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Abstract

The present Ph.D. thesis deals with the use of advanced genomic and proteomic
techniques for the assessment of quality and safety of one of the most important
traditional and worldwide renowned Italian crop products: tomato.

In the first section, innovative proteomic approaches have been applied to the issue of
tomato allergy. Classical immunological techniques, based on gel electrophoresis for
the separation of proteins, along with advanced mass spectrometric systems, have
been applied to a set of 12 tomato ecotypes, allowing the detection and the
characterization of the main allergens. Moreover, several novel isoforms of allergenic
tomato Lipid Transfer Protein (LTP) have been detected and characterized, both in
peel and in seed fractions of common tomatoes, by means of high-resolution mass
spectrometric techniques, coupled with classic and innovative purification strategies.
In the second section, advanced genomic techniques have been applied to the problem
of tomato variety identification. In particular, the discrimination of seven tomato
varieties has been achieved by means of specific probes, namely Peptide Nucleic Acids
(PNAs), recognizing characteristic tomato SNPs. After that the performances, in
terms of binding affinity and mismatch recognition, of different modified PNAs (2D-
and 5L- chiral-box) have been tested and compared to fully ‘achiral’ PNA, both in
solution and on solid surfaces, the best PNA model was exploited in the design of a
PNA-based microarray and in a PNA-mediated PCR clamping system for the
recognition of tomato specific SNPs.

Keywords: tomato, allergens, proteomics, food safety, mass spectrometry, genomics,
single nucleotide polymorphisms, peptide nucleic acids, microarray, PCR clamping.

Riassunto

La presente tesi di dottorato riguarda l'utilizzo di tecniche avanzate di genomica e
proteomica per la valutazione della qualita e della sicurezza di una delle pit importati
e rinomate colture tradizionali italiane: il pomodoro.

Nella prima sezione, approcci innovativi di proteomica sono stati applicati al
problema delle allergie al pomodoro. Tecniche immunologiche classiche, basate
sull’elettroforesi su gel per la separazione delle proteine, affiancate da sistemi di
spettrometria di massa avanzati, sono state applicate ad un set di 12 ecotipi di
pomodoro, consentendo lidentificazione e la caratterizzazione dei principali
allergeni. Inoltre, sono state individuate e caratterizzate diverse isoforme della
proteina allergenica del pomodoro Lipid Transfer Protein (LTP), sia negli estratti di
buccia che di semi di pomodori comuni, mediante tecniche di spettrometria di massa
ad alta risoluzione accoppiate a strategie di purificazione classiche ed innovative.
Nella seconda sezione, tecniche di genomica avanzata sono state applicate alla
questione dell’identificazione varietale in pomodoro. In particolare, & stata effettuata
la discriminazione di sette varieta di pomodoro mediante l'utilizzo di sonde
specifiche, chiamate acidi peptido nucleici (PNAs), che riconoscono SNP
caratteristiche del pomodoro. Dopo che le prestazioni di PNA diversamente modificati
(2p- and 5L- chiral-box), in termini di affinita di legame e di riconoscimento di
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mismatch, sono state testate e confrontati con quelle del PNA chirale, sia in soluzione
che su superficie, il miglior modello di PNA é stato utilizzato per il design di un
microarray basato sui PNA e per lo sviluppo di un sistema PNA-mediated PCR
clamping per il riconoscimento di SNP specifiche del pomodoro.

Parole chiave: pomodoro, allergeni, proteomica, sicurezza alimentare,
spettrometria di massa, genomica, polimorfismi del singolo nucleotide, qualita
alimentare, acidi peptido nucleici, microarray, PCR clamping.
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Chapter I —Preface

The term ‘quality’ is defined according to DIN ISO 9000 as the totality of features
relevant to the ability of a product to fulfil its requirements (International Institute
for Standardization, 2005). However, the concept of food quality should be
considered on a much broader basis as the different demands of the manufacture, the
consumer, the surveillance and the legislative bodies must be taken into account in
order to obtain healthy and safe products without neglecting the economic,
ideological and ecological issues associated with food quality.

First, the consumer wants ‘healthy’ products with high nutritional value with regard
to macronutrients like proteins, carbohydrates, fats and fibre as well as vitamins and
trace elements, and also for compounds having functional properties in the body, like
antioxidants. Second, these products should also accomplish the requirements for
superior flavour and texture. Third, a typical geographic origin or the use of defined
ingredients, which often result in higher market prices, are also important factors for
evaluating the quality of food, not because of changes in nutritional value, but in
terms of consumer expectation deception, selling cheap products as high-price
premium food. Last, but not least, obnoxious compounds should be absent in quality
foods or present under the limits set by the regulatory bodies. There is no doubt that a
quality food should primarily be safe.

In this scenario, several directives and laws have been issued for the assessment of
hazards, by means of systematic analysis systems dedicated to the fast, sensitive and
selective identification of perils. In addition, the European Commission also adopted
the framework regulation EC/178/2002 which mainly aims at preventing fraudulent
or deceptive practises, adulteration of food and any practice that may mislead the
consumer.

Whereas on one hand these measures guarantee consumer’s expectations for
information and protection, on the other hand they imply an increase in the
management procedures and in their costs for food industries. The speed-up in the
development of new technologies in the fields of biotechnology, chemistry and food
science, and their perfect integration, have allowed the implementation of tools and
procedures for the food industries and the supervising authorities, helping the
analysis simplification, the time-saving and the cost-effectiveness. In particular, the
enormous advances in genomic and proteomic techniques have allowed in the last
years to gain deeper insights on the molecular composition of food, in turn allowing
to gain more information on the quality and the safety of the foods themselves.

The overall aim of this PhD thesis is to explore the use of advanced genomic and
proteomic techniques for the assessment of quality and safety of one of the most
important traditional Italian crop products: tomato. In particular, genomic
techniques will be applied to the problem of variety identification and proteomic
techniques to the issue of allergenicity.
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1. Tomato

1.1  Historical background and botanical description

The origin of tomatoes belongs to South America and precisely to the Andes (the
modern Peru, Bolivia, Chile and Ecuador), where they grown wildly. Although in
America tomato was already included in the diet of natives, this distinctive vegetable
of Mediterranean area was imported to Europe only in the first half of the sixteenth
century, when Spanish conquistadores landed to America, where it spread just as an
ornamental plant.

At the beginning of 1600th, nearly a century after it has been discovered, it was still
consider unhealthy, since it was believed to be poisonous like the other Solanaceae,
due to its high content of tomatine. Moreover, tomato was thought to have
aphrodisiac properties and, for this reason, it was used by alchemists for their magic
potions. This belief could also explain the names that different European languages
used to refer to it: love apple in English, pomme d’amour in French, Libesapfel in
German and pomo (or mela) d’oro in Italian, all definitions which referred to love.
Nowadays, all these names have been replaced by the original Aztec name, tomatl. It
was just at the end of the eighteenth century that tomato spread for human nutrition
in Europe, especially in France and in the southern of Italy, but while in France it
embodied the royal meal, in Italy it became the basic food for the starving population.
The first transformation process in puree and the potting of boiled material dates
back to 1762.

In the same period, Linnaeus placed the tomato in the genus Solanum as Solanum
lycopersicum, which in Latin meant wolf-peach, reflecting the belief that tomato was
poisonous.! Due to its substantial differences with potato and aubergine, Miller
created for tomato another genus: from there the new name of Lycopersicon
esculentum, which helped with the acceptability of tomato as a food. Phylogenetic
relationships between Solanum and Lycopersicon have been the subject of a great
debate for a long time, with many Solanaceae researchers recognizing Lycopersicon
as a distinct genus while others suggesting its merger with Solanum. More recently,
based on much molecular and morphological information, tomato has been moved
again to the genus Solanum, making Solanum lycopersicum the correct name.

