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ABSTRACT

The antigenic properties of the low molecular weight (LMW) proteins,

polypeptides and peptides of several plant foods were evaluated.  Trichloroacetic acid

(0.6 M) was used to isolate the non-proteins nitrogen fraction of selected tree nuts,

oilseeds, legumes and cereals.  The antigenicity and cross-reactivity for LMW proteins,

polypeptides and peptides were evaluated with polyclonal antibodies raised against

almond, almond major protein (AMP), cashew major protein (CMP), peanut, pecan,

pistachio and walnut glutelin and monoclonal antibodies raised against AMP (mAb 4C10

and 4F10) and cashew (Ana o 1-4B7 and Ana o 2-4H9). Three immunological assays

were utilized to determine antigenicity and cross-reactivity, including Dot blotting,

Western blotting and ELISA.  The ELISA utilized in this study used rabbit anti almond as

the primary antibody, and the almond standard curve had an IC50 value of 0.4837 ± 0.028

µg/ml.

Significant antigenicity and cross-reactivity in the NPN fraction was found with

Dot blot, Western blot and ELISA assays.

Antigenic peptides with a molecular weight range of 7.69-31.02 kDa were

identified.  TCA extracted tree nut and oilseed samples were typically more cross reactive

than legumes and cereals.  Typically, cereals were not determined to be cross-reactive in

more than one assay.

Polyclonal antibodies that were raised against whole proteins recognized more

antigenic LMW species than polyclonal antibodies that were more specific.  Also,

monoclonal antibodies did not recognize any cross-reactive species in the NPN fraction.

This study serves as a preliminary tool for LMW antigen identification and can

guide the direction of future research in this area.  Establishing clinical relevance in

humans will be important before these LMW antigens can be considered allergens.  If

identified antigens are determined to be allergens, research focused on reducing their

allergenicity can be approached.
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CHAPTER 1

INTRODUCTION

Many Americans currently suffer from food allergies (1-4).  Food allergies are

defined as a Type I IgE mediated hypersensitivity response to a food protein.  Allergic

reactions can occur in response to dermal exposure (skin contact), inhalation, and oral

ingestion (eating and drinking).  The clinical symptoms seen in humans include uticaria,

pruritis, vomiting and diarrhea, abdominal cramps, or in severe cases, systemic

anaphylaxis.  While the prevalence of food allergy is not accurately known, it is believed

that about 1-2% of the adult population is affected and up to 8% of children are allergic

to foods (2,5).

Food allergy and food intolerance are common medical conditions, although the

epidemiological data for adults are limited.  Methods for collecting data on individuals

with food allergies range from formal and informal surveys, such as random phone

surveys to very specific methods, such as clinical immunological testing, including the

skin prick test, the radio allergosorbent test (RAST), and the Double Blind Placebo

Controlled Food Challenge (DBDPFC).  A variety of foods have been identified that

elicit immune responses.  According to The Food Allergy and Anaphylaxis Network,

about 90% of all food allergies are caused by 8 major foods which include milk, eggs,

peanuts, tree nuts, fish, shellfish, soybeans and wheat (4).  While not always the case, it is

usually the proteins found in these foods that cause allergic reactions.  Food additives

used in processing including, preservatives (such as sorbic acid, benzoates, sulfites,

nitrites), coloring agents (such as yellow orange S, tartrazine, amaranth, iron III oxide,

cochenille red), and flavor enhancers (such as glutamate, aspartame), may also cause
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reactions classified as food intolerances (1).  As seen by their presence in the “Big 8”,

plant foods are major contributors to food allergies.

Plants serve an important role in world food supply.  Plants serve as a major

energy source and the sole protein source in many countries throughout the world,

providing 65% of food protein and over 80% of food energy on global basis (Sathe 2003)

(6).  Most important to human nourishment are cereals and legumes.  Plants are important

not only for their nutritional qualities, such as phytochemicals, healthy fats, and other

constituents, but are important for their non-food applications as well.

Tree nuts (almond, Brazil nut, cashew nut, hazelnut, macadamia, pecan, pinenut,

pistachio, walnut) are energy rich foods that contain high levels of both lipids and protein

(15).  Current research has found many health benefits from diets that include nuts (9-12).

Nuts are high in the healthy mono- and polyunsaturated fatty acids (10,11).

Incorporation of nuts in the diet has been shown to lower serum cholesterol in patients

with hypercholesterolemia (9-12) due to their positive fatty acid profile and high levels of

unsaturated fatty acids and low levels of saturated fatty acids.  Diets that are low in

saturated fat and contain healthy sources of mono- and polyunsaturated can lower risk for

heart disease and type II diabetes (13).  Nuts contain many bioactive constituents that are

beneficial in human health. Such constituents include fiber, Vitamin E, folic acid, and

phytochemicals, such as phenolic compounds that serve as antioxidants (15,61).  A recent

qualified health claim issued by the Food and Drug Administration allows for nuts to be

labeled as “healthy” (35).  In addition to their nutritional qualities, tree nuts are a tasty

snack and are used as ingredients to provide nutty flavors and crunchy textures to many

foods.  Tree nuts add nutritional and monetary value to cereal and legume based products,

benefiting both the manufacturer and the consumer.

Tree nuts are of global economic significance.  According to the Food and

Agriculture Organization (14), total global tree nut production for 2003 exceeded almost

1,300,000 metric tons, with about 57% attributed to almonds, 20% attributed to walnuts,

and 6% attributed to pistachios.  Tree nut production is also of economic significance to

the United States.  In 2002, the U.S. exported nearly 250,000 metric tons of almonds

($681,000,000 value), which accounted for ~33% of global almond production (15).  In

the same year 29,900 metric tons of walnuts ($99,000,000 value) were produced which
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accounted for ~12% of global walnut production, and 21,000 metric tons of pistachios

($78,000,000 value) were produced, which accounted for ~26% of global pistachio

production (15).  The U.S. also exports other tree nuts including Brazil nut, hazelnut,

macadamia nut, and pecan.  Importation of cashew is of importance.  In 2002, the U.S.

imported almost 95,500 metric tons of cashews ($353,000,000 value) (15).  Legumes and

cereals are also of very important economic significance.  Total global production of

cereals neared almost 350,000,000 metric tons in 2003 (14).  Of this, 18.8% came from

soybeans and 18.2% came from wheat.

Given their ubiquitous presence in the food supply, the allergenic properties of

plant proteins are relevant.  While only a small portion of the population experiences

allergic responses to these foods, the combination of increased consumption and the

potential severity of allergic reactions justifys the need of continuing research in the field

(1,2,5,7,13,16-20).

Allergies to peanuts is one of the most frequent food allergies in children and

causes many of the documented cases of plant food induced anaphylaxis (5).  Other

legumes, such as soybean and many cereals such as wheat, corn, oats and sorghum also

contribute to food allergies.  In a study of fatalities due to anaphylactic reactions to tree

nuts and peanuts, 67% of subjects died from anaphylactic reactions to peanuts, while

33% died from reactions to tree nuts (3).  Of those subjects, 40% were under the age of

16 years old.  Even more important is that unlike allergy to eggs, milk and soybean,

allergy to peanuts and nuts tend to last through adulthood (5).  Food allergens from

legumes and tree nuts pose a serious threat to sufferers of food allergies because of their

ubiquitous presence in a variety of common foods.  Due to the risk of hidden allergens, it

becomes extremely difficult for individuals with allergies to these foods to eliminate

them completely from their diet.  Use of common equipment in food processing plants

often leads to cross contamination of food, which can have serious consequences.  The

risk for cross contamination necessitates the need for the development of sensitive assays

that can detect trace amounts of potential allergens.  Assays for the detection of allergens

in various foods have been developed (38, 60).

Molecules must possess certain biochemical characteristics (such as size,

structure, amino acid sequences) to elicit an immune response in the body and thus be
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classified as food allergen.  The allergenic protein may be present in large or small

quantities within in the food and this quantity is no indication of whether an allergic

response will occur in allergic individuals or not.  Allergenic proteins are typically stable

to food processing and cooking (22).  Since many identified food allergens have a

molecular weight typically between about 10 kDa-70 kDa (21), most food allergy

research has been directed towards the isolation and identification of these large proteins.

Recent discoveries of low molecular weight allergenic proteins in various foods that are

of significant clinical relevance (23-33), belong to the lipid transfer protein family and

the 2S albumin fraction.  These finding suggest the possibility that there may be

undiscovered allergens in the LMW region.  Specifically, the non-protein nitrogen (NPN)

fraction, which includes low molecular weight proteins, polypeptides, and peptides with a

molecular weight of 12-15 kDa or lower, has received negligible consideration as a

potential source of food allergens until recently and may contain significant antigens that

should be further investigated.

Statement of the Problem

Lipid transfer proteins and the 2S albumin fraction (proteins with LMW found in

the NPN) of many plants are an emerging class of allergens.  The antigenic potential of

the NPN of many foods has not been evaluated.  The goal of this research is to determine

and evaluate the antigenic characteristics of the non-protein nitrogen fraction of selected

tree nuts, oilseeds, legumes and cereals.  This will be achieved by using different buffers

to extract proteins of low molecular weight and by using several polyclonal and

monoclonal antibodies to evaluate antigenicity and cross-reactivity in the protein

fractions.  Characteristics that will be evaluated include the molecular weight of the

identified allergens, their extractability in different chemical environments and their

potential as cross-reactive molecules.  Antibodies that are directed against whole

fractions of proteins and antibodies that are specific for individual proteins will be used.

For example, rabbit polyclonal antibodies which are raised against the whole almond

protein fraction will be compared to rabbit polyclonal antibodies raised against amandin
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(almond major protein).  Comparison of the antigens in the NPN recognized by these

antibodies will reveal any differences in recognition.  Antibodies from different species

such as rabbit, goat and mouse will be used and will provide information on the

validation of their use and reveal any difference among species. For example, will one

species recognize more antigens in the same fraction?  Studying polyclonal and

monoclonal antibodies directed against a variety of plant proteins can answer this

question.

Data from experiments presented here will give an extensive look at the antigenic

potential of various plant proteins found in the low molecular weight region.

Research Hypotheses

NPN Fraction

1. Selected extraction methods will efficiently isolate the NPN fraction of various

tree nuts, oilseeds, legumes, and cereals.

2. The NPN fractions of selected tree nuts, oilseeds, legumes and cereals will

contain species under 10 kDa.

3. Tree nuts, oilseeds, and legumes will contain more NPN associated molecules

than cereals

Cross-reactivity

1. The NPN fraction of various tree nuts, oilseeds, legumes and cereals will contain

antigenic LMW proteins, polypeptides and/or peptides.

2. These antigenic LMW species will be under 10 kDa.

3. Tree nuts, oilseeds, legumes and cereals that contain common food allergens

(almonds, cashews, walnuts, sunflower, peanuts, soybean, and peanuts) will have

more antigenic activity than those samples that are less common as food

allergens.
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4. Polyclonal antibodies raised against whole proteins will recognize more LMW

proteins, polypeptides and peptides than polyclonal antibodies raised against

specific proteins.

5. Monoclonal antibodies will not recognize any NPN associated proteins,

polypeptides or peptides.

6. There will be antigenically related LMW species in selected tree nut, oilseeds,

legumes and cereals.

Limitations of the Study

1. The proposed study will assume that extraction with TCA will contain only those

species relevant to the NPN.

2. Growing region and season of selected samples is not anticipated to significantly

effect antigenic potential.

3. Antibodies that are raised against large, major storage proteins will be able to detect

any antigens in the NPN.

4. Clinical testing is not planned.  The methods used to detect immunoreactivity will be

the Dot blot assay, Western blot and ELISA.  Only laboratory method of evaluating

antigenicity will be used.

5. Another important limitation to consider is the use of polyclonal antibodies in

addition to the use of some monoclonal antibodies.  While polyclonal antibodies may

reveal antigenicity in the NPN fraction, they may also pick up certain other molecules

that are non-specific to the antibody in question.  That is, there may be antigen

recognition that is non-relevant to the possible antigen.  Polyclonal antibodies contain

genetic variations that deviate from original antibody that was directed at a given

antigen.  Monoclonal antibodies, those antibodies that are generated from cells

specific for an antigen, will be implemented in this study.  Monoclonal antibodies are

more specific than polyclonal antibodies for the antigen in which they were generated

against. By using both monoclonal and polyclonal antibodies in this study, data will

be obtained that will establish the possible argument that monoclonal antibodies
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should be used in immunological studies to ensure clinical significance, as well as

reveal any antigenic activity in the NPN fraction of samples.

