry

Mass spectrometry has become a method of choice for studying complex protein samples. This is an
analytical method that provides qualitative and quantitative information aboutingrofehe
fundamental principle behind this technique is based on the fact that charged protein or peptide
molecules migrate in a vacuum under the influence of electric or magnetic fields in a manner

dependant upon their mass to charge ratio.

There are tlee main fundamental parts in a mass spectrometer; an ion source, a mass analyzer and
a detector. The ion source generates analyte molecules in ionic form. Protein molecules are first
ionized by suitable means such as fast atom bombardment (FAB), elegpact (EI) or chemical
ionization (CI). These ions then migrate through the mass analyzer. The mobility of these charged

analytes dependent on the mass and charge. The mass analyzer then measures the mass to chare
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ratio of ionized analytes. The arrival these analytes at the detector results in a specific signal
depending upon the m/z of the analyte. The intensity of the signal reflects the population arriving at
the detector. The detector registers the number of ions at each m/¢H@leteal., 2003Aebersold

and Mann, 20083

2.3.1 Materials

Sinapinc acid, trifluoroacetic acid, dhiothreitol (DTT), betalactoglobulin (BLGwas of 98%
purity while acetonitrile vas of analytical grade andoth were obtained from Sigma, Dorset, UK.
Myoglobin (95100% purity) was used for calibration of the MS spectra and wisneld from
Sigma, Dorset, UKStandard MALDI target plates were obtained from Bruker Daltonics, Coventry,
UK.

2.3.2 In gel trypsin digestion sample preparation for MS

To identify a protein, samples are excised from the gel or a solution of protein is diigesyed

by a suitable specific enzyme with predictable cleavage such as trypsin which rdkalvigscon

the carbonyl side of lysine andgaine under optimal conditions. For MS/MS analysis, samples
were digested in gel with trypsin and identified bgearching with MASCOT(Perkins et al.,

1999. The in gel tryptic digestion was performed by Fran Mulholland of tk# [FR joint
Proteomics Partnership. The gel spot was excised and transferred to a PCR tube. Destaining was
carried out by adding 100 pL of 20%: (W) acetonitrile, 80% (vv) 50 mM ammonium bicarbonate

to the gel for 20 minutes. Dehydration of the géted was carried out by adding 100 pL of
acetonitrile for 20 minutes. The rehydration and in gel digestion was carried out by adding 5 pL of
10 mM ammonium bicarbonate containing 50 ng of sequencing grade trypsin (Sigma, Dorset, UK).
The digestion was paxfr med f or 3 hours at 37eC and the di
5% (v. v) formic acid creating also a +ve charge on protein. The MS spectrum was recorded with
Micromass QToF Il fitted with Waters CapLGystem. The sample was sprayed through the tip of

a borosilicate nano spray needle held at a potential of +800 V into the source of mass spectrometer.
Mass spectra wergcquired over the range of A®00 m/z. The most intense signals were selected

for collision induced defragmentation.

For MALDI i ToF i1 MS, samples were prepared either reduced by DTT or used unreduced. A
volume of 105 pL of protein solution was mixed with 150 pL of digestion buffer (50 mM

ammonium bicarbonate) and 15 pL of either 100 d 80M DTT for a final concentration of 5 or
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25 mM. The solution was vortex mixed and heated at 95°C for either 5 or 30 minutes. After
reduction, alkylation was carried out by adding 30 pL of either 100 or 500 mM iodoacetamide for a
final concentration of 10r 50 mM. The solution was kept in the dark for 20 minutes. The sample is
then applied to MALDIi ToF i MS target plates together with matrix solution. Most common
matrices used for proteins and peptides aredByiethoxy4-hydroxybenzoic acids(napinic acid),
U-cyane4-hydroxy-cinnamic acid (CHCA) and 2-8ihydroxy benzoic acid (DHBJjGross, 200%

In the case of MS of simulated digestion products, the sam@etlated to 1 pg/ mL in 0.1 % (v

v) TFA and either directly spotted onto target plates or applied to orbitrap MS. The MALGH

T MS of the samples was performed according to the method des(viljedinhaBettoni et al.,

2010. Briefly, the MALDI matrix was prepared by suspending sinapinic acid in 30%)(v
acetonitrile and 0.1% (w) TFA to saurating concentration. The suspension was sonicated for 10
minutes for optimal solubility. A small volume (0.5 uL) of this matrix solution was spotted on a
standard polished stainless steel plate (Bruker Daltonics, Coventry, UK) followed by applying the
same volume of sample (0.5 pL) onto the matrix solution. The spot was air dried priétLiDIM

ToF i MS analysis. Alternatively, a Prespotted AnchorChip (PAC, Bruker Daltonics, Coventry,
UK) plate already spotted with MALDI matrix was used for this asialy

2.3.3 MALDI T ToFT MS

The matrix assisted laser desorption ionizatiotime of flightT mass spectrometry (MALDI ToF

T MS) is a technique based on laser desorption/ ionization which was originally introduced in late
1960s(Vastola et al., 1970vastola and Pironel968 Fenner and Daly, 19$6lt utilizes a solid
sample layer on which laser light (ranging from UV to IR)alssorbed generating evaporated

sample. A basic MALDI ToF1 MS instrument is given in Fig .