In addition to the cultivated species L. esculentum and its wild form L. esculentum
var. cerasiforme, many other related wild species are know, all of them native to
Western South America, mainly Peru. Only the cultivated species and wild cherry are
found outside this range and are common throughout many parts of the world.
However, the natural habitat of Lycopersicon is highly variable, from very dry to very
wet and from coastal to mountainous areas of more than 3300 m elevation.2 This
diversity in habitat has undoubtedly contributed to the great variation that can be
found in Lycopersicon genus. All species within Lycopersicon produce perfect,
hermaphrodite flowers. A complete range of mating systems is found, from
autogamous to obligately outcrossed self-incompatible biotypes. All tomato species
are diploid (2n = 2x = 24) and are similar in chromosome number and structure.3
They have yellow flowers and the stamens are joined to produce an anther cone that
surrounds the carpels. Botanically, tomato fruit is classified as a berry with a thin
epicarp, a fleshy mesocarp and an endocarp divided into locular cavities containing
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several seeds. The number of carpels in the flowers corresponds to the number of
locules in the fruits. Both leaves and stem are densely covered by hairs excreting the
characteristic tomato smell. It is a perennial herbaceous plant, although in temperate
climates it is grown as an annual. The growth habit can be erect or prostrate.
According to the shape of fruits and leaves and to the growth habit, tomatoes differ
in: ‘cherry’ tomatoes — small size, round-shaped with two cavities; ‘pear’ tomatoes —
medium size, pear-shaped with three cavities; ‘potato-leaved’ tomatoes — big leaves
with intact edges; ‘compact-habit’ tomatoes — bushy with upright stems. Besides the
shape of fruits and leaves, tomato varieties may be classified according to the use in:
fresh consumption tomato, round/globular shaped, smoothed or ribbed surfaces;
peeled tomato, cylinder/pear- shaped; concentrate tomato, square/oblong shaped.
Tomato fruits contain 93—97% of water. The dry matter is composed by sugars (40—
60%), proteins and amino acids (15—20%), organic acids (4—10%), minerals (in
particular potassium), vitamins and pigments (vitamin A, C, lycopene and pB-
carotene), insoluble matter (cellulose, emicellulose and pectins). Seeds are rough,
flattened and discoidal, with 1000 seeds weighing 2.5—3.5 g.4 Fruit colour varies
depending on the species, from red to orange to yellow to green.

Besides the variety, the growing conditions are the major factors influencing the
colour of the fruits: a mild shining promotes the formation of lycopene (which confers
the red colour), while B-carotene (yellow/orange colour) stores up under intensive
light treatments.

1.2 Economic importance

The cultivated tomato is widely grown around the world and constitutes a major
agricultural industry.

The global tomato production is approximately 1.25 x 108 t/year, produced on about
4.5 million hectares (FAOSTAT data, 2006, http://faostat.fao.org). The 10 leading
fruit producing countries are, in descending order, China (3.2 x 107 t/year), United
States, Turkey, India, Egypt, Italy, Iran, Spain, Brazil and Mexico (FAOSTAT data,
2006, http://faostat.fao.org). The highest production per hectare is reported in the
Netherlands (473 t/ha year) where tomatoes are exclusively grown under greenhouse
conditions (FAOSTAT data, 2006, http://faostat.fao.org). The intake of raw tomatoes
differs substantially throughout Europe: 5.9 g/day are consumed in the Netherlands,
47.5 g/day in Germany and 112.5 g/day in Greece. Further, global tomato
consumption has increased over the past two decades (USDA data 2007,
http://static.globaltrade.net).

According to Italtrade.com, Italy produces more than 4 million tons of tomatoes
annually, roughly 90% of which is meant for processing. Italy leads the EU in tomato
production, accounting for 38% of the total EU-27. Of these, 5.2 million tons are
meant for processing (53% of the whole volume transformed by the entire European
Union) and 1.3 million are meant for fresh consumption. In this last segment of the
market Italy plays a less important role, representing only 19% of European supply
(source: AgroalimentareNews). Generally, conditions in Italy allow for production of
high quality and quantity tomatoes throughout the year. The cultivation of processing
tomatoes is possible in many parts of Italy, but three regions account for almost 90%
of the production. Nearly 40% of the production is in the Puglia region, another 40%
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is localized in Emilia-Romagna region and 10% in Campania region (USDA data 2007,
http://static.globaltrade.net).

The data reported here showed that tomato is a symbol of the Italian food-industry
and represents its most significant horticultural product.

1.3 Tomato food chain

The success of the tomato crop has always been connected to its industrial
transformation. The development of the first tomato processing industries in Italy
was due to the capitals provided by fruit and vegetable exporters, who realized the
opportunity to expand the number of accessible markets by overcoming the problem
of the perishable nature of fresh products. A considerable impetus to the cultivation
of tomato was, in fact, recorded in Italy at the beginning of last century, in connection
with technological development that allowed the rise of the canning and
transformation industries.

Initially, tomatoes were simply canned and sterilized, according to the so-called
"appertization". Later, mainly due to the opening of some processing plants in the
South of Italy (especially in the Nocera-Sarno area), the "peeling" process of long-
shaped tomatoes, typically grown in these areas, took place. The development of this
industry sector caused the conversion of large agricultural areas to the cultivation of
tomato, thus positively influencing the socio-economic aspects of local populations.
Independently of the quality of the product, the worldwide diffusion of ‘San Marzano’
tomato variety was due to the enhancement of the tomato processing.s

The process of conservation begins straight after picking and it should comply with
many rules to ensure quality: red fruit, uniform shape and size, high pulp content and
a low number of seeds. The characteristics are further defined by the type of
transformation that the tomato undergoes: peeled, puree, pulp or chopped, juice,
dried flakes. Processing begins with tomato washing in tanks; tomatoes are then
heated to a temperature of 9o °C, in order to remove the skin from the flesh, using
mechanical or heat processes, and then they are transferred onto conveyor belts for
sorting. In modern industrial production lines, the sorting process is performed by an
optical sorter. The product is then submitted to a process of partial concentration.
Lastly, the tins are filled with the fruit and juice and then vacuum sealed before
pasteurisation.

Tomato processed products represent the major export of Italy’s trade but, on the
other side, growing imports have been needed in order to meet both domestic
consumption requirements and a fairly stable export demand. Most of the imported
material comes from non-European countries: this could affect the quality features of
those tomato productions which are related to the creation of high-quality brand
names, aiming both to protect typical food production, related to a specific
geographical area, and to encourage those sections which include valuable and
traditional products. For example, the legitimate and traditional production of 'San
Marzano' has been protected by the certification mark protection PDO (Protected
Designation of Origin) since 1999. The branding of protection by the European Union
has proved a useful tool to protect such typical food and revitalize some
productive sectors, including traditional products of value. So, in order to avoid an
inappropriate use of these ‘quality’ claims, for example the fraudulent substitution of
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premium varieties with others of lower commercial value, several analytical tools,
mainly based on DNA analysis, have been developed to assess the authenticity of the
raw material through all the stages of production and to avoid frauds which may
damage both consumers and producers.

1.4 A model organism

Tomato 1is considered an excellent model system for studying genetic
plant, both in basic and applied research. This is due to different reasons,4 including
ease of culture under a wide range of environments, short life cycle, photoperiod
insensitivity, high self fertility and homozygosity, great reproductive potential, easy
control of pollination and hybridization, diploid species with a rather small genome
(950 Mbp),671ack of gene duplication, amenability to asexual propagation and whole
plant regeneration,89 ability to develop haploids, and availability of a wide array of
mutants,”” and genetic stocks.?2 Recent availability of high molecular weight insert
genomic libraries, including both YAC,'3 and BAC,4 libraries, has facilitated map-
based or positional cloning. Furthermore, members of Lycopersicon are easily
transformed, and transgenic tomatoes are routinely produced using co-cultivation
with Agrobacterium tumefaciens.815 Tomato was the first food crop in the U.S. for
which a genetically engineered variety was marketed,¢ and also for which a disease
resistance gene was positionally coloned.7-18 Currently, the euchromatic portions of
the 12 tomato chromosomes are being sequenced, which will make tomato even more
of ideal crop plant system for genomic studies (see below). For all these reasons
tomato has long served as a model system for plant genetics, development,
physiology, pathology, and fleshy fruit ripening, resulting in the accumulation of
substantial information regarding the biology of this economically important
organism. Many genomic tools are now available on this Solanaceous species and
have rapidly generated a great amount of genomic resources, including mapping
populations, mapped DNA markers, bacterial artificial chromosomes expressed
sequence tag (EST) collections, mutants concerning fruit development and ripening,9
and gene expression profiling of fruit development and maturation.z0

Recently a remarkable amount of data have been gathered in the field of tomato
proteomic, mainly thanks to the technological achievements which allowed high
throughput screening of proteomic states. They largely deal with the study of
proteome variations associated with the fruit ripening,2t22 or with the seed
germination.23 A proteomic approach was also used to describe the proteome of
tomato pollen,24 and to identify differentially expressed proteins in the wild type and
mutant anthers with the objective of analyzing their roles in normal pollen
development and in male sterility.25 Several attempts have been addressed to the
proteomic study of tomato protein changes in response to different extreme growing
conditions, such as heat treatment,26 salt,27.28 aluminium,29 and iron stresses,3° or to
characterize 2S storage albumin from the seeds that cross-reacted with antiserum to
the fruit lectin,3! responsible of some adverse effects after their ingestion. Different
studies have also carried out to investigate the molecular and biochemical
mechanisms potentially involved in tomato fruit defense against pathogenic
attacks.3233 These findings represent a significant contribution towards the
construction of a comprehensive tomato proteome database, encompassing many
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different species, and which could serve as a valuable resource for understanding the
biology of the Solanaceae family.