6. Only selected tree nuts, oilseeds, legumes and cereals will be studied.  The antigenic

properties of other foods will not be addressed in this study.

Significance of the Study

The antigenic properties of the NPN fraction which to date, have only begun to be

evaluated will be studied.  This study will evaluate the antigenic properties of a broad

selection of tree nuts, oilseeds, legumes and cereal.  Investigating the possibility that

there may be is antigenic activity in the NPN fraction will contribute to food allergy

research.  A larger number of antigens can be identified and characterized, which will

increase our knowledge on food antigens.  The identification of possible new food

allergens can be made.  Not all allergenic individuals recognize the same proteins in

offending foods.  If antigens are found in the NPN, further research can assess if these

antigens as actual allergens.  Assays designed to detect presence of allergens in foods

may need to be altered to include newly identifies allergens.

The emerging role of LTPs and 2S albumins as allergens necessitates

identification of possible cross-reactive proteins, which will be addressed in this study.

Eventual identification of allergens in the NPN will be of significance to the goal

of reducing or eliminating the allergens found in food.  Studies that modify protein

sequence and structure can be pursued.  Modifying epitopes may lessen antibody

recognition.

Profiles of several plant proteins will be compared to one another.  Similarities

across a wide range of proteins will become evident and possibly lead to the

identification of pan allergens.

This study serves as a preliminary step in furthering food allergy research.
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Definition of Terms

Anaphylaxis- A type I hypersensitivity reaction to an allergen caused by rapid cross-

linking with antigen-specific IgE molecules bound to the surface of tissue mast cells and

peripheral blood basophils.

Antibody-Immunoglobin found in blood, formed by the immune system that recognizes a

specific, foreign molecule.

Antigen- Molecule recognized by antibodies.

Cross-reactive antigen- An antigen that binds to antibodies that were raised against

different antigens due to similar antigenic determinants (epitopes).

ELISA- Enzyme-Linked Immunosorbent Assay.

Epitope-Specific array of amino acids in a protein that bind to antibodies

Food allergen- causative molecule in an offending allergic food.  This is a substance that

causes an abnormal reaction in some individuals, and is usually a protein.

Food allergy- An IgE mediated hypersensitive response to a protein or other molecule

that is ingested.  The clinical response includes urticaria, pruritis, vomiting and diarrhea,

abdominal cramps, or in severe cases, systemic anaphylaxis.

Monoclonal antibodies- Antibodies raised against a specific antigen, descending from a

single cell line.

Non-protein nitrogen- Nitrogen in a given sample that is not associated with a classic

protein . Includes polypeptides, peptides, free amino acids, and other nitrogenous

compounds under 10 kDa (54,55).

Pan Allergen- Characteristically similar allergens found across a variety of related and

unrelated food sources.

Polyclonal antibodies- Antibodies raised against a specific antigen, descending from

multiple cell lines.

Type-I hypersensitivity- IgE mediated allergy involving a immune release of chemical

mediators from mast cells.
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CHAPTER 2

REVIEW OF LITERATURE

Allergies to tree nuts and other foods are classified as type-I hypersensitivity, or

IgE mediated hypersensitivity.  Only true food allergies are caused by the presence of IgE

antibodies directed to specific food proteins, generated by the immune system (1,16,34).

The food allergen does not elicit an immune response in all individuals, but only in those

individuals whose immune system creates antibodies against the allergen.  IgE is a type

of immunoglobin in the blood, and in type-I hypersensitivity, IgE recognizes specific

epitope(s) of a food allergen and elicits a response.  Epitopes can be linear sequences of

amino acids or can be structural sites that bind to specific sites on the IgE molecule.

Food allergens are those antigens that are recognized by an IgE molecule and elicit the

IgE response.

When IgE molecules bind with food antigens in the body, the immediate response

is the formation of the mast cell complex.  Mast cells are large cells found in connective

tissue throughout the body, most abundant in the submucosal tissues and the dermis.

Mast cells contain large granules that store a variety of mediator molecules, that include

histamine, heparin, various cytokines, leukotrienes and degrading enzymes (34).

Mediator molecules facilitate the expression of clinical manifestations, such as localized

swelling, asthma-like symptoms, vomiting and diarrhea.  IgE molecules are bound to

mast cell surfaces.  After the antigen binds to the IgE molecule, mast cell activation and

degranulation is triggered.  It is the mast cell degranulation that leads to the expression of

an allergic reaction.  Degranulation may produce a local or systemic immediate

hypersensitivity reaction.  Mast cell activation may lead to a widespread increase in
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vascular permeability, which may lead to a decrease of blood pressure, airway

constriction, and swelling of the epiglottis (34).

As stated, about 1-2% of adults and about 8% of children have food allergies.  Of

these cases, about 0.8% of children and about 0.6% of adults are allergic to peanuts and

0.2% of children and about 0.5% of adults are allergic to tree nuts (58).  While these

numbers may seem small, it is important to note that many of these individuals are often

allergic to more than one offending food, many times not even knowing what other foods

may present problems.  This puts them at an increased risk for serious allergic reaction,

due to possible accidental exposure.  Important to both the diagnosis and treatment of

food allergies is the identification of possible cross-reactive food allergens.  Cross-

reactive food allergens are those allergens of a specific food that are capable of cross-

reacting with IgE molecules directed against allergens of different foods.  For example,

an individual allergic to almonds may also be allergic to other proteins present in peanuts,

pecans, and/or walnuts.  It has been reported that those suffering from tree nut allergies

have a 37% risk of being allergic to other tree nuts (2).  The potential risk for an allergic

response emphasizes the need to identify cross-reactive molecules in food samples. A

randomized digit dial telephone survey conducted by Sicherer et al. found that of

surveyed individuals, 1.2% of children and 0.2% of adults were allergic to both peanuts

and other tree nuts (59).

Due to the risk of contamination with cross-reactive food allergens, it is vital that

foods are labeled properly.  Ingredient labels on food products can be confusing to

consumers, and the presence of possible allergens is not always clear (20).  For instance,

some food products can contain protein hydrolysates, which may be derived from

soybeans, wheat, whey or casein, all sources of food allergens.  The word “protein

hydrolysates” may go unnoticed by an allergic consumer.  Lecithin (from soybeans and

eggs) and starch (from corn and wheat) may also be used in food manufacturing.  The

FDA enforces strict labeling of all known allergenic foods found in a food product

because of the potential for the presence of hidden allergens and cross-reactive antigens.

Labels on food must contain the phrases “may contain” or “processed on shared

equipment” and must list any ingredient that is of allergenic concern, even if the

ingredient is not used in the recipe for the food (35).
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Testing for food allergies can be complicated and expensive.  Food allergy testing

involves subjecting the patient to dermal exposure or an oral challenge with the suspect

allergen and any response is noted. (1,2,5,36).  There are many problems with this type of

testing.  This method does not control for the amount of an allergen that one might have a

response to.  It only determines if in fact the individual has a reaction to that food.  There

is a need to quantify the minimum amount of an allergen needed to elicit a response,

given that it is the amount of allergen that determines the severity of the response.  The

threshold concentration of an allergen needed for an immune response varies from

individual to individual.  This type of testing becomes highly time consuming if a patient

is being tested for an unknown food allergen.  The patient would have to be challenged

on several occasions with various food allergens to pinpoint the specific food(s)

responsible for the allergy.  Specific techniques are now being developed to identify the

presence of food allergy based on allergen specific IgE antibodies present in the patients’

blood (5,16,37-39).  Blood sera from an individual may be collected and tested against a

variety of food allergens at one time.  This eliminates labor intensive testing and repeated

needle pricking for the patient.  However, while these tests are helpful in narrowing down

suspect allergens, the issue of clinical relevance needs to be addressed.  While results

from in vivo tests are valuable, there may not always be a correlation between positive

identification of allergens from a patient’s blood and the clinical manifestations, such as

mast cell degranulation, that may occur (40).

Previous and current research focuses on food allergens that encompass a variety

of proteins, however, most of these proteins are not found in the NPN fraction (8,39,41-

43).  Many of these proteins have been identified and isolated, such as those found in

almonds (8), cashew (39,41), walnut (42) and in sesame seed (43).  With the use of

polyclonal and monoclonal antibodies and human IgE, the allergenic properties of these

plant proteins have been evaluated.  Some known proteins include the amandin protein in

almonds (8,22), a cashew storage protein, Ana o 1 (39), the 2S albumin in walnuts, Jug r

1 (42), a peanut vicilin seed storage protein, Ara h 1 (43), a 2S albumin, Ses i 2 and a 7S

vicilin-type globulin, Ses i 3 in sesame seeds (33).  Using immunological techniques,

some of their epitopes have been located and sequenced (8,33,42,43).  By identifying
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epitopes responsible for antibody recognition, possibilities for reducing antigenicity (i.e.-

epitope modifications) can be explored.

There have been recent discoveries of important LMW proteins that are

responsible for allergic reactions (23-31,33,44).  Lipid transfer proteins (LTPs) and LMW

storage proteins (2S albumins) have been identified as major allergens in several plants,

even among botanically unrelated plant foods (24).  A suggested function of LTPs is to

facilitate the transferring of lipids within the inter-membrane of the plant cell (25).  To a

lesser extent, LTPs have also been shown to have importance in defense against

pathogens and environmental stresses (32).  In 1999, Pastorell et al. discovered that the

major allergen of peach was a 9 kDa LTP (28).  A 9 kda LTP in apples and in plums was

also identified and was found to be a clinically relevant allergen (24,26,27).  The

Rosaceae family, which include peaches, plums, apricots, apples and almonds, have been

shown to share significant LTP homology across the species (45-48) and thus show

clinical cross-reactivity among those foods (23,24).  Perhaps of greater significance is

that LTPs are highly homologous in unrelated plants such as nuts, sunflower seeds, and

maize (24,30,31).  Of 20 Rosaceae LTP-monosensitive subjects evaluated for cross-

reactivity to non-Rosaceae foods by Asero et al., 80% showed clinical reactivity to nuts

(hazelnut, walnut, and pistachio) and in 55% of the individuals, nuts caused systemic

symptoms (24).  This suggests that LTPs may in fact be pan-allergens, those proteins

found in unrelated plants that have similar allergenic characteristics.  Other important

LMS allergens have also been identified.  Hefle et al. detected a single 12 kDa protein

from the 2S storage protein in sunflower seeds that was recognized by human IgE of

sunflower allergic subjects (30).  The 2S albumin found in Brazil nuts has also been

shown to be an allergen (44). These findings support the need for further investigation of

LMW proteins in various plant foods.  Table 1 provides a list of some major allergen(s)

found in foods that will used in this study.
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Table 1- Some of the known allergens found in foods used in this study.

Source Reported Allergens Molecular

Weight (kDa)

Reference(s)

Almond Amandin 427.3 8

Brazil nut 2S albumin
SSP

9
29

62

Cashew nut 2S albumin
7S vicilin-like
11 S globulin

14
50

62
39
41

Hazelnut LTP
Profilin

11S globulin
7S vicilin

9
14
40
48

62

Macadamia nut Classification not given Not given 66

Pecan None published

Pinenut 17 67

Pistachio

Classification not given

34, 41, 52, 60 68,69

Walnut LTP
Vicilin

9
44

62

Peanut Profilin
Glycinin
Vicilin

15
60

63.5

62

Sesame seed 2S albumin precursor
2S albumin

7S vicilin-like globulin

14
7, 9
45

63
62

Sunflower seed 2S albumin 14-21 30

Chickpea Classification not given 70,64,35,26 70

Great Northern bean

Lima bean

None published

Soybean Profilin 14 62

Barley Barley protein Z4

LTP
45
9

65

Corn LTP 9 62

Oat Classification not given 66 71,72

Rice Ory s 1 14-16 64

Sorghum None published

Wheat Omega-5 gliadin 65 62
SSP-Seed storage protein, LTP-Lipid transfer protein
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Biochemical characterization of tree nut proteins has previously been reported by

Sathe et al. (8,44,45).  The proteins in these tree nuts were evaluated for solubility in

water and salt solutions, determination of isoelectric point, amino acid composition,

estimated molecular weight, mobility of the proteins through a non-denaturing gel, and

protein polypeptide composition under denaturing conditions.  Results of these studies

report important characteristics about proteins, such as electrical charge and size.  Simple

knowledge of the biochemical properties of the proteins found in tree nuts, oilseeds,

legumes and cereals can help us understand the way they interact with antibodies.  For

example, we know that the major storage protein in almonds is amandin.  By learning the

features of this protein such as amino acid sequence, we can identify the exact location

that is recognized by the IgE molecule.  It is only after basic biochemical analysis of the

protein that complex properties, such as IgE recognition sites, are able to be revealed.  In

relation to this study, isolation and characterization of the NPN fraction will be

approached in the same manner.  Some important characteristics that will be explored in

this study include the isolation of the NPN, protein composition under reducing

conditions, and antigenic properties, such as cross-reactivity.