45



pulsed laser light

30,000 V UVorIR

TOF mass analyser

tons desorption

sample is co-crystallised with
the matrix on a target plate

Pulsed Laser

b

|
Maldi Plate }A’/ |:> == Detector
Light lons

Heavy lons |

T

TOF Drift Tube
Fig. 26: Schematic representation of ionization of analytes &LM plate (a) and

subsequent identification through the detector (b).
When laser light isapplied to the spot, energy is transferred to the matrix raising the temperature
which results in evaporation of the peptides carrying charges. The ions thus are aligned by using a
focussing lens. These ions then accelerate under the influence of voliagds a time of flight
(ToF) mass analyzer. ToF mass analyzer may be linear or reflectron which provide varying
sensitivity and can detect proteins with molecular weight of upto 500 kDa. The ions migrate within
the mass analyzer in various time lengthsoading to their charge to mass ratio (m/z). The detector
set at the end of the analyzer then records the population of the ions arriving at certain time and
creates a spectrum representing all the events occurred at the detector in on shot. Theiprecision

such cases may be around 10 ppm.

The MS of the samples was carried out by Phil Johnson at IFR. The MALDI plate prespotted with
sample was loaded to Bruker Ultrafl®¥ALDI T TOF/TOF mass spectrometer (Bruker Daltonics,
Coventry, UK) equipped with a pgd bl aser (o = 337 nm, frequenc
were recorded in two different ranges, small molecular weight or peptide rad@®{(Da) and

high molecular weight or protein range (2602000 Da) in linear mode at an accelerating voltage

of 25 kV by averaging of atleast 300 individual laser shots. Myoglobin was used as the internal

standard to calibrate the instrument.
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2.3.4 Orbitrap MS

The MS of samples was carried out by Phil Johnson at IFR. For analysis of the digests of LTPs, a
solution ofgastroduodenal digests of LTPs was adjusted at 1 pg/ mL concentration in 0.1/)% (v
TFA. RP-HPLC-ESFMS was performed using an Accela HPLC coupled to an Orbitrap XL mass
spectrometer (Thermo Scientific, Waltham, USA)volume of 25 ul of sample prepardewas

applied to theeverse phase HPLElumn (Phenomenex Jupiter 5 um C4 150 x 2 mm. ikhg

column was washed for 10 minutes with 5% \{y acetonitrile The elution was carried out with a
linear gradient of 0% (v v) acetonitrileover 50 minutesThe eluate was directly applied to
orbitrap and MS obtaineth positive ion electrospray modBlS/MS spectra were obtained using
collision induced dissociation (CID) with collision voltage 35 Vhe spectrum was recorded
between a mass rangevedsm/z3007 2000

2.3.5 Bioinformatic methods

Bioinformatics is the study of the biological problems such as analyzing protein to understand its
structural characteristics by using available computational and statistical methods. In most of the
definitions, it is narrowd to computational molecular biology or(i@ounsell, 2008 Its primary

use has been made in genomics and genetics where it has been applied mainly in the sequencing of
large scale DNA but is increasingly being used for analysisetdbolomic and proteomic data sets.

The primary objective of this technique is to increase understanding of biological processes by
focussing on computational methods. In our study, the bioinformatic methods are used to analyze

proteomic data.

2.3.5.1 MASCOT database searching

MASCOT is a powerful database search engine which uses the data obtained after mass
spectrometry for protein identification from available primary sequence databases of proteins. There
are two steps of identification namely peptide mas=fimgnting (PMF) and MS/MS. In PMF, MS

data resulting from digestion of a protein with endo proteases such as trypsin are used to search
existing sequence database. The experimental mass values of the peptides obtained by mass
spectrometry are matched withe calculated mass values of the theoretical fragments of the
candidate protein digested in silico by the same enzyme using defined cleavage rules. In case of

MS/MS, the peptides are fragmented under vacuum by using an inert gas and the masses of the
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fragments measured. These masses of the fragments are then matched to the theoretical masses c

the fragments of the same peptide. On the basis of scoring algorithm, the closest match is identified.

The spectrum was analyzed fpotri diepempas sdef inmagesr
submitting the data for database searching using the Matrix Science Mascot search engine. The
MOWSE (MOlecular Weight Search Engine) score of 70 or more was regarded as significant. The
schematic representation of the prodesgiven in Fig. Z7.

2.3.5.2 MMass analysis

MMass is a flexible tool released under general public license for analysis and interpretation of
mass spectrometric data. It offers a variety of data processing tasks and simulated experiments in
silico. It offers othe analysis tools such as manipulating the spectrum, data processing and
calibrating. It also offers Hsilico simulated experiment tools related to protein sequence such as
sequence editing, theoretical protein digestion, peptide fragmentation etc. Thecahadator
calculates the masses of the peptides, fragments along with the composition and isotopic patterns
(Strohalm et al., 2000The peptides obtained after simulated digestion of LTPs were analyzed by
MALDI 7 ToF 1 MS and the intact mass of the peptides obtained. The sequence of LTPs as
identified was obtained from SwissProt Database and was digess#icconwith MMass with
combhed trypsin/chymotrypsin cleavage rules both under-redncing and reduced alkylated
conditions. The theoretical masses obtained for peptides were then matched with experimental
masses obtained under simulated digestion. The masses matched were tifeu idsrthe target
peptide as a result of digestion. Together with identified peptides, there were other unidentified

peptides found in the experimental mass list.
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Fig.2.7: Schematic representation of mascot database search for candidate protein.

2.4 Immunochemical methods

2.4.1 Materials

All the chemicals used were of analytical grade. Nunc Maxisorp 96 well microtitre plates were

obtained from Thermo Scientific, Loughborough, Leicestershire, UK. Disodium hydrogen

phosphate, sodium chloride, potassium dibgeén phosphate, potassium chloride, Tween 20,
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