1.5 Tomato genome sequencing

The nuclear genome of tomato has 12 chromosomes and approximately 950 Mbp of
DNA, containing 59% of non-coding regions, 28% of sequences coding, 11% of
transposon sequences and 2% of organelle sequences.34 Approximately 77% of the
chromosomal DNA is placed in the centromeric heterochromatin, which lacks in
genes.3¢ The tomato genome encodes about 35,000 genes, most
of which are placed in the distal euchromatic regions of chromosomes,3s with a
density of 6.7 kb / gene, similar to that of Arabidopsis and rice.34

The 12 tomato chromosomes have been sequenced by an International consortium
composed of 10 countries, which different chromosomes have been assigned to: China
(3), France (7), India (5), Italy (12), Japan (8), Korea (2), Netherlands (6), Spain (9),
United Kingdom 1) and USA (1,10,11)
(http://www.sgn.cornell.edu/help/about/tomato_sequencing.pl.).

Tomato genomics has generated a huge amount of data resulting in the need for
accessible databases, such as the database of the International Solanaceae Genomics
Project (SOL), the SOL Genomics Network (SGN; http://sgn.cornell.edu). SGN gives
free access to genetic and physical tomato maps and to DNA sequences of tomato
genes, expressed sequence tags (ESTs), bacterial artificial chromosomes (BACs) and
molecular markers. The International Solanaceae Genomics Project also includes the
EU-SOL and Lat- SOL programmes. EU-SOL focuses on the development of high-
quality and healthy tomato and potato varieties with improved consumer-, processor-
and producer-directed traits. Lat-SOL aims at joining efforts in Latin America and
promoting information and resource flow between laboratories working in basic and
applied aspects of Solanaceae species.3¢

On October 23 2009 Keygen delivered to the Consortium the physical map of the
tomato genome, built using the technology "Whole Genome Profiling" (WGP)
(www.keygene.com). The entire sequence of 950 Mb that constitutes the tomato
genome was covered by assembling BAC clones under conditions of high stringency.
This map will be used as a skeleton to produce a ‘higher quality’ draft sequence of the
tomato genome in the next years. Started in 2003, the sequencing project has
ambitious research targets, including developmental and functional genomic studies
of the Solanaceae family.19

1.6 Genetic variability and breeding

The cultivated tomato has limited variability, largely because of several population
bottlenecks in the forms of founder events and natural and artificial selections that
occurred during domestication and evolution of modern cultivars.3” For example,
tomatoes that were first introduced to Europe by Spanish explorers furnished the
entire genetic base for the modern cultivars and consequently the current European
and U.S. cultivars are highly similar to each other. It is estimated that only ~5% of the
total genetic variation within Lycopersicon can be found within L. esculentum,38:39
and genes for many desirable agricultural characteristics do not exist in this species.
The related wild tomato species, however, are a rich source of desirable genes and
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characteristics for crop improvement, though they remain largely under exploited,
mainly due to difficulties that inter-specific crosses may represent.

Breeding new cultivars of tomato with improved characteristics started more than
200 years ago in Europe, mainly in Italy. Until 1950s, tomato breeding included
development of multipurpose cultivars to meet several needs, including fresh market
and processing industries. Subsequently, breeding objectives have depended upon
method of culture, that is field or greenhouse grown, and whether the product has to
be used as fresh or processed.4° Today, fresh market and processing cultivars are quite
distinct, largely as a result of the different quality requirements for intended use.
However, the universal goal of tomato breeding for both fresh market and processing
purposes has been to increase fruit yield per unit area. Other essential characteristics
common to both industries include disease resistance, broad adaptability, earliness in
maturity, ability to set fruit at adverse temperatures, resistance to rain-induced
cracking, tolerance to major ripe-fruit rots, adequate vine cover, fruit firmness, and
several other fruit quality characteristics. Specific traits needed in processing
cultivars include compact, determinate plant habit and concentrated flowering and
fruit set suitable for onceover machine harvest, ease of fruit separation from the vine
(joint less characteristic), and specific fruit quality characteristics such as colour, pH,
total acidity, soluble solids, total solids, and viscosity. Specific traits of interest in
fresh market cultivars include large, round fruits with adequate firmness and shelf-
life, uniform fruit size, shape and colour, appearance, freedom from external
blemishes or abnormalities, texture, taste and flavour.4°

Moreover, accessions of nearly all wild tomato species have been successfully used to
introduce valuable traits for crop improvement, especially monogenic sources
conferring resistance to fungal, nematode, bacterial and viral diseases.3¢

1.7 Tomato nutrients and their benefits on human health

Tomato and tomato-based products are important sources of many established
nutrients and are predominant sources of some phytochemicals that may have health
benefits. Based on the volume of consumption per person, tomatoes are relatively rich
sources of folate, vitamin C, vitamin A, and potassium. The relative importance of
tomatoes as contributors of these nutrients varies across populations, according to
their consumption. For example, since they are highly consumed in Italy, tomatoes
have been estimated as the second most important source of vitamin C after
oranges.4! Despite their low content in proteins and organic acids, tomatoes are a
predominant source of several carotenoids, particularly lycopene and B-carotene, and
of other potentially beneficial phytochemicals, including phenylpropanoids (phenolic
acids), phytosterols, and flavonoids.42:43

The biological activities of carotenoids, such as [-carotene, are related in general to
their ability to form vitamin A within the body. Because lycopene is not converted to
vitamin A,44 it may be entirely available for other properties. Two major hypotheses
have been proposed to explain the anti-carcinogenic and anti-atherogenic activities of
lycopene: non-oxidative and oxidative mechanisms. Among the non-oxidative
mechanisms, lycopene is hypothesized to suppress carcinogen-induced
phosphorylation of regulatory proteins such as p53 and Rb anti-oncogenes and stop
cell division at the Go—G1 cell cycle phase.45 Preliminary in vitro evidence also
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indicates that lycopene reduces cellular proliferation induced by insulin-like growth
factors, which are potent mitogens, in various cancer cell lines.4¢ Lycopene also has
been shown to act as a hypocholesterolemic agent by inhibiting HMG-CoA (3-
hydroxy-3-methylglutaryl- coenzyme A) reductase.4” Among the oxidative
mechanisms, lycopene has been hypothesized to prevent carcinogenesis and
atherogenesis by protecting critical cellular biomolecules, including lipids,
lipoproteins, proteins and DNA.48:49 In healthy human subjects, lycopene- or tomato-
free diets resulted in loss of lycopene and increased lipid oxidation,5° whereas dietary
supplementation with lycopene increased serum lycopene levels and reduced
endogenous levels of oxidation of lipids, proteins, lipoproteins and DNA.49 The
proposed mechanisms for the role of lycopene in the prevention of chronic diseases
are summarized in Fig 1.
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Fig 1. Proposed mechanisms for the role of lycopene in preventing chronic diseases. Dietary lycopene may
increase the lycopene status in the body and, acting as an antioxidant, may trap reactive oxygen species,
increase the overall antioxidant potential or reduce the oxidative damage to lipid (lipoproteins, membrane
lipids), proteins (important enzymes) and DNA (genetic material), thereby lowering oxidative stress. This
reduced oxidative stress may lead to reduced risk for cancer and cardiovascular disease. Alternatively, the
increased lycopene status in the body may regulate gene functions, improve intercell communication,
modulate hormone and immune response, or regulate metabolism, thus lowering the risk for chronic
disease. These mechanisms may also be interrelated and may operate simultaneously to provide health
benefits. Adapted from reference 51.

Tomatoes have also been recognized as an important source of dietary flavonoids
because of a worldwide high consumption. Besides their relevance in plants,
flavonoids are important for human health because of their high pharmacological
activities as radical scavengers, their high antioxidant capacity and their ability to
induce human protective enzyme systems, and their protective effects against
cardiovascular diseases, cancers, and other age-related diseases.52 The occurrence of
flavonoids in tomato fruits is almost exclusively restricted to their skin, leaving only
negligible quantities in the remaining parts of the fruit.53 The main flavonoids in
tomato fruits identified in previous literature have been reported to be rutin,
naringenin,545556 and chalconaringenin.57:58 Moreover, some minor flavonoids have
been identified from tomato fruits as reviewed by Moco and co-workers,59 among
them kaempferol 3-rutinoside and naringenin 7-glucoside. By the way, flavonoid
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levels were found to be different in the different varieties of fresh tomatoes: these
differences can be attributed either to a variety-related metabonomic difference or to
the different ripening levels at which the different varieties may have been harvested.
Besides, it was evident that the harsh thermal treatments used in tomato processing
caused a strong decrease for all the compounds considered, leading to level off the
contents of these secondary metabolites.56