When considering that some LMW proteins are in fact allergens (5,24-

28,30,34,36) and that there is a fine line between classifying LMW proteins, polypeptides

and peptides (46), isolating only the NPN fraction becomes very important.

The non-protein nitrogen fraction of a sample include the polypeptides, peptides,

free amino acids and other nitrogenous compounds that are not associated with classic

proteins.  Guidelines for labeling a molecule a protein are not straight forward.

Molecules are generally considered proteins when they have a molecular weight greater

than 10 kDa (54-56).  There are exceptions however, such as insulin (5.7 kDa), soybean

trypsin inhibitor (7.9 kDa), and crambin (4.7 kDa) (46).  The NPN fraction of a sample is

isolated when nitrogen solubility is at a minimum (46,49).  The most widely used method

of isolating the NPN fraction of plant proteins is extraction with trichloroacetic acid

(16,46-49).  Optimal trichloroacetic acid (TCA) concentrations for NPN isolation have

been described for a variety of plants.  Concentration ranges of 0.4-1.0 M TCA for

almonds (46), 0.4-1.2 M TCA for soybean (46), 0.4-1.0 M TCA for jojoba (49), and 0.5-

1.0 M TCA for walnuts (57) yielded the minimum in nitrogen solubility.  Total NPN for
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plants vary.  Non-protein nitrogen for almonds (46) is reported to be 4.0-5.2% of total

nitrogen, 2.9-7.8% for soybean (46), 21-39% for jojoba (49), 5.0% for sunflower (56),

and 6.2-6.5% for walnut (57).  Based on these findings, 0.6M TCA will be used to extract

the NPN fraction from tree nut, oilseed, legume and cereal samples.

It is important however to consider limitations of extraction.  Martinez et al. (48)

described three different methods of extracting the NPN fraction of various legumes.  All

three methods produced different solubility ranges of NPN.  Solubility of NPN under

different extraction methods will not be addressed in this study.

Once the NPN profile has been determined by SDS-PAGE, the antigenic activity

of this fraction can be studied.  As stated, location of allergens in food can be identified

using many techniques.  Collins et al. developed specific polyclonal antibodies that were

specific to peanut proteins for use in the detection of peanut allergens in a variety of food

(38).  Although this peanut allergen, Ara h 1, is quite large (63.5 kDa), the same

underlying principle can be applied to the NPN fraction.  If antigenic activity is found in

the NPN, and once the specific allergen and/or epitope(s) located, sensitive test(s) can be

developed to detect the presence of the desired allergen or epitope in many different

foods.  Although not addressed in this study, implications from locating the epitope

responsible for food allergies are of great consequence.  Current technology allows for

foods to be genetically modified.  This means that certain negative traits of foods can be

altered.  Although not presently practiced, the gene responsible for generating the

antigenic protein could theoretically be modified so that it no longer expresses the

specific amino acid sequence that binds to the IgE molecule.  Not only is this applicable

to large proteins, but many molecules found in foods, including the NPN fraction.  While

genetic modification is promising, it must be approached carefully.  Genetic modification

can ultimately result in the introduction of a new protein, so the potential allergenicity of

the modified protein must still be assessed (18).  In the event of production of new,

foreign proteins, the safety of the new proteins must be evaluated before introducing the

food to consumers.  Applying rigorous testing to novel proteins will provide reasonable

assurance that the protein itself will not become a new allergen.  Amino acid sequencing

and exploration of genetic modifications of samples will not be addressed in this study.
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CHAPTER 3

MATERIALS AND METHODS

To fully evaluate the NPN fraction of tree nuts, oilseeds, legumes and cereals,

several immunological procedures were performed.  All procedures were done in at least

triplicate to ensure reproducibility.  Twenty-two tree nut, oilseed, legume, and cereal

flours were used.  Tree nut samples included almond, Brazil nut, cashew nut, hazelnut,

macadamia nut, pecan, pine nut, pistachio, and walnut.  Oilseed samples included sesame

seed and sunflower seed.  Legume samples included chickpea, Great Northern Bean, lima

bean, peanut, and soybean.  Cereal samples included barley, corn, oats, rice, sorghum and

wheat.  Samples were purchased from local markets.  The samples chosen encompass a

wide variety of plant proteins representing a comprehensive range of protein classes

soluble in selected solvents.

Preparation of Samples

All samples were ground into a powder and defatted using a Soxhlet apparatus

and petroleum ether as a solvent (flour/solvent ratio of 1:10 w/v) as previously reported

by Sathe et al. (45).  Defatted flour was air dried in a fume hood and stored at -20ºC in

air-tight plastic bottles until further use.  Selected samples were extracted with three

different solvents to solubilize and isolate the proteins. BSB (pH 8.45), and SDS (2%

w/v) were used to solubilize a large range of proteins, such as hydrophobic and

hydrophilic proteins.  TCA (0.6M) was used to isolate the NPN fraction.  Proteins were

extracted using 1:10 w/v flour to solvent ratio.
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Defatted samples (0.1 g) were extracted with 1.0 ml of BSB, SDS, or 0.6 M TCA,

each in 2.0 ml capacity Eppendorf disposable plastic tubes.  Samples were shaken for 1

hour at room temperature in a Fisher brand Vortex Genie2 and were centrifuged in an

Eppendorf centrifuge model 5415D for 30 minutes at 13,000 g.  Supernatants were

carefully siphoned off, making certain to avoid particulate matter in the supernantant.

using disposable Pasteur pipettes, passed through glass wool and stored at 0°C until

further use.  For large scale preparations, 1.0 gram of defatted flour was extracted with 10

ml of 0.6 M TCA for one hour at room temperature in 100 ml capacity beakers with

constant magnetic stirring.  Samples were centrifuged in a Beckman model J2-21

centrifuge for 30 minutes at 13,000 g.  TCA extracts were neutralized with 15% (w/v)

NaOH to pH 7-7.5.

The amount of soluble protein and polypeptides was determined according to the

method of Lowry et al. (50) using bovine serum albumin as the standard protein in

appropriate buffers.  Water was used in standard curve preparation for TCA samples.  A

standard curve (0 µg/ml to 200 µg/ml) was prepared every time a new set of samples was

extracted.  All extracted protein samples were normalized to 1 mg protein per 1 ml

solvent or kept at original extract concentrations and stored at -20ºC.

Immunoassays, Gel Electrophoresis, and Immunoblotting

To evaluate the antigenic properties of the NPN fraction, selected polyclonal and

monoclonal antibodies were used.  Polyclonal antibodies tested included rabbit anti-

whole almond, rabbit anti- whole peanut, rabbit anti− whole pecan, rabbit anti-whole

pistachio, rabbit anti- almond major protein (AMP), rabbit anti- cashew major protein

(CMP), rabbit anti- walnut glutelin, goat anti- whole almond, goat anti- whole cashew,

and goat anti- whole walnut.  Monoclonal antibodies tested included mAb 4C10 (AMP),

4F10 (AMP), 4B7 (Ana o 1), and 4H9 (Ana o 2).

Chemicals and supplies for electrophoresis were from sources described earlier by

Sathe (1993).  Nitrocellulose paper was purchased from Schleicher and Schuell, Inc.

(Keene, NH). BSA, alkaline phosphatase labeled goat anti rabbit IgG, rabbit anti goat,
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IgG, Ponceau S, phosphatase substrate (p-nitrohenyl phosphate, disodium [PNPP]) were

from Sigma Chemical Co., St. Louis, MO.  Microtiter ELISA plates were purchased from

Costar (Cambridge, MA). Unless otherwise noted, all chemicals and supplies, reagent

grade or better, were purchased from Fisher Chemical Co., Orlando, Fl.

Dot Blot

To initially screen for antigenicity of the samples, the Dot blot procedure was

used.  Two µg of each protein sample was aliquoted on to a nitrocellulose paper (0.2 µm

pore size).  After the nitrocellulose papers (blots) were dried (37ºC for 10 minutes), they

were rehydrated with distilled water and washed (10 ml and 10 minutes each) with TBS-

T solution (10 mM Tris, 0.9% [w/v] NaCl, 0.05% [v/v] Tween-20, pH 7.6).  Blots were

blocked with blocking solution (5%[w/v] nonfat dry milk in TBS-T) at 37ºC for 1 hour.

Blots were then washed 3Xs (5 minutes each) with TBS-T.  Primary antibody was diluted

appropriately in TBS-T (Table 2).  The solution was added to the blots (approximately 10

ml per blot) and incubated at 37ºC for 1 hour.  Blots were then washed 3Xs (5 minute

each) with TBS-T.  Appropriate secondary antibodies were diluted in TBS-T (Table 2),

added to the blots (approximately 10 ml per blot), and incubated at 37ºC for 1 hour.

Horseradish peroxidase labeled goat anti-rabbit antibodies, rabbit anti-goat, and goat anti-

mouse were used as the secondary antibodies.  Primary antibody and secondary antibody

dilution are reported in Table 2.  Blots were incubated for 5 minutes with the luminol/p-

coumaric acid system (100 µl, 250 mM luminol [0.44 g in 10 ml DMSO], 44 µl 90 mM

p-coumaric acid [0.15 g in 10 ml DMSO], 6 µl 30% [v/v] H2O2, 2.0 ml 1M Tris-HCl [pH

8.5], 17.85 ml distilled water) for visual detection of antibody reactive proteins and

polypeptides.  The secondary antibody is labeled with the enzyme horseradish peroxidase

that reacted with the luminol solution and gave a luminescent signal.  Dot blots were

developed in a dark room with scientific imaging film (Kodak, BioMax XAR film,

Eastman Kodak Company, Rochester, NY).  A positive test for this procedure meant a

visual signal was produced as a result oft the primary antibody recognizing an antigen

found in the sample.  If the primary antibody reacted with an antigen other than the
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targeted antigen, the sample was considered cross-reactive.  The Dot Blot assay allowed

for preliminary determination of antibody-antigen recognition in the whole protein

extract.   Proteins extracted from TCA and SDS were in their non-native form and

proteins extracted from BSB were in their native form.

Table 2- Antibody Dilutions

Primary antibody Dilution

(v/v)

Secondary antibody Dilution

(v/v)

Rα whole almond 1:10,000 Gα R HRP 1:40,000

Rα whole peanut 1:10,000 Gα R HRP 1:40,000

Rα whole pecan 1:50,000 Gα R HRP 1:40,000

Rα whole pistachio 1:5,000 Gα R HRP 1:40,000

Rα AMP 1:10,000 Gα R HRP 1:40,000

Rα CMP 1:10,000 Gα R HRP 1:40,000

Rα walnut glutelin 1:10,000 Gα R HRP 1:40,000

Gα whole almond 1:10,000 Rα G HRP 1:150,000

Gα whole cashew 1:10,000 Rα G HRP 1:150,000

Gα whole walnut 1:10,000 Rα G HRP 1:150,000

mAb 4C10 1:5,000 Gα Mouse HRP 1:10,000

mAb 4F10 1:5,000 Gα Mouse HRP 1:10,000

mAb 4B7 Ana o 1 1:2,000 Gα Mouse HRP 1:10,000

mAb 4H9 Ana o 2 1:2,000 Gα Mouse HRP 1:10,000

R=rabbit, G=goat, m=monoclonal
AMP=almond major protein, CMP=cashew major protein

HRP=horseradish peroxidase, α= anti

Gel Electrophoresis and SDS-PAGE

Gel electrophoresis was used to biochemically characterize the NPN fraction. In

gel electrophoresis, the sample is passed through a polyacrylamide gel in the presence of

an electrical current.  Based on molecular weight, individual LMW proteins, polypeptides
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and peptides separate out from the sample as bands on the gel at different locations as

they travel through the gel.  Those species that have a HMW separate out last in the upper

portion of the gel, and those with LMW separate out first, migrating farther into the lower

portion of the gel.  These bands can be visualized with certain stains, such as Coomaisse

Blue, and the molecular weight of separated species can be estimated, based on a

standard mixture of known molecular weights.  To best visualize all the proteins in the

samples tested, two gel systems were employed.