Due to its nutritional and healthy properties related to its content in antioxidant
molecules, tomato is among the major components of diets around the world and thus
it is intensively consumed. Nevertheless, several public concerns dealing with tomato
consumption, are related to this growing and intensive uptake. Different studies
reported fresh and processed tomatoes as elicitors of food allergies, among fruits and
vegetables.60.61.62 Clinical reactions towards tomatoes are mostly local symptoms in
the oral mucosa, but tomatoes can also elicit systemic reactions and can even cause
serious illnesses.63:64 Moreover, several studies proved that some allergens may be
still present in tomato products even after technological treatments, increasing the
risk of adverse reactions when they occur in different meals as additional
component.®566 Therefore, the study of tomato allergies, helped by the
characterization and the identification of the main and the most common allergens,
could represent an headway in the tackling of this public health issue.
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Chapter II - SECTION 1

Proteomics in food analysis
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1. The proteomic approach

Most foods are produced from living organisms and tissues and, for this reason, they
bear all the complexity of the biological system from which they derive.:

In particular, proteins and the proteolysis products, like large and small peptides and
free amino acids, are the major constituents of many foods and play a prominent role
in determining their nutritional, rheological, sensorial, functional and biological
properties. Belonging to extremely complex biochemical systems, food proteins are
found in elaborate mixtures, made up of components which underwent to many
biological processes. Besides, food technological processes, such as cheese-making or
pasteurization, baking or fermentation, and food storing and ripening, contribute to
increase the complexity of these systems, due to the chemicals and enzymatic
reactions on proteins that may occur.

As a consequence, the proteome, that is the totality of proteins present in a biological
sample (cell, organelle, tissue or food matrix) is a dynamic system, well defined in a
certain moment and conditions, but changing along time, according not only to the
genes, but also on external factors. The field of proteome analysis, also called
proteomics, aimed at describing the proteome of a biological sample, including foods,
due to the complexity of the systems, is faced by several analytical challenges.

As described above, a food matrix may contain up to tens of thousands of different
proteins, requiring highly efficient protein separation and identification methods and
also bio-informatic tools that allow the handling of the large amount of data
accumulating during the analysis. Furthermore, food proteomes usually differ in the
different expression levels of certain proteins, rather than in their presence or
absence. This means that highly reliable and precise methods are necessary for the
quantification of thousands of proteins in food samples. Finally, protein separation
and identification must be linked to structural and functional information on proteins
of interest.

1.1 Protein extraction

Virtually, every proteomic workflow study includes the extraction of the protein
components from the food of interest. Depending on the characteristics of the starting
material and on the protocol used, different patterns of protein could be obtained,
even from the same food matrix. In particular, plant tissue have a relatively low
protein concentration, if compared with animal and bacterial tissues. Besides, due to
their significant amount of interfering substances, such as pigments, carbohydrates,
polyphenols, polysaccharides and starch, the protein extract composition could be
negatively influenced and, consequently, the following steps of separation and
analysis may be strongly affected.2 Moreover, the protein profiles depends on many
factors, such as environmental conditions, ripening stage and postharvest handling.
So, no definitive and comprehensive protein extraction protocol is actually available
and suitable for a large variety of food matrix sources; instead, specific protocols
should be refined according to the starting material.
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1.2 Protein separation

The protein component of the extract should be separated before characterization.
Nowadays, two complementary proteomic methodologies are available and most
widely applied in proteins analysis: separation on gel and separation by
chromatography.3 These approaches are complementary, since they focus on specific
subsets of proteins that are only partially overlapping. They differ in the way how
proteins or peptides are isolated, separated, and detected.

1.2.1 Gel-based technique

The gel-based techniques underpin on gel electrophoresis, based on the movement of
charged molecules in an electric field. The generally used support medium is cellulose
or thin gels made up of either polyacrylamide or agarose. Cellulose is used as support
medium for low molecular weight compounds, such as amino acids, whereas agarose
and polyacrylamide gels are widely used for larger molecules like proteins. The
general electrophoretic techniques can not be used to measure the molecular weight
of the proteins because the mobility of a substance in the gel is influenced by both
charge and size. In order to overcome this limit, the biological samples are treated in
a way to give a uniform charge to proteins, so that electrophoretic mobility then
depends primarily on size. The molecular weight of protein may be estimated if they
are subjected to electrophoresis in the presence of sodium dodecyl sulfate (SDS) and a
reducing agent (usually mercaptoethanol). SDS disrupts the secondary, tertiary and
quaternary structure of the protein to produce a linear polypeptide chain coated with
negatively charged SDS molecules, yielding denatured proteins having the same
density of charge. In this way in SDS-PAGE (or 1D gel electrophoresis) the proteins
get separated in accordance to their size (Fig 1).
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Fig 1. a, schematic representation of SDS PAGE system; b, mechanism of action of denaturant agent on
proteins before SDS PAGE.

SDS-PAGE is a very easy and widespread technique used to obtain a fast separation of
a protein mixture.4 Furthermore, 1D gel electrophoresis offers the advantage that
virtually all proteins are soluble in SDS and also extremely acidic and basic proteins
are easily visualized.

In general, cells contain more proteins than genes. Moreover, nobody knows any
precise figures or the extent of post translational modifications (PTMs) that may
confer additional complexity to the protein composition. Considering that SDS PAGE
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is a low resolution technique (less than 100 proteins may be resolved), highly
resolving and sensitive identification techniques must be applied to enable
differentiation of all these protein species.

In this scenario, two-dimensional (2D) gel electrophoresis technique is the most
powerful method available for this purpose, since it allows to resolve up to 10000
proteins in the optimal conditions.5 It consists in first separating sample proteins by
isoelectric focusing, according to their isoeletric point by means of gel strip
containing an immobilized pH gradient (IPG). When an electric field is applied,
proteins migrate in the IPG until they assume a net charge of zero, that is as they
reach a pH point equal to their isoeletric point. After their immobilization, proteins
are further separated according to their apparent molecular weight by SDS-PAGE (Fig
2). Proteins spots are then detected by Coomassie Brilliant Blue, silver, fluorescence
dyes, or radio labeling. The staining also allows to identify qualitative differences in
the protein patterns of quite simple samples visually, whereas the more complex
samples require informatics tools.
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Fig 2. Principles of 2D electrophoresis. In the first dimension isoelectric focusing (IEF) the proteins
are separated according to their isoelectric points (pI). In the second dimension, proteins are
separated according to their molecular weights (M W) in a SDS-polyacrylamide gel.

Although the protein separation by 2D gel electrophoresis is a potential powerful tool
for this kind of investigation, we can find in the available literature few studies
focused on this topic. This may be due to several factors and, at least partially, to the
variable reproducibility of the 2D gel electrophoresis protein profiles. Actually, there
are still various aspects of the technique that need to be improved, including sample
preparation, the resolution and detection of protein components, since the results are
still dependent on the extract quality and the researcher’s skill.6 Among the major
bottlenecks is the protein solubility of the extracts, which is very often affected by the
presence of a wide variety of non-protein substances, which may also interfere with
the resolution of the separation and/or the visualization of the results. Sample
preparation is a critical step in 2D gel electrophoresis, especially when the extract is
derived from a plant source.” Another well-known disadvantage of the standard 2D
gel technique is the loss of very hydrophobic proteins and proteins with extreme pI
values. Besides, highly-abundant proteins, which are often not interesting for the
proteome studies, may spoil the analysis of the less abundant ones, which are of high
importance.
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1.2.2 Chromatography-based techniques

Liquid chromatography (LC) is a very dynamic methodology that, depending on the
type of chromatography selected, can separate the protein components as a function
of properties such as the molecular mass, pI, hydrophobicity and capacity to bind a
ligand. LC allows good separations of acidic and basic, low- and high-molecular-
weight proteins in a very short analysis time. By choosing different systems, either the
separation of high amounts of proteins (preparative chromatography) or high
resolution using chromatographic systems working at high pressure (fast-protein LC
[FPLC] and high-pressure LC [HPLC,]) can be obtained.8 Furthermore, a better
resolution in the separation of a protein mixture can be obtained by combining
different types of chromatography (Multidimensional LC [MDLC]), in which the
sample is applied to a first column and eluted onto a second column allowing
different stationary phases and therefore different separation mechanisms to be
combined and facilitating greater resolution than a single HPLC column alone (Fig 3).
Various combinations of separation methods include size-exclusion chromatography
(SEC) with reversed-phase LC (RPLC), RPLC with capillary electrophoresis (CE),
strong cation-exchange chromatography (SCX) with RPLC, SCX with avidin affinity
chromatography (AC) to select specifically biotinylated peptides, and isoelectric
focusing (IEF) with RPLC.9 Recent advances in MultiID include peptide separation by
ultra-high-pressure LC (UHPLC) and anion-and-cation mixed-bed ion exchange
techniques.°

SEC

Fig 3. Schematic representation of an automated 2D chromatographic system.