For visualization of TCA soluble proteins, a method designed to achieve better

resolution for smaller species were used.  Schägger et al. (51) described a Tricine-SDS-

PAGE gel system that was implemented in this study.  Samples were electrophoresed on

a 15% gel acrylamide gel (5.5 cm X 8.0 cm X 1.5 mm separating gel and 1.0 cm X 8.0

cm X 1.5 mm stacking gel).  The separating gel solution contained 4 ml separating

acrylamide (46.5%acrylamide:1.5% bis), 4 ml gel buffer (3.0M Tris, pH 8.45, 0.3% [w/v]

SDS), 4 ml 50% (v/v) glycerol, 150 µl 10% (w/v) ammonium persulfate and 15 µl

TEMED.  The stacking gel solution contained 0.5 ml stacking acrylamide (48%

acrylamide:1.5% bis) 1.5 ml gel buffer (3.0M Tris, pH 8.45, 0.3% [w/v] SDS), 4.0 ml

distilled water 40µl ammonium persulfate and 4 µl TEMED.  Running buffers included a

cathodal buffer (100 mM Tris, pH 8.25, 100 mM Tricine, 0.1% [w/v] SDS) diluted 10Xs

and an anodal buffer (200mM Tris, pH 8.9) diluted 10Xs. Samples containing 20 µg (30

µl) were loaded on to the gel.  70 µl of samples normalized to 1 mg/ml were added to 30

µl of SDS-PAGE buffer (0.05 M Tris-HCl, pH 6.8,1% SDS, 0.01% bromophenol blue,

30% glycerol) containing 2% β-ME and heated for 15 minutes in a boiling water bath.

The standard LMW marker kit (vial contents reconstituted in 500 µl of SDS-PAGE

buffer), and the standard peptide marker kit (vial contents reconstituted with 5.0 ml

reconstitution buffer, Amersham BioSciences, Piscataway, N.J.) were used as references.

The gels were run at a constant current (30 mA/gel) until the tracking dye reached the

lower edge of the gel. When the gel run was complete, gels were transferred to a plastic

container for staining.  Gels were stained in 50% (v/v) methanol containing 10% (v/v)

acetic acid and 0.25% (w/v) Coomassie Brilliant Blue R for 16 hours followed by

destaining with 50% (v/v) methanol containing 10% (v/v) acetic acid for approximately 4

hours.  The gels were then destained using a dilute destaining solution (containing 5%
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[v/v] MeOH and 7.5% [v/v] acetic acid).  Alternatively, to increase the detection limit of

TCA soluble proteins, silver staining was used, according to the protocol described by

Westermeier (1993).  Briefly, each gel was fixed with 250 ml 30% (v/v) ethanol, 10%

(v/v) acetic acid in DI water for 60 minutes.  The gels were then placed in 250 ml

incubation solution (75 ml ethanol, 17 g sodium acetate, 1.25 ml glutaraldehyde [25%

w/v], 0.5 g Na3S2O3 x 5 H20 made to final volume of 250 ml with DI water) for 120

minutes.  Gels were washed 5 times with 250 ml DI water, followed by incubation in

silvering solution (0.5 g AgNO3, 50 µl formaldehyde [37% w/v] made to final volume of

250 ml in DI water) for 60 minutes.  Gels were then placed in 100 ml of developing

solution (7.5 g Na2CO3, 30 µl formaldehyde [37% w/v] made to final volume of 300 ml

with DI water) for 1 minute, and then in 200 ml developing solution for 20 minutes.

Development was stopped with 250 ml of 1% w/v glycine solution and gels were stored

in DI water.

TCA, BSB and SDS soluble proteins evaluated by SDS-PAGE and western

blotting employed a different protocol for gel electrophoresis.  SDS-PAGE (glycine

system) was done according to the method of Fling and Gregerson (1986) as described by

Sathe et al. (52) and Sathe (53).  Samples were electrophoresed on an 8-25% linear

acrylamide gradient gel (14.5 cm X 16.5 cm X 1.5mm separating gel and 1.0 cm X 16.5

cm X 1.5 mm stacking gel).  The separating gel was prepared by mixing the 8% and 25%

acrylamide solutions using a gradient maker and a peristaltic pump.  The 8% acrylamide

solution contained a total of 15 ml volume with 7.5 ml lower stock solution (1.5 mM

Tris-HCl, pH 8.8; 0.2% SDS), 2.4 ml 50% acrylamide:bis (37:1, w/w) solution, 5.1 ml

deionized distilled water,50 µl 10% (w/v) ammonium persulfate, and 7µl TEMED.  The

25% acrylamide solution contained the same ingredients, except it contained 7.5 ml 50%

acrylamide:bis solution and no water added.  The stacking gel contained 2.5 ml of upper

stock (0.5 M Tris-HCl,0.4% SDS), 1.0ml 50% acrylamide, 6.5 ml deionized distilled

water, 40 µl 10% APS and 10 µl TEMED.  The gels ran at a constant current (8mA/gel)

until the tracking dye reaches the edge of the gel.  Running tap water cooling

(approximately 15ºC) was provided during the gel run.  Seventy µl of samples

normalized to 1 mg/ml were added to 30 µl of SDS-PAGE buffer (0.05 M Tris-HCl, pH

6.8,1% SDS, 0.01% bromophenol blue, 30% glycerol) containing 2% β-ME and heated
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for 15 minutes in a boiling water bath.  Samples containing 20 µg (30 µl) were loaded on

to the gel and 5 µl of the standard LMW marker kit (vial contents reconstituted in 500 µl

SDS-PAGE buffer) were included for reference.  Upon completion of the gel run, gels

were stained or used for western blotting.  Stained gels were stained in 50% (v/v)

methanol containing 10% (v/v) acetic acid and 0.25% (w/v) Coomassie Brilliant Blue R

for 16 hours followed by destaining with 50% (v/v) methanol containing 10% (v/v) acetic

acid for approximately 4 hours. The gels were then destained using a dilute destaining

solution (containing 5% [v/v] MeOH and 7.5% [v/v] acetic acid).

Western Blotting

Western blotting was used to identify specific proteins, polypeptides, or peptides

that reacted with antibodies tested.  Western blotting protocol was as follows.  After gels

under went SDS-PAGE, gels were treated with transfer buffer (0.01 M Tris, 0.8 M

glycine, 8% [v/v] methanol) for 10 minutes with gentle shaking.  Gels were then

sandwiched against nitrocellulose paper (0.2 µm pore size) in a transfer cassette, placed

in the transfer apparatus containing 5.0 L transfer buffer and 500 ml SDS (1% w/v), and

ran under continuous current (1.0 A) at 4ºC for 3 hours.   Transfers were carried out in a

cold ice bath for even temperature cooling.  Proteins migrate from the gel to the

nitrocellulose paper as the transfer occurs.  Upon completion, the nitrocellulose papers

were placed in distilled water for ten minutes, treated for 5 minutes with Ponceau S stain

solution (0.1% [w/v] Ponceau S, 5.0% acetic acid [v/v]) for color development, and

washed with distilled water.  Nitrocellulose papers were then dried and blotted, or stored

at 4ºC until further use.

The Western blot protocol was similar to the Dot blot protocol.  After the blot was

dried, it was rehydrated with TBS-T for 5 minutes.  The blot was then subjected to the

same blocking buffer (nonfat dry milk) and the same primary and secondary antibodies

and was developed as previously described.  Unlike the Dot blot, the Western blot allows

us to see which protein(s)/peptides(s) is (are) responsible for antibody recognition.   By
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comparing the bands in the sample to the bands of the LMW standard, estimation of the

molecular weight was made and the specific proteins recognized.

Detection Limits

Antibody detection limits were determined for all antibodies used for the proteins

they were directed against in each of the three buffers.  For example, the detection limit

of rabbit anti- almond was found for almond proteins extracted with TCA, BSB and SDS.

Samples were electrophoresed as described above.  For detection limit studies, the TCA

samples were electrophoresed with the same methods as the BSB and SDS methods.

Samples were loaded at protein loads of 20 µg, 10 µg, 5 µg, 1 µg, 500 ng, 250 ng, 50 ng,

and 10 ng.  Gels were then transferred to nitrocellulose and subjected to Western blotting

using methods described above.

ELISA

ELISA was used to evaluate the cross-reactivity of samples with antibodies in

consideration.  Relative cross-reactivity was assessed by calculating the equivalent

almond signal given by a sample.  IC50 values were not used.  ELISA was performed

using rabbit anti-almond as the primary antibody.  Competitive direct inhibition ELISA

was performed as described by Sathe et al. (22).  The ELISA was carried out in a 96-well

polyvinyl microtiter plate coated with 500 ng of the reference antigen (whole almond) by

adding 50µl/well of antigen solution (10 µg/ml in citrate phosphate coating buffer [pH 5,

48.5% of 0.1 M citric acid, 51.5% of 0.2 M Na2HPO4]) and incubated at 37ºC for 1 hour.

Wells were washed with BSB, and blocked with 100 �l of blocking solution (0.5% BSA

in 0.05% Tween-20 and1mM EDTA in PBS [10 mM, pH 7.2]) and incubated at 37ºC for

1 hour.  Primary antibody (rabbit anti whole almond previously mentioned) was diluted

(1:104 v/v) in 0.1% BSA in BSB and 120 µl of diluted primary antibody solution was

added to each well of a second uncoated plate.  Proteins extracted from samples were

used as soluble inhibitors.  Soluble inhibitors (30 µl/well of original extract) were serially
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diluted (5 fold) into the antiserum and incubated at 37ºC for 1 hour.  Forty-five µl of the

mixture from these wells was transferred to coated plates and incubated for additional

hour at 37ºC.  The plates were washed with BSB three times (5 minutes each).

Secondary antibody (goat anti rabbit alkaline phosphatase) was diluted (1:5000 v/v) in

0.1% BSA in BSB, 50 µl of diluted secondary antibody was added to each plate and

plates were incubated for additional hour at 37ºC.  The plates were washed with BSB

three times (5 minutes each).  Phosphatase substrate (50 µl of 1 mg PNPP/ml of alkaline

phosphatase substrate buffer) was added and plates developed at room temperature for 30

minutes.  The alkaline phosphatase buffer was composed of 48 ml diethanolamine, 24.5

mg MgCl2, in a final volume of 500 ml adjusted with distilled water after adjusting the

pH of the solution to 9.8 with 5 M HCl.  Reactions were stopped by adding 50 µl of 3 M

NaOH.  Plates were read at 405 nm using an ELISA reader (Power Wave 200, Bio-Tek,

Instruments Inc. Riverton, NJ).  The almond equivalent signal was calculated for all

samples.  Appropriate reference protein (almond) was used as the control. All

experiments were performed in quadruplicate.  Data from ELISA were reported as mean

± standard error of the mean (SEM).

Statistical Analysis

Appropriate data were statistically analyzed (SPSS Inc., Chicago, IL; 2000).  Data

were reported as the mean ± SEM.



25

CHAPTER IV

RESULTS AND DISCUSSIONS

Gel Electrophoresis

Proteins, polypeptides and peptides from samples extracted with 0.6 M TCA were

visualized with the silver staining method and are shown in Figure 1.

Figure 1- Silver stain of TCA soluble peptides. Protein load, 20 µµg each.
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Proteins extracted with 0.6 M TCA were typically less than or equal to 16 kDa,

illustrating the effectiveness of isolating the LMW fraction from these samples.

Molecular weights of visualized samples are summarized in Table 3.

Table 3- Molecular weights of TCA soluble peptides visualized by silver staining

Sample kDa Sample kDa

Almond 11.84 Sunflower seed 10.50

Brazil nut 10.86 Chickpea ND
Cashew nut 10.26 Great Northern bean ND

Hazelnut 14.06 Lima bean 12.20
Macadamia nut 14.90 Soybean 12.20

Pecan 13.60
11.10

Barley ND

Pine nut 12.10 Corn 22.80
17.90
12.10

Pistachio 12.80 Oat 12.50
Walnut 11.80 Rice ND

Peanut 11.10 Sorghum 15.40
8.40

Sesame seed 12.20 Wheat 13.30

ND=Not Detected

Figure 1- Continued



27

All samples, with the exception of chickpea, Great Northern bean and barley,

contained LMW species that were visualized with silver staining.  While soluble protein

concentrations were determined by the Lowry method in these samples, absence of

protein bands suggests that they are not detectable by the silver stain method (detection

limit-2.0-5.0 ng per band) (74), but they could be are visualized in Western blotting.

Molecular weight of polypeptides/peptides detectable by silver staining method ranged

from as low as 8.4 kDa (sorghum) to as high as 22.8 kDa (corn) with majority in the

range of 10 kDa to 15 kDa.  An accepted definition of the NPN fraction states that these

species are typically under 10 kDa molecular weight (54-56).  Although not visualized

with the silver stain method, there were TCA soluble peptides under 10 kDa that were

recognized by various antibodies in Western blotting and are discussed later.

SDS-PAGE profiles for TCA, BSB, and SDS extracts stained with Coomassie

blue are shown in Figure 2.  Both BSB and SDS were efficient at extracting a large range

of proteins in the molecular weight range from <10 kDa to >97 kDa.  TCA extracted

proteins were typically not visualized with Coomassie blue stain.

Proteins extracted with BSB and SDS typically gave similar banding patterns with

a range of molecular weights.  BSB and SDS profiles were not similar for hazelnut, lima

bean and most of the cereals.  There are several explanations.  Although hazelnut proteins

extracted with BSB do not appear in the Coomassie stained gel, similar banding patterns

for hazelnut in BSB and SDS are shown in some Western blots.  TCA and BSB soluble

cereal proteins were not present in the Coomassie staining.  This could be due to the fact

that cereals are typically high in prolamins, aqueous alcohol soluble proteins, and

glutelins, proteins soluble in dilute acid and dilute base solutions.  TCA and BSB would

thus not be efficient at isolating these fractions.  A second explanation for all cases is that

the detection limit of Coomassie staining (0.3-1.0 µg per band) (74) was not low enough

to detect any proteins that were present.  This is supported by the fact that there are

antigenic and cross-reactive proteins visualized with Western blotting.  Western blots

also rule out the probability that LMW proteins may have leached out of the gel during

staining.
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Figure 2- Coomassie blue stain SDS-PAGE of samples. Protein load, 30 µµg each.
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In certain cases, LMW species were extracted with BSB and SDS.  The NPN

fraction may contain polypeptides present in seeds or may be present as a part of larger

proteins.  In the case of the latter, the extraction buffers may simply strip these

polypeptides off the host proteins and be present in TCA extracts.  While not addressed in

this study, it would therefore be important to establish whether or not these LMW species

are unique to the NPN fraction or experimental artifacts.  Establishing this fact could be

approached in several ways.  One such way would be to do a 2D gel so that both the

molecular weight and the isoelectric point of these peptides could be compared.  One

could also employ N-terminal amino acid sequencing to determine if their sequences are

similar.

Dot Blots

The Dot blot assay was used to detect the presence of antigenic and cross-reactive

proteins in their native form. Figures 3-6 show antigenic and cross-reactive proteins in

samples extracted with each buffer using the noted primary antibody.  The number of

recognized antigenic and cross-reactive proteins was higher for the BSB and SDS extract

than it was for the TCA extract.  The higher number of observed cross-reactive proteins

in BSB and SDS was expected since both BSB and SDS solubilize more proteins than

TCA.  Rabbit polyclonal antibodies directed against whole extracts recognized more

cross-reactive samples than rabbit polyclonal antibodies raised against specific proteins.

For example, rabbit anti whole almond recognized all samples (except corn extracted

with TCA, and Great Northern bean and Sorghum extracted with SDS).  Recognition was

lost for most TCA and SDS samples and a few BSB samples when rabbit anti- AMP was

used.  Monoclonal antibodies were very specific and did not reveal cross-reactive

proteins except for mAb 4F10 that recognized wheat (BSB extract) and sunflower (SDS

extract).  There were no cross-reactive TCA soluble proteins recognized by monoclonal

antibodies tested.  Goat polyclonal antibodies were not as cross-reactive as rabbit

polyclonal antibodies.  Goat anti- cashew was the most cross-reactive, recognizing a few

samples in TCA, all samples in BSB and a few samples in SDS.  Goat anti walnut only
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recognized four samples in SDS and goat anti- almond recognized only a few samples in

BSB and SDS.

Dot blots revealed cross-reactive TCA soluble proteins for rabbit anti- almond,

rabbit anti- AMP, rabbit anti- CMP, rabbit anti- peanut, rabbit anti- pecan, rabbit anti-

pistachio rabbit anti walnut glutelin, and goat anti- cashew.

Almond

Of all the antibodies used, rabbit anti- almond recognized the highest number of

cross-reactive samples.  With the exception of TCA extracted corn and rice and SDS

extracted Great Northern bean and sorghum, all samples were found to be cross-reactive.

Rabbit anti- AMP recognized nine TCA samples, all BSB samples (except sunflower

seed, chick pea, Great Northern bean, oat, rice and wheat), and seven SDS samples in Dot

blots.

Cashew

Rabbit anti- CMP recognized many cross-reactive samples in the Dot blots.

Twelve TCA samples, all BSB samples, and 12 SDS extracted samples were cross-

reactive.  Monoclonal antibodies did not recognize any cross-reactive species.

Peanut, Pecan, Pistachio, Walnut Glutelin

Rabbit anti- peanut was the most cross-reactive antibody tested against samples.

With the exception of TCA extracted sorghum, and SDS extracted soybean, all samples

were found to be cross-reactive.  Rabbit anti- pecan recognized eight TCA samples, all

but three BSB samples and seven SDS samples.  Rabbit anti- pistachio recognized five

TCA extracted samples, twelve BSB extracted samples and two SDS extracted samples.

Rabbit anti walnut glutelin recognized three TCA samples, 15 BSB samples, and 3 SDS

samples.
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Rabbit anti- AMP

mAb 4F10

mAb 4C10

Rabbit anti- almond

Figure 3- Dot blots of samples using pAb and mAb raised against various almond proteins. 2 µµg load.
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Rabbit anti- CMP

mAb 4B7 Ana o 1

mAb 4H9 Ana o 2

Figure 4- Dot blots of samples using pAb and mAb raised against various cashew proteins. 2 µµg load.
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BSB

SDS

BSB

SDS
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Rabbit anti- pecan

Rabbit anti- peanut

Figure 5- Dot blots of samples using pAb raised against peanut, pecan, pistachio and walnut glutelin proteins. 2 µµg load.

Rabbit anti- pistachio

Rabbit anti Walnut Glutelin
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SDS

TCA

BSB
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TCA

BSB

SDS
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Goat anti Walnut

Goat anti- almond

Goat anti- cashew

Figure 6- Dot blots of samples using goat pAb raised against almond, cashew and walnut proteins. 2 µµg load.
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SDS

TCA

BSB

SDS

SDS
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Detection Limit for Antibodies

Antibody detection limits for Western blots were determined for all antibodies

used.  Detection limits were determined by finding the lowest protein load the antibody

could detect (of protein to which it was raised against).  Western blots are shown in

Figures 7, 8, and 9.  Table 4 reports the detection limits for polyclonal and monoclonal

antibodies.

Table 4- Detection limits of selected polyclonal and monoclonal antibodies in Western blots

EXTRACTION BUFFER

TCA BSB SDS

Polyclonal

Rα Almond 50 ng 50 ng 25 ng

Rα AMP 250 ng 10 ng 250 ng

Rα CMP ND 50 ng 250 ng

Rα Peanut ND 250 ng 250 ng

Rα Pecan 20 µg 50 ng 500 ng

Rα Pistachio ND 5 µg 5 µg

Rα Walnut Glutelin 10 µg 25 ng 250 ng

Monoclonal

4F10 (AMP) ND 250 ng 5 µg
4C10 (AMP) ND 1 µg 5 µg

4B7 (Ana o1) ND 10 µg 500 ng

4H9 (Ana o 2) ND 250 µg 1 µg
R=rabbit, AMP=almond major protein, CMP=cashew major protein, ND=not detected, αα=anti

For most antibodies, the detection limit was the lowest for BSB extracted

samples.  In some cases, methods used did not allow for antibody recognition of TCA

soluble proteins, polypeptides or peptides.  However, antigenic and cross-reactive

peptides were found in TCA extracted samples with Western blots.  One explanation is

that gel electrophoresis used for detection limit studies used mini format, whereas gel

electrophoresis for Western blotting used large format gels.  There may have also been

unintentional protein load differences.  Poylclonal antibodies had a lower detection limit

than monoclonal antibodies.
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Rabbit αα Almond Rabbit αα AMP

Rabbit αα CMP Rabbit αα Peanut

Rabbit αα Pecan Rabbit αα Pistachio

Rabbit αα Walnut Glutelin

Figure 7- Antibody detection limit for TCA soluble proteins
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Rabbit αα Almond Rabbit αα AMP

mAb 4F10 mAb 4C10

Rabbit αα CMP

mAb 4H9

mAb 4B7

Figure 8- Antibody detection limit for BSB soluble proteins
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Rabbit αα PecanRabbit αα Peanut

Rabbit αα Pistachio Rabbit αα Walnut Glutelin

Figure 8-Continued
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Rabbit αα Almond Rabbit αα AMP

mAb 4F10 SDS
mAb 4C10 SDS

mAb 4B7

 SDS

mAb 4H9

 SDS

Rabbit αα CMP

Figure 9- Antibody detection limit for SDS soluble proteins
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Rabbit αα Peanut Rabbit αα Pecan

Rabbit αα Pistachio Rabbit αα Walnut Glutelin

Figure 9-Continued
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Western Blots

Western blotting was used to visualize proteins and polypeptides under reducing

conditions.  Western blots using various rabbit polyclonal and mouse monoclonal

antibodies are shown in Figures 10-20.  The molecular weights of some of the peptides

are identified by arrows can be found in Table 5.  As was the case with Dot blots,

polyclonal antibodies directed against whole protein extracts recognized more antigenic

and cross-reactive species than polyclonal antibodies raised against specific proteins and

this was the case for all buffers used.  Polyclonal antibodies recognized more antigenic

and cross-reactive proteins than monoclonal antibodies, due to the specificity of the

monoclonal antibodies used.

Antigenic and cross-reactive TCA soluble species were found, however there

were not many cross-reactive polypeptides/peptides that were under 10 kDa.

Interestingly, there were some TCA samples that contained antigenic and cross-reactive

proteins that were of high molecular weight.  Presence of HMW antigenic species may

indicate that there is a limit to extracting only LMW species with TCA, or may suggest

that TCA soluble proteins/polypeptides/peptides aggregate into larger species under SDS-

PAGE reducing conditions.  Further experiments, such as the use of glutaraldehyde as a

cross-linker, could determine the presence of aggregates.

Polyclonal antibodies recognized more antigenic and cross-reactive TCA soluble

proteins when they were directed against whole proteins.  There were no antigenic or

cross-reactive TCA soluble proteins recognized by monoclonal antibodies under reducing

conditions.

Typically, SDS soluble samples were more antigenic and cross-reactive than BSB

samples.  The increase in antigenicity and cross-reactivity may be due to the fact that

SDS is a denaturing buffer and extraction with SDS may allow epitopes to become

accessible to the antibody.  However, in some cases, there was a loss in antigenicity in

the SDS samples indicating possible epitope destruction.