The protein profiles are generally very reproducible, thus allowing comparative
studies of the proteome variations in tissues. Except for size-exclusion
chromatography, generally, LC offers a high flexibility regarding the volume of the
sample to be treated and usually does not require concentration/precipitation steps
that are sometimes a cause of protein component loosening.

Gel-free approaches have the disadvantage that qualitative and quantitative
information on protein isoforms and differential post-translational modifications are
often lost.!* Besides that, cross-species identification for poorly sequenced genomes,
as is the case of most plant-based foods, is not possible.
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1.3 Detection and identification of separated proteins

Whatever the separation methodology is, it will require at least partial information
about amino acid sequence in order to identify a protein of interest. Sequence data
can be obtained by mass spectrometry technologies or by Edman degradation.

1.3.1 MS technologies for proteome analysis
Recently mass spectrometry (MS) has emerged as an indispensable tool to analyze
protein and peptide mixtures arising from their proteolysis. Among all the available
techniques commonly used for the analysis of a full proteome, MS has incrementally
improved especially because it provides specificity, speed and reliability of the
analytical response and it also gives the chance to handle the complexity associated to
the biological system. For these reasons the employment of MS in the study of food
proteomes is rapidly increasing.
For a long time MS has been restricted just for the analysis of small and thermostable
compounds. The introduction of new types of mass spectrometers, which allowed the
formation of ions from formation of molecular ions of intact biomolecules, as
electrospray ionization (ESI),'2 and matrix assisted laser desorption/ionization
(MALDI),s made peptides and also polypeptides able to be analyzed by MS.
In MS technologies, ionization is fundamental, as the physics of mass spectrometry
relies upon the molecule of interest being charged, resulting in the formation of either
positive ions or negative ions. In this way a molecular ion species is formed and,
depending on the ionization method, fragment ions may also be created. These ion
species are then separated according to their mass-to-charge (m/z) ratio and the
masses are assigned from the measurement of some physical parameter. Finally, the
measurement of ion abundance, based on peak height or peak area, is made leading to
a semi-quantitative or quantitative answer.

Ionization sources. As concerns ionization, electrospray ionization probably is the
preferred ionization methods for proteomics.’4 Here the sample is dissolved in a
solvent mixture (e.g., acetonitrile-water) and then injected into a capillary held at a
potential of 3-4 kV. As a result, a very fine spray of solvent droplets containing ions
are formed. Multiple charged gas-phase ions are subsequently formed during the
desorption process due to the evaporation of the solvent,’s which will then enter the
mass analyzer (Fig 4).

ination Model

D @ _ 22
@Q g

i | Mass
Spectrometer
Inlet -—r'\ P lon
LC System F
( y ) AL i Source
Region

Fig 4. Electrospray ionization (ESI) and ion source overview.
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For ESI, there are several ways to deliver the sample to the mass spectrometer. In the
simplest method, electrospray sources have been connected in line with LC systems
that automatically purify and deliver the sample to the mass spectrometer. Examples
of this method are LC and reversed phase LC (RP-LC).

The second major ionization technique, matrix-assisted laser desorption ionization
(MALDI), relies on a laser which is fired at a sample plate containing a dried mixture
of matrix (a-cyano-4-hydroxycinammic acid) and sample. The matrix absorbs
radiation from the laser resulting in excitation of the matrix molecules. As a result, a
dense plume containing both the matrix and the analyte molecules is produced. The
analyte molecules interact with protons from the matrix to form mainly single
charged ions that enter the mass analyzer (Fig 5). The formed ions are separated in a
mass analyzer according to their mass-to-charge ratio (m/z).1

N
Analyte/Matrix
Mixture

Fig 5. A schematic representation of MALDI source.

Analyzers. The analyzer is an instrument able to separate or differentiate introduced
ions. Both positive and negative ions (as well as uncharged, neutral species) form in
the ion source. However, only one polarity is recorded at a given moment. Basically,
four types of mass analyzers have been deeply applied in the study of proteomes:
quadrupole (Q), time-of-flight (TOF), ion trap, and Fourier-transform ion cyclotron
resonance (FT-ICR), which strongly differ in both the physical principles of ion
separation and the analytical performance.1¢

Quadrupole uses oscillating electrical fields to selectively stabilize or destabilize ions.
By passing ions through a radio frequency quadrupole field, single mass/charge ratios
can be measured. Only ions within a particular mass range, exhibiting oscillations of
constant amplitude, could collect at the detector (Fig 6). Single quadrupole mass
spectrometers require a clean matrix to avoid the interference of unwanted ions, and
they exhibit very good sensitivity.
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Fig 6. A schematic representation of the quadrupole analyzer.

In the time-of-flight analyzer, the ions enter a field-free drift range where they are not
accelerated further and thus travel with a speed they have reached at the moment
when passing the electrode. This speed, in turn, depends on the mass of the ions with
heavier molecules having a higher moment of inertia and hence a lower velocity; ions
with smaller m/z values will reach the detector first. For the resolution of the mass
spectral analyses the length, L, of the field-free drift range is essential and in modern
machines it measures about one meter. Further increase in resolution can be reached
in the reflector mode: after having passed a distance in the drift range the ions enter
another electromagnetic field and are accelerated in a nearly reversed direction
towards an ion detector (Fig 7).

Linear time-of-flight mass spectrometer

® )
@ o®

Reflector time-of-flight mass spectrometer

T “‘\
ZT"—T_F /////

Fig 7. A schematic representation of the time-of-flight (TOF) analyzer.
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The quadrupole ion trap,'” is the three dimensional analogue of the linear quadrupole
mass filter. In this device too, ions are subjected to forces applied by a radio
frequency field but the forces occur in all three, instead of just two, dimensions.
Stable motion of ions in the linear quadrupole allowed ions freedom of motion in one
dimension. In the ion trap, stable motion allows no degrees of freedom. Hence, ions
are trapped within the system. These features confer high sensitivity and high
resolution to the system.

The first high-performance mass analyzer to employ ion trapping in an electrostatic
field, the Orbitrap mass spectrometer, easily achieves ultra-high resolution
(>100,000) with high mass accuracy (<1 ppm), a wide dynamic range (up to 5,000),
fast scanning, and uncompromised sensitivity. Ions injected from the ion source are
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trapped in the linear ion trap where ions of interest can be isolated and fragmented,
scanned out and detected by an independent set of detectors. For high accuracy
measurements, achieved with hybrid instruments such as linear trap quadrupole and
Orbitrap (LTQ-Orbitrap), the ions are axially ejected from the linear trap into the C-
Trap where they are captured again and 'cooled' by collisions with nitrogen gas. The
ions are then squeezed into a smaller cloud within the C-Trap prior to injection into
the Orbitrap. As ions enter the Orbitrap mass analyzer, the voltage on the central
electrode increases, forcing the ion packets to circle around the electrode. The ions
enter the Orbitrap slightly off axis and keep oscillating along the central electrode
(left-right). The image current is recorded on the outer split electrodes. The signals
are amplified and transformed into a frequency spectrum by fast Fourier
Transformation and converted into a mass spectrum (Fig 8).18
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Fig 8. A schematic representation of the hybrid LTQ- Orbitrap analyzer.

FT-ICR (Fourier Transform Ion Cyclotron Resonance) mass spectrometers are useful,
high-precision analyzers. Fourier transform mass spectrometry (FTMS) detects the
image current produced by ions cyclotroning in the presence of a magnetic field. The
ions are injected into a static electric/magnetic ion trap, where they form part of a
circuit. Detectors in the system measure the electrical signal of ions that pass near
them, producing a periodic signal. The frequency of the signal can be used determine
the ion's mass/charge ratio. The FTMS is highly sensitive and boasts higher precision
and resolution than other methods (Fig 9).19
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Fig 9. A Schematic of FT-ICR-MS showing the ion trapping, detection and signal generation.