Rabbit pre-immune serum served as a negative control.  There was one protein

band at 66 kDa that was recognized as a false positive.  Western blots for all samples
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using rabbit pre-immune serum as the primary antibody are shown in Figure 22 in the

appendix.

Almond polyclonal and monoclonal antibodies

As seen in Figure 10, many proteins were cross-reactive with rabbit anti-almond.

There were also many antigenic TCA soluble proteins that were recognized.  All tree nuts

except cashew nut and pistachio (both belonging to the Anacardiaceae family) had

antigenic activity.  Pecan and walnut, which both belong to the Juglandaceae family, had

an antigenic peptide around molecular weight 16 kDa.  Both oilseeds had antigenic

peptides.  Three legumes (chickpea, Great Northern bean and soybean) and one cereal

(corn) had antigen peptides.

In tree nuts, antigenically similar polypeptides at 11.28 kDa and 17.08 kDa were

present in both BSB and SDS extracts.  These polypeptides were also antigenically

relevant when rabbit anti- pecan was the primary antibody.  These polypeptides will be

discussed further.

Antigenic and cross-reactive species relevant to rabbi anti- AMP are shown in

Figure 11.  Antigenic activity was present in TCA extract of almond, pistachio, walnut,

peanut, and Great Northern bean.  It is interesting to note that pistachio and peanut were

not determined to be antigenically active with rabbit anti- almond.  As expected, most

proteins antigenic against rabbit anti- AMP were more antigenic against rabbit anti whole

almond, with a few important exceptions.  While antigenic for both antibodies, signal

intensity increased for the BSB and SDS extracts of peanut, barely and wheat in the AMP

Western blot.   Signal intensity increase suggests that the proteins are more antigenic or

cross-reactive to the more specific polyclonal antibody (AMP vs. almond).

Western blots for mAb’s 4F10 and 4C10 are shown in Figures 12 and 13.

Western blots for these monoclonal antibodies demonstrate their specificity.  There were

no antigenic TCA species found.  Sunflower seed and wheat (extracted in BSB and SDS)

contained polypeptides that were cross-reactive with mAb 4F10.  The polypeptides

recognized were around 14.4 kDa and 26 kDa (sunflower) and 30 kDa and 60 kDa

(wheat).  Monoclonal antibody 4C10 recognized only a single peptide (around 55 kDa) in

the BSB and SDS extracts.
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Cashew polyclonal and monoclonal antibodies

Western blots for cashew polyclonal and monoclonal antibodies are shown in

Figures 14-16.  Except for cashew nut, Great Northern bean and lima bean, there were no

antigenic TCA species recognized by rabbit anti- CMP.  A single LMW TCA soluble

peptide in cashew was detected at 15.13 kDa.  Although many samples were found to be

cross-reactive in the Dot blots, reduction of these samples resulted in a loss of

antigenicity.  The most cross-reactive samples included the BSB and SDS extracts of

cashew and pistachio, which belong to the same plant family.  Cross-reactivity was found

in most of the other samples as well.  Cross-reactive LMW SDS soluble peptides in the

extracts of macadamia nut and chickpea were observed.

Cashew monoclonal antibodies did not recognize any cross-reactive proteins,

polypeptides or peptides in any of the three buffers.  Monoclonal antibody 4B7 (Ana o 1)

recognized a single peptide around 60 kDa.  Monoclonal antibody 4H9 (Ana o 2)

recognized many similar peptides in the BSB and SDS extracts of cashew.

Rabbit anti- peanut

Antigenic and cross-reactive proteins relevant to rabbit anti- peanut are seen in

Figure 17.  There were several antigenic peptides in the TCA extract of peanut.

Antigenic and cross-reactive peptides were found in the TCA extracts of almond and

macadamia nut.  As anticipated, most of the cross-reactivity was seen in the legumes

samples.  The TCA extracts of Great Northern bean and lima bean were the only legumes

that showed cross reactivity.  All the BSB and SDS extracted legumes were cross-

reactive to an extent.  Other than the SDS extracts, there were no cross-reactive or

antigenic cereal proteins.

Rabbit anti- pecan

Many antigenic and cross-reactive proteins were recognized by rabbit anti- pecan

and are shown in Figure 18.  Except for cashew nut and pistachio, all tree nut TCA
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soluble species were determined to be cross-reactive, as was the case with rabbit anti-

almond.

TCA extracts of Brazil nut and hazelnut showed a 15.30 and 12.61 kDa

(respectively) antigenic peptide and TCA extracts of pecan and walnut showed an

antigenic peptide of 14.86 and 10.30 kDa, respectively.  As was the case for many TCA

extracted samples, there were many HMW polypeptides that were recognized.

There were similar antigenic polypeptides recognized not only in the tree nut

samples, but the legume and cereal samples as well.  These polypeptides were found in

both the BSB and the SDS extracts were 13.87 kDa and 24.81 kDa.  There is also a 10.37

kDa antigenic peptide that is found in many of the samples.  Taken into account that

these polypeptides are present in multiple plant sources and are recognized as antigenic in

both almond and pecan polyclonal antibodies suggest that they may serve as pan

allergens.  LTPs of several plant sources have been suggested to be pan allergens

(24,30,31,44).  Further experiments are needed before polypeptides identified in this

study can be labeled as pan allergens.

Rabbit anti- pistachio

TCA soluble peptides of hazelnut, macadamia nut, pine nut, walnut, and Great

Northern bean were found to be antigenic and are shown in Figure 19.  There was a high

degree of cross-reactivity found in the BSB and SDS extracts of cashew, which is not

surprising since cashew and pistachio are both in the Anacardiaceae family.  BSB and

SDS extracts of sesame seed contained a cross-reactive peptide of 20 kDa molecular

weight.  In general, legumes and cereals were not very cross-reactive to rabbit anti-

pistachio.

Rabbit anti- walnut glutelin

Figure 20 shows the Western blot using rabbit anti- walnut glutelin as the primary

antibody.  There were antigenic and cross-reactive TCA soluble peptides found in the

macadamia nut, pine nut, walnut, sesame seed, Great Northern bean, and soybean

extracts, although none of these peptides were of LMW.
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All tree nuts samples extracted in BSB and SDS were found to be cross-reactive,

especially pecan (walnut family member, Juglandaceae) and the SDS extracts of almond,

hazelnut, and pistachio.  Most of the BSB and SDS extracted legume samples were cross-

reactive.  Only the SDS extracts of barley, rice and corn were found to be cross-reactive

cereal samples.

Table 5 reports the molecular weights for some of the antigenic peptides

identified by antibodies used.

Table 5- Molecular weights (kDa) of antigenic and cross-reactive peptides*

Rαα
Almond

Rαα
AMP

Rαα
CMP

Rαα
Peanut

Rαα
Pecan

Rαα
Pistachio

Almond 14.63 27.54 22.26 31.02

Brazil nut 17.08 24.81
15.30

Cashew nut 15.13

Hazelnut 17.99 14.30
12.61

16.12

Macadamia

nut

12.86 15.861 9.08 10.37

Pecan 15.27
11.283

14.86

Pine nut 23.97

Pistachio 16.29

Walnut 13.93 10.89 10.28

Peanut 25.95 21.01
9.09
7.69

Sesame

seed

16.73 28.89

Sunflower

seed

15.34

Chickpea 8.861

Lima bean 9.45

Barley

Corn 14.74
*=Molecular weights of TCA soluble peptides unless noted

1=SDS soluble peptide



46

Figure 10- Western blots of samples using rabbit anti- almond as primary antibody. Protein load, 30 µµg each.
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Figure 11- Western blots of samples using rabbit anti- AMP as primary antibody. Protein load 30 µµg
each.
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Figure 12- Western blots of samples using mAb 4F10 as primary antibody. Protein load, 30 µµg each.
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Figure 13- Western blots of samples using mAb 4C10 as primary antibody. Protein load, 30 µµg each.
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Figure 14- Western blots of samples using rabbit anti- CMP as primary antibody. Protein load, 30 µµg each.
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Figure 15- Western blots of samples using mAb 4B7 as primary antibody. Protein load, 30 µµg each.

Figure 16- Western blots of samples using mAb 4H9 as primary antibody. Protein load, 30 µµg each.
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Figure 17- Western blots of samples using rabbit anti- peanut as primary antibody. Protein load, 30 µµg each.
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Figure 18- Western blots of samples using rabbit anti- pecan as primary antibody. Protein load, 30 µµg each.

Molecular weights of peptides identified by starred arrows= 24.81, 13.86, 10.37 kDa
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Figure 19- Western blots of samples using rabbit anti- pistachio as primary antibody. Protein load, 30 µµg

each.
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Figure 20- Western blots of samples using rabbit anti walnut glutelin as primary antibody. Protein load, 30 µµg each.
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ELISA

ELISA was used as a third tool for evaluating the antigenicity and cross-reactivity

of selected samples.  The ELISA utilized in this study used only rabbit anti whole almond

and the primary antibody, as this was one of the polyclonal antibodies that recognized a

high number of antigenic species in the NPN fraction of tested samples.  A representative

standard curve for rabbit anti whole almond is shown in Figure 21.

The average IC50 value for the almond standard curve was 0.4837 ± 0.028 µg/ml.  The

linear range of the curve used for determining significance was found at concentration

range of 0.2-2 µg/ml.  The detection limit for rabbit anti- almond determined by ELISA

was 0.2 µg/ml.  Data are expressed as almond equivalent signals.  That is, when the test

sample registered a statistically significant signal, the original extract contained X µg/ml

protein equivalent to almond protein.  Equivalent almond signals for test samples are

reported in Table 6-8.

Figure 21- ELISA standard curve for rabbit anti whole almond
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Table 6- Almond equivalent signal from TCA soluble proteins*

Almond Equivalent

Detection (µµg/ml)

Sample

Mean SEM

Original Extract

(mg/ml)

Almond 0.000 - 2.292
Brazil nut 22.677 0.288 2.073

Cashew nut 0.000 - 1.357

Hazelnut 3.816 0.009 2.265
Macadamia nut 3.945 0.023 2.923

Pecan 3.146 1.182 3.821
Pine nut 0.000 - 1.360

Pistachio 2.941 0.754 3.915
Walnut 0.000 - 2.660

Peanut 0.000 - 2.875

Sesame seed 18.131 7.569 1.776
Sunflower seed 0.000 - 0.303

Chickpea 0.000 - 0.844
Great Northern bean 0.701 0.060 0.755

Lima bean 0.000 - 0.592

Soybean 0.000 - 1.555
Barley 0.000 - 0.578

Corn 0.000 - 0.607
Oat 0.178 0.007 0.450

Rice 0.849 0.095 0.292
Sorghum 1.154 0.109 0.489

Wheat 1.981 1.021 0.671
*Starting concentration of samples is 30 µµl of original extract and was serially diluted 5 fold.
  SEM=Standard error of the mean

Table 6 contains the almond equivalent signal for TCA extracted samples.

Almond equivalence was reported when concentration data fell within the linear portion

of the almond standard curve.  Half of the TCA extracted samples were determined to be

cross-reactive.  For TCA soluble inhibitors, Brazil nut, hazelnut, macadamia nut, pecan,

pistachio, sesame seed, Great Northern bean, oat, rice, sorghum, and wheat had values

that fell within the linear portion of the almond standard curve.  Of these samples, Brazil

nut had the highest almond equivalence signal, of 22.677 µg/ml.  Surprisingly, TCA

extracted almond did not give a significant signal.  Interestingly, four of the six cereals

had values that were significant.  These samples typically did not show cross-reactivity in

Dot blots or Western blots.
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Table 7- Almond equivalent signal from BSB soluble proteins*

Almond Equivalent

 Detection (µµg/ml)

Sample

Mean SEM

Original Extract

(mg/ml)

Almond 28,886.5 86.500 44.039
Brazil nut 0.929 0.163 54.090

Cashew nut 0.000 - 27.019

Hazelnut 2.273 1.825 33.322
Macadamia nut 8.623 0.767 20.454

Pecan 0.000 - 15.403
Pine nut 0.239 0.028 29.424

Pistachio 6.100 2.084 36.918
Walnut 5.438 1.156 21.060

Peanut 0.000 - 41.110

Sesame seed 1.714 0.174 14.898
Sunflower seed 0.711 0.129 29.898

Chickpea 0.000 - 13.333
Great Northern bean 0.000 - 11.464

Lima bean 5.348 1.343 21.262
Soybean 0.000 - 22.272

Barley 10.330 0.185 5.606

Corn 0.000 - 1.868
Oat 0.000 - 1.767

Rice 0.000 - 0.909
Sorghum 0.653 0.089 2.323

Wheat 3.773 0.950 6.010
*Starting concentration of samples is 30 µµl of original extract and was serially diluted 5 fold.
  SEM=Standard error of the mean

Table 7 contains almond equivalent signals for BSB extracted samples.  Almond,

Brazil nut, hazelnut, macadamia nut, pine nut, pistachio, walnut, sesame seed, sunflower

seed, lima bean, barley, sorghum and wheat had significant almond equivalent signals.