In most cases, one or more forms of mass spectrometry, which utilize different
methods of sample ionization, are used for protein identification. The first is MALDI-
TOF mass spectrometry, used to perform peptide and protein mass fingerprinting; the
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second is ESI tandem mass spectrometry (MS/MS), usually hyphenated to high
performance liquid chromatography separation, used to perform peptide sequence
elucidation and identification of the corresponding protein.20

1.3.2 Tandem mass spectrometry
Tandem mass spectrometry (MS/MS) adds another dimension to mass spectrometric
measurement. Apart from improving the specificity of the technique, it can be used as
a powerful structural elucidation tool.
Tandem MS instruments, such as the triple quadrupole (QqQ), TOF-TOF, and the
hybrid quadrupole-time-of-flight (Q-TOF), are routinely applied in proteomics
studies to generate peptide fragment ion spectra suitable for protein identification by
sequence database searching or to determine additional structural features, as the site
of attachment and type of post-translational modifications.
New configurations of ion sources and mass analyzers have found wide application for
protein analysis. To allow the fragmentation of MALDI-generated precursor ions,
MALDI ion sources have recently been coupled to quadrupole ion-trap mass
spectrometers,2! and to two types of TOF instruments. In the first, two TOF sections
are separated by a collision cell (‘“TOF-TOF instrument’),22 whereas in the second, the
hybrid quadrupole-TOF instrument, the collision cell is placed between a quadrupole
mass filter and a TOF analyzer.23 Ions of a particular m/z are selected in a first mass
analyzer (TOF or quadrupole), fragmented in a collision cell and the fragment ion
masses are ‘read out’ by a TOF analyzer. These instruments have high sensitivity,
resolution and mass accuracy, and the quadrupole-TOF instrument can be used
interchangeably with an ESI ionization source. The resulting fragment ion spectra are
often more extensive and informative than those generated in trapping instruments.
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Fig 10. Examples of mass spectrometers used in proteome research. a, The quadrupole-TOF instrument
combines the front part of a triple quadruple instrument with a reflector TOF section for measuring the
mass of the ions; b, The TOF-TOF instrument incorporates a collision cell between two TOF sections. Ions
of one mass-to-charge (m/z) ratio are selected in the first TOF section, fragmented in the collision cell,
and the masses of the fragments are separated in the second TOF section. e, Quadrupole mass
spectrometers select by time-varying electric fields between four rods, which permit a stable trajectory
only for ions of a particular desired m/z. Again, ions of a particular m/z are selected in a first section (Q1),
fragmented in a collision cell (q2), and the fragments separated in Q3. In the linear ion trap, ions are
captured in a quadruple section, depicted by the red dot in Q3. They are then excited via resonant electric
field and the fragments are scanned out, creating the tandem mass spectrum. Adapted from reference 24.
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1.3.3 Bottom-up and top-down approaches

The most common approaches to identify proteins after their separation are divided
in ‘bottom-up proteomics’ and ‘top-down proteomics’.25s The bottom-up proteomic
strategy includes two different routes based on protein cleavage into smaller peptide
fragments that allows protein identification. While one route to protein identification
is based on intact mass measurements of a set of peptide-digestion products of the
original protein, the other is based on MS fragmentation (MS2) of one or more of
these peptides.2¢ The first approach leads to identification by peptide mass
fingerprinting (PMF), since it creates a set of peptides that is unique for each protein
and their masses are used as a fingerprint to identify the original protein.

Conversely, the second approach, based on the information obtained from
dissociation of one or more peptides, is referred to as peptide-fragment fingerprint
(PFF).26 As in the bottom-up strategy the proteolysis of proteins occurs immediately
after their isolation from the sample and a huge number of peptides are expected to
be formed, it requires a high-throughput separation method (e.g., multi-dimensional
chromatography). However, using the bottom-up strategy rarely achieves complete
information on protein sequence.2¢ The enhancement of methodologies, such as
complex multi-stage instruments exploited in tandem mass spectrometry, has allowed
the challenge of protein and proteome analysis to be tackled. For examples, tandem
mass spectrometry is most used for peptide sequencing. Tandem mass spectrometry
also provides detailed structural features of peptides that can be inferred from
analysis of the resulting fragments and it is commonly used in product-ion mode to
determine the amino-acid sequence of a specific peptide.
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Fig 11. Strategies employed in proteomic studies for protein identification. Adapted from reference 27.

Top-down proteomics is an emerging MS strategy that involves gas-phase ionization
of intact proteins and subsequent high-resolution mass measurement of the relevant
ions obtained by direct fragmentation inside the mass spectrometer.e This approach
directly analyzes intact proteins without prior digestion. Intact proteins are generally
less effective for protein identification than peptide-level measurements, but they
offer insights unattainable at the peptide level. MALDI with TOF analysis is currently
employed in top-down proteomics for the mass measurement of intact proteins.

The accuracy of mass detection plays a fundamental role in protein identification and
is more precise for small rather than large molecules. The limitation of mass detection
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in protein identification is that any modification resulting in small changes of total
protein mass can not be displayed, since it falls within the error of the method. As a
consequence, modified and unmodified proteins are unlikely to be distinguished.2”
The key objective in top-down analysis is efficient fragmentation of intact proteins to
obtain sequence specific information for database searching and protein
identification. This can also be achieved by using FT-ICR due to the high-resolution
mass measurement and the ability to fragment intact proteins.’o Besides, tandem
mass spectrometry has also proved suitable for a top-down approach on instruments
such as LTQ-Orbitrap that features characteristics, such as large ion capacity and
large dynamic range, and high mass accuracy and high resolution.e Although top-
down proteomics is a potential powerful tool for protein analysis, its analytical
throughput and efficiency for large-scale proteome analysis are still limited.

A limit that embraces both the proteomics approaches mediated by mass
spectrometry is that at least an homologue sequence should be already present in the
database, otherwise the protein identification might be impossible.

1.3.4 Sequencing by Edman degradation

Sequence data of a protein molecule can be obtained by de novo sequencing using
Edman degradation method. It allows to identify amino acids residues and their order
starting from the N-terminal residue.28 Usually the elucidation of the amino acid
sequence of the N-terminal region is sufficient to perform a homology search in
databases and identify a protein. Furthermore, this is an easy and fast procedure.
Although the use of Edman sequencing is waning in the field of proteomics, it is a very
useful tool for several reasons. Edman sequencing of relatively abundant proteins is a
viable alternative to MS, if a mass spectrometer is in high demand for the
identification of low-copy proteins or is not available. Besides, Edman sequencing is
used to obtain the N-terminal sequence of a protein (if possible) to determine its true
start. Indeed, one of the biggest limit in Edman sequencing is N-terminal
modification of proteins. When the protein has a blocked N-terminal residue, this
method is not useful and it becomes necessary to perform preliminary unblocking
treatments,29 or fragmentation of the molecule followed by the isolation of an internal
fragment to be sequenced. Moreover, a quite consistent amount of protein is required
for Edman sequencing, whereas MS can operate at picomolar level.

Actually, since both mass spectrometry and Edman degradation have advantages and
disadvantages, the best strategy for the identification of a protein can be based on a
clever combination of these methodologies. The unequivocal identification of a
protein can be easily obtained by combining data concerning the amino acid sequence
of a protein fragment, such as the sequence of the N-terminal region obtained by the
Edman degradation method, and the exact molecular mass of the entire molecule
estimated by mass spectrometry. Whenever the homology search indicates that
neither the sequence obtained by Edman degradation or sequence information gained
by mass spectrometry are present in databases, nor homologs of that sequence are
detected, then a new protein has been discovered.
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2. Food safety and proteomics

Through their food choice decisions and consumption behavior, consumers may be
exposed to a number of potential food hazards.3°

The risk of food borne disease is substantially heightened by biological and chemical
contamination of areas where food is produced, processed and consumed. Potential
undesirable residues in foods span a broad range, from natural (e.g. mycotoxins) and
environmental contaminants (e.g. dioxins) to agro-chemicals (e.g. nitrates and
pesticides), veterinary drugs, growth promoters, packaging components, and many
more. Microbiological considerations are an even greater challenge to safety of food
because potentially harmful microorganisms have the ability either to grow rapidly
from very low numbers in food or to proliferate in the human body after ingestion.3!
Being the fundamental components of foods and due to the advances in proteome
analysis, growing interest is arising around proteins for the evaluation of food safety.
To date, the use concerns within food safety have concentrated on two main areas, the
detection of micro-organisms, which may cause food spoilage or be hazardous to
human health, and the safety evaluation of food components.

In the first case, controls are directed towards the detection of food borne micro-
organisms. Traditional means of controlling microbial spoilage and safety hazards in
foods include freezing, blanching, sterilization, curing and use of preservatives.
However, the developing consumer trend for ‘naturalness’, as indicated by the strong
growth in sales of organic and chilled food products, has resulted in a move towards
milder food preservation techniques. This raises new challenges for the food
industry.! Proteomic approaches have been directed to the development of methods
for bacterial profiling through MS-based techniques, in order to distinguish among
different species and, in some cases, among strains. Through these profiling methods,
it was possible a fast and sensitive detection of pathogens or spoilage micro-
organisms affecting food quality and safety during processing and storage.3233 The
analysis of pathogenic micro-organism deserves particular caution, as the risks
associated to their contamination are not limited to their living presence and capacity
of infectivity, but they can generally release protein/peptide toxins able to survive for
long time even in foods after bacterial cell contamination has been removed. These
toxins, being heat-stable and resistant to proteases, can be a danger for the consumer
health. For the exploration of virulence factors expressed in the secreted proteome
fraction, in a very recent study different Staphylococcus aureus strains were analyzed
using gel-based bottom—up proteomic approach.34

The second main issue, safety evaluation of food components is concerned with the
presence of toxic compounds which may be originally present in the raw material (and
therefore need to be eliminated by the manufacturing processes,) or, conversely, may
be generated during the production process. Proteomic strategies based on MALDI-
TOF-MS and LC-MS/MS methodologies have therefore carried out for detecting
leguminous lectins,35 and acrylamide as one of the products of the Maillard reaction in
consequence of cooking processes,3¢ respectively.