Almond in BSB gave the highest signal of 28,886.5 µg/ml (28.8 mg/ml).  Comparing this

value to the protein concentration in the original extract (44.036 mg/ml), about 65% of

BSB soluble almond proteins are antigenic.  Such a high level of antigenicity was

expected, taking into account that the assay was developed using almond in BSB as a

standard.  Macadamia nut and barley gave the highest cross-reactive values (8.623 and

10.33 µg/ml, respectively).
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Table 8- Almond equivalent signal from SDS soluble proteins*

Almond Equivalent

Detection (µµg/ml)

Sample

Mean SEM

Original Extract

(mg/ml)

Almond 3417.188 92.188 46.666
Brazil nut 0.000 - 42.161

Cashew nut 53.373 3.078 36.080

Hazelnut 0.000 - 66.575
Macadamia nut 0.000 - 23.333

Pecan 0.000 - 31.396
Pine nut 1.916 0.961 42.657

Pistachio 0.000 - 42.026
Walnut 261.375 10.454 35.945

Peanut 0.000 - 45.359

Sesame seed 17.823 3.773 60.945
Sunflower seed 0.000 - 54.999

Chickpea 28.371 10.266 22.342
Great Northern bean 62.697 29.923 17.792

Lima bean 10.938 1.079 19.774
Soybean 1.542 0.090 40.359

Barley 7.803 0.282 15.495

Corn 4.421 1.844 9.369
Oat 0.000 - 13.062

Rice 16.198 0.309 9.999
Sorghum 0.000 - 12.251

Wheat 3.348 0.744 22.792
*Starting concentration of samples is 30 µµl of original extract and was serially diluted 5 fold.
  SEM=Standard error of the mean

Table 8 contains the almond equivalent signals for SDS extracted samples.

Almond, cashew nut, pine nut, walnut, sesame seed, chickpea, Great Northern bean, lima

bean, soybean, barley, corn, rice and wheat were found to have significant almond

equivalent signals.  Almond in SDS had the highest signal of 3417.188 µg/ml (3.418

mg/ml).  This value corresponds to ~7% of the SDS soluble proteins.  Cashew nut and

walnut gave the highest signals (53.373 and 261.375 µg/ml, respectively).

Table 9 reports relative strength of the almond equivalent signal with respect to

the almond equivalent signal found for BSB soluble almond proteins.  Although found to

be significant in ELISA’s, relative strengths of these samples were very weak when

compared to the signal from BSB soluble almond proteins.  Whether these samples are of
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significance to allergic consumers is debatable.  For example, the almond equivalent

signal that came from TCA soluble Brazil nut proteins was only 0.079% as strong as the

signal that came from the BSB soluble almond proteins.  Such a signal appears to be very

low and its significance may be difficult to conclude.  However, consider that the almond

equivalent signal for the TCA extracted Brazil nut was 22.677 µg/ml, which came from

an original protein extract of 2.073 mg/ml.  That is, ~1% of the Brazil nut protein

extracted with TCA was identified as almond equivalent protein by the primary antibody.

While 1% may seem insignificant, threshold protein amounts are not known for

individuals and even minute amounts of protein can cause allergic reactions.

Table 9- Relative strength of almond equivalent signal of cross-reactive samples in all buffers

compared to almond equivalent signal for BSB soluble almond proteins

% of Almond equivalent

signal in BSBSample

TCA BSB SDS

Almond 0.000 100.000 11.830

Brazil nut 0.079 0.003 0.000

Cashew nut 0.000 0.000 0.185

Hazelnut 0.013 0.079 0.000
Macadamia nut 0.013 0.030 0.000

Pecan 0.014 0.000 0.000
Pine nut 0.000 0.001 0.007

Pistachio 0.010 0.021 0.000
Walnut 0.000 0.019 0.908

Peanut 0.000 0.000 0.000

Sesame seed 0.063 0.006 0.062

Sunflower seed 0.000 0.006 0.000

Chickpea 0.000 0.000 0.098

Great Northern bean 0.002 0.000 0.217

Lima bean 0.000 0.019 0.036

Soybean 0.000 0.000 0.005

Barley 0.000 0.036 0.027

Corn 0.000 0.000 0.015

Oat 0.001 0.000 0.000

Rice 0.003 0.000 0.056

Sorghum 0.003 0.003 0.000

Wheat 0.007 0.013 0.012
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Cross-reactivity data found in this study are summarized in Tables 10-13.  These

tables compare the three assays used to determine cross-reactivity for rabbit anti- almond

and reports the findings for Dot bots and Western blots for all other antibodies and all

samples.  It is interesting to note that while some samples were significantly cross-

reactive in Dot blots and Western blots, they were not significantly cross-reactive in

ELISA.  TCA extracted Brazil nut, hazelnut, macadamia nut, pecan, Great Northern bean

and sesame seed samples were cross-reactive to rabbit anti- almond for all three

immunoassays.  Significant results for all three immunoassays allow one to confidently

conclude that these proteins are truly cross-reactive.

Although not evaluated with ELISA, generalizations can be made for the other

antibodies studied.  Typically, if a test sample was cross-reactive in both Dot blot and

Western blot, it was assumed to be cross-reactive and is discussed below.  Development

of sensitive ELISA’s for other antibodies will contribute to the insurance of true cross-

reactivity.  Significant cross-reactivity was found in the NPN fraction of test samples.

TCA extracted samples that were determined to be cross reactive to rabbit anti-

almond include almond, Brazil nut, hazelnut, macadamia nut, pecan, pine nut, pistachio,

walnut, chickpea, Great Northern bean, soybean, oat, sorghum, wheat, sesame seed and

sunflower seed.

TCA extracted samples that were determined to be cross reactive to rabbit anti-

AMP include, almond, Brazil nut and pine nut.

TCA extracted samples that were determined to be cross-reactive to rabbit anti-

CMP include almond, cashew nut, Great Northern bean, lima bean and barley.

TCA extracted samples that were determined to be cross-reactive to rabbit anti-

peanut include almond, Brazil nut, hazelnut, macadamia nut, Great Northern bean, lima

bean, peanut and sunflower seed.

TCA extracted samples that were determined to be cross-reactive to rabbit anti-

pecan include almond, Brazil nut, hazelnut, macadamia nut, pine nut, Great Northern

bean, soybean, and sesame seed.

TCA extracted pine nut was the only sample that was cross-reactive to rabbit anti-

pistachio in both Dot blot and Western blot.
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TCA extracted samples that were determined to be cross-reactive to rabbit anti

walnut glutelin include macadamia nut and sesame seed.

Although not discussed here, cross-reactivity data for BSB and SDS extracts is

summarized in Tables 10-13.  Overall, cross-reactivity for samples was higher than TCA

when proteins were extracted in BSB and SDS, which was expected because these

buffers solubilize a larger amount of protein, increasing the likelihood that any cross-

reactive proteins might be present.

By identifying antigenic peptides and knowing the detection limit of the antibody

in question, one can develop hypotheses about the importance of those peptides to an

allergic consumer.  For example, a TCA soluble peptide (17.08 kDa) found in Brazil nut

by Western blotting was determined to be cross-reactive to rabbit anti- almond.  If this

peptide is eventually found to be allergenic, can we conclude that this peptide will be of

concern when present in a food to an allergic consumer?  The detection limit of rabbit

anti- almond was determined to be 50 ng of protein (per band) for TCA soluble almond

proteins for Western blots.  The cross-reactive Brazil nut peptide identified by rabbit anti-

almond can then be said to have at least 50 ng of protein.  The 50 ng of detected protein

came from an initial protein load of 30 µg.  So, 0.2% of the original protein load was

cross-reactive, or equivalent to almond protein.  The TCA protein extract came from 100

mg of Brazil nut flour (1:10 w/v flour to solvent ratio).  We can then say that the original

Brazil nut flour contains 0.2% of protein that will be recognized by rabbit anti- almond as

almond protein.  Whether this level of contamination will have any significance to the

consumer depends on many factors, such as the amount of flour in a given food, and the

complexity of the food matrix.  Considering that common foods do not typically contain

large amounts of pure Brazil nut flour, there is probably a small chance that these

proteins can be detected by assays developed to identify contamination in foods.

However, threshold levels for allergic consumers vary from person to person, so it

becomes increasingly important to be able detect even minute levels of potentially cross-

reactive proteins.  Establishing detection limits is also of importance for identifying the

likelihood that an assay may give false positive readings.  For example, suppose that the

antigenic TCA soluble peptide is not of allergenic concern.  An assay developed to detect

almond proteins in foods may falsely identify a food sample as being contaminated with
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almond protein, even though there may be not almond present.  Such a scenario illustrates

the importance of rigorous testing during assay development and also supports the use of

monoclonal antibodies for detection assay development.  In this study, no samples were

found to be cross-reactive when monoclonal antibodies were used (with the exception of

sunflower and wheat proteins).  Observing the cross-reactivity of polyclonal antibodies

used in this study, it appears that monoclonal antibodies may be more appropriate for

designing an assay that can confidently identify desired proteins.
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Table 10- Cross-reactivity summary for tree nut proteins

Almond Brazil nut Cashew nut Hazelnut
Macadamia

nut
Primary

Antibody
T B S T B S T B S T B S T B S

R αα Almond

Dot Blot +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++

Western Blot +++ +++ +++ ++ +++ +++ - +++ +++ ++ ++ ++ + +++ +++

ELISA - +++ +++ + + - - - + + + - + + -

R αα AMP

Dot Blot +++ +++ +++ ++ + - + +++ +++ + +++ - + + -

Western Blot ++ +++ +++ ++ ++ ++ - +++ +++ - ++ ++ - + +

mAb 4F10

Dot Blot - +++ - - - - - - - - - - - - -

Western Blot - +++ +++ - - - - - - - - - - - -

mAb 4C10

Dot Blot - +++ +++ - - - - - - - - - - - -

Western Blot - +++ +++ - - - - - - - - - - - -

R αα CMP

Dot Blot +++ +++ + +++ +++ +++ +++ +++ +++ + +++ + ++ +++ +

Western Blot + +++ +++ - +++ +++ ++ +++ +++ - +++ +++ - +++ +++

mAb 4B7

Dot Blot - +++ +++ - - - - - - - - - - - -

Western Blot - +++ +++ - - - - - - - - - - - -

mAb 4H9

Dot Blot - +++ +++ - - - - - - - - - - - -

Western Blot - +++ +++ - - - - - - - - - - - -

R αα Peanut

Dot Blot +++ +++ + +++ +++ + +++ +++ +++ +++ +++ + +++ +++ +

Western Blot + + + - + + - + + - - - + + +

R αα Pecan

Dot Blot + + - + - - - + + +++ +++ - ++ +++ -

Western Blot +++ +++ +++ +++ +++ +++ + + +++ +++ +++ +++ +++ +++ +++

R αα Pistachio

Dot Blot + ++ - - + - - +++ +++ - +++ - - + -

Western Blot - + - - + + - +++ +++ + + + + + +

R αα Walnut Glutelin

Dot Blot + +++ - + + - - +++ ++ - +++ - + +++ -

Western Blot - ++ +++ - +++ +++ - +++ +++ - +++ +++ + +++ +++

T=TCA, B=BSB, S=SDS, R=rabbit, m=monoclonal, AMP=almond major protein, CMP=cashew
major protein, +=cross-reactive (+++=strong, ++=moderate, +=weak), -=not cross-reactive
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Table 10- Continued

Pecan Pine nut Pistachio WalnutPrimary

Antibody T B S T B S T B S T B S

R αα Almond

Dot Blot +++ +++ - +++ +++ ++ +++ +++ +++ +++ +++ +++

Western Blot + +++ +++ + +++ +++ - +++ +++ + +++ +++

ELISA + - - - + + + + - - + +

R αα AMP

Dot Blot - +++ - + + - - +++ + - +++ -

Western Blot + +++ +++ + +++ +++ + +++ +++ ++ +++ +++

mAb 4F10

Dot Blot - - - - - - - - - - - -

Western Blot

mAb 4C10

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα CMP

Dot Blot - +++ - ++ ++ + +++ +++ +++ - +++ ++

Western Blot - +++ +++ - +++ +++ - +++ +++ - ++ +++

mAb 4B7

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

mAb 4H9

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα Peanut

Dot Blot - +++ + +++ +++ + +++ +++ +++ +++ +++ +++

Western Blot - + - - + + - + + - - ++

R αα Pecan

Dot Blot - +++ +++ +++ +++ - - ++ ++ - +++ +++

Western Blot ++ +++ +++ +++ +++ +++ + +++ +++ +++ +++ +++

R αα Pistachio

Dot Blot - ++ - + + - +++ +++ +++ - +++ -

Western Blot - ++ + + + + - +++ +++ + + ++

R αα Walnut Glutelin

Dot Blot - +++ +++ - ++ - - +++ -- - +++ +++

Western Blot - +++ +++ ++ +++ +++ - +++ +++ + +++ +++

T=TCA, B=BSB, S=SDS, R=rabbit, m=monoclonal, AMP=almond major protein, CMP=cashew

major protein, +=cross-reactive (+++=strong, ++=moderate, +=weak), -=not cross-reactive
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Table 11- Cross-reactivity summary for legume proteins

Chickpea
Great

Northern bean
Lima bean Peanut SoybeanPrimary

Antibody
T B S T B S T B S T B S T B S

R αα Almond

Dot Blot +++ +++ ++ +++ +++ - ++ +++ +++ ++ +++ + ++ +++ +++

Western Blot ++ +++ +++ +++ +++ +++ - +++ +++ - +++ +++ +++ + +

ELISA - - + + - + - + + - - - - - +

R αα AMP

Dot Blot - ++ - - - - - +++ +++ - +++ - - +++ -

Western Blot - ++ ++ ++ ++ ++ - + +++ ++ +++ +++ - - +

mAb 4F10

Dot Blot - - - - - - - - - - - - - - -

Western Blot - - - - - - - - - - - - - - -

mAb 4C10

Dot Blot - - - - - - - - - - - - - - -

Western Blot - - - - - - - - - - - - - - -

R αα CMP

Dot Blot - +++ + + + - + +++ - - +++ - - +++ +++

Western Blot - +++ +++ +++ +++ +++ ++ +++ +++ - +++ +++ - +++ +++

mAb 4B7

Dot Blot - - - - - - - - - - - - - - -

Western Blot - - - - - - - - - - - - - - -

mAb 4H9

Dot Blot - - - - - - - - - - - - - - -

Western Blot - - - - - - - - - - - - - - -

R αα Peanut

Dot Blot +++ +++ + + +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ -

Western Blot - ++ ++ +++ +++ +++ + + + +++ +++ +++ - - ++

R αα Pecan

Dot Blot - - - ++ ++ - - ++ - - + +++ + + +

Western Blot - +++ +++ +++ +++ +++ + +++ +++ - ++ +++ +++ ++ +++

R αα Pistachio

Dot Blot - + - - - - - - - - - - + - -

Western Blot - + + ++ ++ ++ - - + - + - - - +

R αα Walnut Glutelin

Dot Blot - +++ - - - - - - - - - - - +++ -

Western Blot - +++ +++ ++ +++ +++ - + + - +++ +++ + + ++

T=TCA, B=BSB, S=SDS, R=rabbit, m=monoclonal, AMP=almond major protein, CMP=cashew
major protein, +=cross-reactive, (+++=strong, ++=moderate, +=weak) -=not cross-reactive
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Table 12- Cross-reactivity summary for cereal proteins

Barely Corn Oat RicePrimary

Antibody T B S T B S T B S T B S

R αα Almond

Dot Blot +++ +++ ++ - +++ ++ +++ +++ +++ - +++ ++

Western Blot - +++ +++ + +++ +++ - +++ +++ - +++ +++

ELISA - + + - - + + - - + - +

R αα AMP

Dot Blot - + - + ++ - - - - - - -

Western Blot - ++ +++ - + + - + ++ - + +++

mAb 4F10

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

mAb 4C10

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα CMP

Dot Blot +++ + + + +++ - - + - - + +

Western Blot + ++ +++ - +++ +++ - +++ +++ - +++ +++

mAb 4B7

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

mAb 4H9

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα Peanut

Dot Blot +++ +++ +++ +++ +++ + +++ +++ +++ +++ +++ +++

Western Blot - ++ +++ - - + - - + - + ++

R αα Pecan

Dot Blot - +++ - + + - - - - - + -

Western Blot - +++ +++ - +++ +++ - + +++ - + +++

R αα Pistachio

Dot Blot + - - - + - - + - - - -

Western Blot - - + - - + - - + - - +

R αα Walnut Glutelin

Dot Blot - + - - ++ - - - - - - -

Western Blot - - + - - + - - + - + +++

T=TCA, B=BSB, S=S-DS, R=rabbit, m=monoclonal, AMP=almond major protein, CMP=cashew

major protein, +=cross-reactive (+++=strong, ++=moderate, +=weak), -=not cross-reactive
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Table 13- Cross-reactivity summary for cereal and oilseed proteins

Sorghum Wheat Sesame seed
Sunflower

seed
Primary

Antibody
T B S T B S T B S T B S

R αα Almond

Dot Blot ++ +++ - +++ +++ +++ +++ +++ +++ +++ +++ ++

Western Blot - +++ - - - ++ +++ +++ +++ ++ +++ +++

ELISA + + - + + + + + + - + -

R αα AMP
Dot Blot - + - - - + + +++ +++ + - +++

Western Blot - ++ - + ++ +++ + + + - +++ +++

mAb 4F10

Dot Blot - - - - ++ - - - - - - ++

Western Blot - - - - ++ ++ - - - - ++ ++

mAb 4C10

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα CMP

Dot Blot + + - +++ - - + +++ +++ - +++ +

Western Blot - ++ - - ++ ++ - +++ +++ - +++ +++

mAb 4B7
Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

mAb 4H9

Dot Blot - - - - - - - - - - - -

Western Blot - - - - - - - - - - - -

R αα Peanut

Dot Blot - +++ + +++ +++ + +++ +++ ++ +++ +++ +++

Western Blot - - + - - + - + + +++ +++ +++

R αα Pecan

Dot Blot - + - ++ + + + +++ - - + -

Western Blot - ++ ++ - +++ +++ +++ +++ +++ + +++ +++

R αα Pistachio

Dot Blot + + - +++ - - + +++ + - - -

Western Blot - - - - - ++ - +++ +++ - - -

R αα Walnut Glutelin

Dot Blot - +++ - + + + + +++ - - - -

Western Blot - - - - + + + +++ +++ - +++ ++

T=TCA, B=BSB, S=SDS, R=rabbit, m=monoclonal, AMP=almond major protein, CMP=cashew

major protein, +=cross-reactive (+++=strong, ++=moderate, +=weak), -=not cross-reactive
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CHAPTER V

CONCLUSIONS

This study aimed to evaluate the antigenic properties of the LMW proteins,

polypeptides, and peptides found selected tree nuts, oilseeds, legumes and cereals.  TCA

was used as a solvent to isolate the NPN fraction, which contains LMW species.  The

cross-reactivity for a number of antibodies were evaluated.  Poylclonal antibodies

included rabbit anti whole almond, rabbit anti whole peanut, rabbit anti whole pecan,

rabbit anti whole pistachio, rabbit anti almond major protein (AMP), rabbit anti- cashew

major protein (CMP), rabbit anti walnut glutelin, goat anti whole almond, goat anti whole

cashew, and goat anti whole walnut.  Monoclonal antibodies tested included mAb 4C10

(AMP), 4F10 (AMP), 4B7 (Ana o 1), and 4H9 (Ana o 2). Three immunological assays

were used to determine antigenicity and cross-reactivity, including Dot blotting, Western

blotting and ELISA.

Significant antigenicity and cross-reactivity in the NPN fraction was found with

the Dot blot assay.  Of the polyclonal antibodies tested, rabbit anti whole almond and

rabbit anti- peanut recognized the most cross-reactive TCA soluble species.  Monoclonal

antibodies did not show any cross-reactivity in TCA soluble species.

Western blotting with various antibodies revealed some antigenic TCA soluble

peptides.  Those peptides had a molecular weight range of 7.69-31.02 kDa.  It was

hypothesized that antigenic peptides would be found that were under 10 kDa.  Although

many antigenic peptides were found in the NPN, relatively few were under 10 kDa.

Absence of antigens under 10 kDa may be attributed to the fact that antibodies used were

not raised against the NPN fraction, or, there may not be any relevant antigenic peptides
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in samples studied.  Despite the absence of antigenic peptides under 10 kDa, there were

LMW antigenic peptides identified.

ELISA was the final tool used to evaluate cross-reactivity.  An almond based

assay was utilized in this study.  Cross-reactivity was found for half of the TCA extracted

samples.

When bearing in mind that samples should give a positive result in at least two

assays to be considered cross-reactive, hypotheses proposed were correct.  Antigenicity

was found in the NPN fraction selected samples.  As hypothesized, TCA extracted tree

nut samples were typically more cross reactive than other samples.  Typically, cereals

were not determined to be cross-reactive in more than one assay.

Polyclonal antibodies that were raised against whole proteins recognized more

antigenic LMW species than polyclonal antibodies that were more specific.  Also,

monoclonal antibodies did not recognize any cross-reactive species in the NPN fraction.

One important observation to consider is that some samples were highly antigenic

in one assay, but not in the two assays.  Can we safely exclude these samples as possible

cross-reactive species?  For example, TCA extracted corn proteins were determined to be

cross-reactive to rabbit-anti- almond by Western blotting, but were not cross-reactive in

the Dot blots or ELISA.  It becomes a challenge even at this level to decide if peptides

should be labeled as antigens.  It is apparent that further investigation is in order.

Rigorous testing of single peptide with various immunoassays should be conducted.

This study serves as a preliminary tool for LMW antigen identification and can

guide the direction of future research in this area.  Establishing clinical relevance in

humans will be important before these LMW antigens can be considered allergens.  If

identified antigens are determined to be allergens, research focused on reducing their

allergenicity can be approached.
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APPENDIX

Table 14- Regression equations used to calculate molecular weights of peptides

Gel/Blot Regression Equation Page Number

Silver Stain

1 y= -1.243x + 1.9807 25

2 y= -1.2475x + 1.9816 25

3 y= -1.2979x + 1.983 26

4 y= -1.312x + 1.9882 26

Rαα Almond

1 y= -1.4024x + 2.175 46

2 y= -1.2384x + 2.1348 46

3 y= -1.3018x + 2.2272 46

4 y= -1.6019x + 2.2963 46

Rαα AMP

2 y= -1.7454x + 2.3531 47

Rαα CMP

1 y= - 1.3667x + 2.2363 50

Rαα Peanut

1 y= -1.3904x + 2.2095 52

2 y= -1.4548x + 2.1225 52

3 y= -1.3288x + 2.2941 52

Rαα Pecan

1 y= -1.4689x + 2.2613 53

2 y= -1.3333x + 2.2119 53

3 y= -1.3749x + 2.2197 53

Rαα Pistachio

1 y= - 1.4737x + 2.2199 54

2 y= - 1.4x + 2.2057 54

3 y= - 1.402x + 2.2084 54
R=rabbit, AMP=almond major protein, CMP=cashew major protein

y=log (molecular weight)

x=relative front (distance peptide traveled/distance front traveled)
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Figure 22- Western blot of samples using rabbit pre-immune serum as primary antibody. Protein

load, 30 µµg each.
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