General public have become interested and often critical with regard to certain ways
of producing food— both at the farm level and at the processing level. As a result,
many concerns have risen on the use of genetically modified organisms (GMOs) in

food production. The safety assessment of GM plants and derived food and feed
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follows a “comparative” approach, i.e. the biomolecular expression pattern of food
and feed is compared with their non-GM counterparts in order to predict intended
and unintended effects. One of the pitfalls in the safety assessment of GM foods is the
concept of “substantial equivalence” formulated by the Organisation for Economic Co-
operation and Development in 1993, based on the idea that existing foods could serve
as a baseline for comparing the properties of a GM food with its conventional
counterpart. To identify possible unintended effects due to the use of GM crops,
targeted analysis of specific compounds, which represent the key of important
metabolic pathways in the plant like macro- and micro-nutrients, known allergens,
anti-nutrients and toxins, has to be carried out in parallel with the comparative
phenotypic analysis of the GM plant and of its near isogenic counterpart.

Proteome analysis was performed, for example, with virus-resistant tomatoes which
were compared to wild-type lines through 2D gel electrophoresis and MALDI-TOF
analysis of in-gel digested peptides.3” In another study, the proteome of insect-
resistant transgenic maize seeds, expressing an endotoxin of Bacillus thuringiensis,
was compared to the proteome of an isogenic control grown under the same
conditions, by using a nanoflow-HPLC system coupled to an high capacity ion trap.38
Proteome analysis can be also applied for a systematic search and evaluation of
marker proteins, thus largely accelerating the development of assays to detect
adulteration which can be a danger for the consumer health. For example, a very
simple bottom-up approach identified marker proteins which are selectively
expressed in tissues of the bovine brain and not in the bovine muscle, allowing the
detection of proteins of the central nervous system in meats products used for human
nutrition.3

Proteomic science has also started to provide an important contribution to the
identification of protein involved in food allergy and to their mechanism of activation
of toxicity.

2.1 Food allergy

Food allergies are within the more general concept of ‘adverse reaction to food’ which
includes any clinically abnormal response induced by a food component, generally a
protein, or a food additive.

According to Cianferoni, adverse food reactions are a broad term representing any
abnormal clinical responses associated with ingestion of a food and they are further
classified as food intolerance or food allergy.39

Food intolerance refers to an adverse physiologic response to a food and it may be due
to inherent properties of the food (i.e. toxic contaminant, pharmacologic active
component) or to the host (i.e. metabolic disorders, idiosyncratic responses,
psychological disorder), it may not be reproducible, and it is often dose dependent.39
Food allergy refers to an abnormal immunologic response to a food that occurs in a
susceptible host. This reaction is reproducible each time the food is ingested and it is
often not dose dependent.
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Fig 12. Classification and nomenclature of adverse reaction to food. Adapted from reference 39.

Based on the immunological mechanism involved, food allergies may be further
classified in: IgE-mediated reactions (also called “type I1”), which imply the
production of specific immunoglobulines E (IgE or antibodies) formed by the
patients, and are the best-characterized food allergy reactions; non IgE-mediated
reactions, when the cell component of the immune system is responsible of the food
allergy and mostly involve the gastrointestinal tract; mixed IgE mediated-cell
mediated when both IgE and immune cells are involved in the reactions (Fig 12).

The IgE-mediated reactions are characterized by symptoms which upraise on a time-
scale ranging from seconds to 2-3 hours. They may involve one or more target organs,
including the skin, the gastrointestinal and respiratory tracts, and the cardiovascular
system. Cutaneous reactions are often involved in allergic reactions to food, like
urticaria, pruritic erythema and dermatitis. Oral allergy syndrome (OAS) is a type of
contact urticaria confined to the lips and oropharyngeal mucosa. Symptoms generally
appear within 5 to 15 minutes following the food ingestion and consist of pruritus of
the lips, tongue, palate, ears and throat. Due to the high prevalence of pollinosis in
the adult population, and its frequent association with plant food allergies, OAS is the
most frequent clinical presentation of food allergy seen in adult patients.4° Food
allergic reactions in the gastrointestinal tract may induce symptoms such as nausea,
vomiting, abdominal pain and diarrhea and may also affect the respiratory tracts with
rhinoconjunctivitis, bronchospasm, laryngeal oedema, rhinitis and asthma.
Anaphylaxis is the severest manifestation of food allergy. It is a generalized allergic
reaction caused by the massive release of mast cell mediators that may involve
multiple organ systems and it could develop all the symptoms described above.40
Unlike IgE-mediated food allergy, non-IgE-mediated food allergy is rarely life-
threatening. Symptoms of non-IgE-mediated food allergy are generally vague and, in
most cases, are limited to gastrointestinal discomfort. Nevertheless, some studies
reported non-IgE-mediated food allergy as cause of pathologies in infants.4:
Concerning the epidemiology, recent estimations settled around 3.2—4% the
prevalence of confirmed food allergies which arise during the first year of life,42
although according to some authors prevalence could reach 6—7.5%.43 By the way, an
accurate evaluation is prevented by differences in study design, diversification of the
diagnostic criteria and genetic and nutritional differences among population. The
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epidemiologic assessment is further complicated by the self-perception of food
reactions, which many studies are based on and which contributes to overestimate the
prevalence of food allergies. Whatever the percentage of food allergy is, it has been
showed that the prevalence of food allergy is higher in patients with atopic diseases.44
Atopy is, in fact, an important risk factor in those food allergies arising in early
infancy: food allergy seems to start the ‘allergic march’ from atopic dermatitis to
allergic rhinitis and asthma.

The foods most frequently involved in allergic reactions are proteins from cow’s milk,
hen’s egg, peanut and tree nuts, fish, shellfish, soya, fruits and legumes. The relative
importance of these foods varies widely with the age of the patients and the
geographical location.40 Moreover, most food allergies with onset in the adult age are
linked to inhalant allergies, and they develop as a consequence of an IgE sensitisation
to the aeroallergen, which cross-reacts with the food in question (the so called “type
I1”), as a consequence of shared epitopes (the part of an antigen that is recognized by
the cell of the immune system) in their primary and tertiary structures. The foods
linked to pollen and latex allergies are of plant origin, mainly fresh fruits, tree nuts
and vegetables; for this reason plant foods are the most prevalent food allergens in
the adult population.45

2.1.1 Plant food allergens
The most natural classification system of plant food allergens might well be based on
both structural and functional properties of proteins. Proteins are clustered together
into families if they have residue identities of 30% or greater or if they have lower
sequence identities but their functions and structures are very similar. Families whose
members have low sequence identities but whose structures and functional features
suggest a probable common evolutionary origin are placed together in
superfamilies.46 Most plant food allergens belong to only a few protein families and
superfamilies, indicating that conserved structures and biological activities play a role
in determining or promoting allergenic properties.47
Strikingly, only three dominating plant food allergen protein families/superfamilies
were identified: the prolamin superfamily, the cupin superfamily and the
pathogenesis-related proteins.48
The prolamin superfamily is named after the cereal prolamins, which are
characterized by their high contents of proline and glutamine. In addition to the
cereal prolamins, this group includes proteins rich in cysteine, with similar three-
dimensional folds that are rich in a-helices, and are stable to thermal processing and
proteolysis, like seed storage proteins, non-specific lipid transfer proteins (nsLTPs)
and cereal seed inhibitors of a-amylase, trypsin.47 The members of this protein family
are capable to sensitize susceptible atopic individuals through ingestion or inhalation.
The cupins are a functionally diverse superfamily of proteins that share two short
conserved consensus sequence motifs and a B-barrel structural core domain. The
cupin superfamily comprises the major globulin storage proteins mainly from
legumes and nuts. On the basis of their sedimentation coefficient, the globulins can be
divided into the 7S vicilin-type globulins and the 11S legumin-type globulins.48
Pathogenesis-related proteins (PR) are not a protein superfamily, but represent a
collection of unrelated protein families that function as part of the plant defense
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system. Several studies have shown that many plant food allergens are homologous to
proteins of the PR families.49:5° The most interesting protein showing an homology to
family 10 of the PR family is the major birch pollen allergen Bet v 1. The overall high
levels of conserved surface residues between the members of the Bet v 1 family play an
important role in conservation of IgE-binding epitopes and underlie the fruit—
vegetable-pollen cross-reactive syndromes.5!
The distinct biochemical properties associated with these allergenic proteins include:
the abundance of the protein in the food; the sort of IgE-binding epitopes; the
resistance of the protein to digestion and processing; the allergen structure. These
features contribute mainly in enabling food proteins to become allergens or might
affect their allergenicity.
One explanation for why abundant food proteins become allergens can be explained
by the idea that the immune system is more likely to encounter these proteins rather
than those representing only a small percentage of the total protein ingested; for
example, seeds and nuts contain storage proteins which may account for 50% or more
of the total proteins. However, there are exceptions to this rule: nsLTPs are potent
food plant allergens but not very abundant. Although abundance might not be a
universal characteristic of all food allergens, it seems to be a predisposing factor that,
when coupled with other biochemical characteristics, could produce a food allergen.s2
To be immunogenic, a protein must contain epitopes, that is short sequences which
are recognized by cells of immune system. Two categories of IgE-binding epitopes,
linear and conformational, are generally considered: conformational epitopes, when
both the second and the tertiary structures are fundamental for IgE binding; linear
epitopes, which require the primary amino acid sequence for IgE to bind. Whereas
conformational IgE-binding epitopes are prevalent and important to the etiology of
aeroallergen-mediated allergic reactions, linear epitopes are important to food
allergens mainly because the immune system encounters them only after they have
been partially denatured and digested by the human gastrointestinal (GI) tract.
Therefore, the linear IgE-binding epitopes of food allergens have garnered more
attention than the less prevalent conformational epitopes.52
Stability is thought to be a key attribute in determining protein immunogenicity via
the GI tract and is directly related to the three-dimensional scaffold of a protein.
Usually, a compact three-dimensional structure, ligand binding, disulphide bonds,
and glycosylation contribute to protein stability.52 In general, both intra- and inter-
chain disulphide bonds constrain the three-dimensional scaffold such that
perturbation of this structure by heat or chemical/enzymatic means is limited and
frequently reversible. Important plant food allergens that have high numbers of
disulphide bonds include members of the prolamin superfamily (nsLTPs, 2S
albumins, cereal a-amylase/trypsin inhibitors) as well as of the pathogenesis-related
proteins. N-glycosylation can have a significant stabilizing effect on protein structure,
as shown for the 7S globulin of peas and its resistance to chemical denaturation.s3 The
same behavior has been found in the presence of ligands, such as lipids binding to
nsLTPs. In this case, the presence of fatty acids or phospholipid molecules in its lipid-
binding pocket, increases the stability of the overall structure.4” Bet v 1 and Bet v 1-
homologous food allergens also have been shown to bind steroid ligands.54
Similarly, the ability of such proteins to bind lipids may flow in their propensity to
aggregate as a result of food processing. So, the biologic activity of these proteins
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could play a role in attenuating their allergenic potential, since such interactions may
affect the uptake and the processing in the gastro-intestinal tract. On the other side,
propensity of certain proteins to aggregate might affect their ability to sensitize by
generally enhancing their immunogenicity. Both 7S and 11S globulins are highly
thermostable. The cupin barrel seems to remain intact but the unfolding of other
regions of the protein results in a loss of structure leading to formation of large
aggregates as was examined in detail for soybean globulins.s5

This description led to the conclusion that plant food proteins that are abundant and
resistant to digestion and processing have the potential to become allergens. By the
way, all the proteins with these features will not become allergens, since the
development of an allergic reaction is a complex process involving a receptive
immune system (that is, a genetic predisposition to propagation of an IgE response),
the protein being presented with the correct inducers (that is, signals that elicit the
immune system response), and a protein with the appropriate biochemical
characteristics to survive the GI tract.52

3. Analysis of food allergens

The identification of the proteins that cause food allergies is important for clinical
diagnosis and for the development of new food products. Furthermore, a detailed
knowledge of the potential allergenicity is crucial when a food item is introduced into
a new market. In order to protect sensitive consumers from undesirable allergic
reactions, the European Commission (EC) introduced a directive which lists 14
common allergenic ingredients to be declared on the label of ‘hazard food’ (Directive
2007/68/EC). These are: cereals containing gluten and products thereof, eggs and
products thereof, peanuts and products thereof, milk and products thereof (including
lactose), nuts and products thereof, soybeans and products thereof, fish and products
thereof, crustaceans and products thereof, mustard and products thereof, celery and
products thereof, sesame seeds and products thereof, lupines and products thereof,
mollusks and products thereof, sulfur dioxide and sulfites.5¢

Since legislation concerns only allergenic food ingredients introduced into food
matrix intentionally, particular concern arises about the so called ‘hidden allergens’,
allergenic contaminants occurring at any stage of food production accidentally, and
thus not subjected to labelling. Being the hazard of hidden allergens a real risk for
allergic consumers, the availability of sensitive methods is of supreme importance for
the detection of traces of food allergens.

3.1 Methods for food allergen detection and quantification

The direct recognition of allergenic proteins generally relies on their antibody-binding
properties and, thus, makes use of immunochemical techniques. Commercially
available kits of this type are lateral flow devices or dipsticks, that are used for rapid
screening, and enzyme-linked immunosorbent assays (ELISA), that also provide
semi-quantitative determinations. In an ELISA assay the sample with an unknown
amount of antigen is immobilized on a solid support. After the antigen is immobilized,
serum contains immunoglobulins, which are able to bind to the allergen to be tested,
is used. The principle of the quantification is based on the measurement of the
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enzymatic activity of a second protein-specific antibody coupled to an enzyme. This
second antibody binds to the allergen—primary antibody complex. A reaction with the
enzyme substrate produces a coloured product, for which the absorption is
proportional to the quantity of allergen in the food sample. The quantification can
also be based on the measurement of the primary antibody bearing the enzyme label if
any secondary antibody is used, as is the case of the direct ELISA. In the sandwich
ELISA, immunocapture antibodies are coated and dried in microplate wells, and
samples are then incubated in the wells. The target protein is thus bound in the well
by the capture antibody, after which the unbound sample material is washed away. A
second "detector" antibody is then added which binds to a different epitope on the
immobilized target protein. This detector antibody may be also labeled with biotin,
which provides an attachment point for some kinds of labels (Fig 13). The great
advantages of ELISA techniques include the full automation of the test procedure by
means of robots and the resulting extensive screening potential, the high sample
throughput and the easy operation. A major drawback of immunological methods
consists in the fact that the epitopes that are detected are usually not known and
cross-reactivity with matrix components can result in false positives.

Streptavidin-HRP

Detection
Antibody

Target
Protein

Capture
Antibody

Fig 13. A schematic representation of Sandwich Elisa assay.

Other immunochemical assays of great importance are the radioimmunoassay (RIA),
the immunofluorescence assay and the luminoimmunoassay (LIA), which can all be
used in the determination of allergenic proteins. Some disadvantages however, such
as the use of radioactive labels, have favored the use of the ELISA.

The standard method for the analysis of complex protein mixtures in laboratories
dedicated to allergen determination is polyacrylamide gel electrophoresis (both one-
or two- dimensional), followed by immunoblotting analysis (also known as Western
blotting), in which separated proteins are adsorbed to a membrane that is then
treated sequentially with an allergen-specific antibody solution and a secondary
antibody conjugated to an enzyme or a radioactively labelled antibody. The enzyme—
substrate reaction generates a colour product that precipitates on the membrane,
indicating a positive reaction (Fig 14).57
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Fig 14. Illustration of Western blotting analysis step procedure.

An established strategy for relative allergenic protein quantification is based on 2D
gel electrophoresis, which highlights changes in protein expression based on
densitometric staining intensity, by comparison of gels from different sample states
or varieties. However, gel-to-gel variability makes difficult the comparison and
relative quantification of protein spots from different 2D gel electrophoresis
experiments.

Although direct detection methods of allergenic proteins are usually the first choice
for screening purposes, indirect methods, based on the detection of DNA sequences
related to specific allergens, have also established their place in the determination of
food allergens.

The PCR, a tool based on nucleic acids, has been developed for the indirect analysis of
allergenic ingredients in food. It relies on the targeting of a segment of the gene
coding for the allergenic protein of interest and amplifying only this DNA fragment to
make the protein detectable. This tool is highly specific and sensitive, having a limit of
detection (LOD) of less than 10 mg/kg for almond, hazelnut, soy, milk or peanut,s8
and it also can be coupled with ELISA or available as real-time PCR. Both approaches
are gel-free since the amplified DNA fragments are hybridized to a protein probe and
detected by ELISA, in the former, or are revealed as fluorescence proportional to the
amount of the gene of interest, in the latter.

Recently, Peptide Nucleic Acids (PNAs), synthetic analogues of DNA, have been
suited for hazelnut DNA detection, both in solution, in combination with HPLC,5% and
on platform, by using microarrays technology.¢°

The similarity between all the immunochemical methods is the use of biological sera
and the fact that the detection is based on the antigen—antibody recognition. Thus,
quantification depends on the quality of this recognition and might be distorted by
several things, but mainly by the immunoglobulin specificity. As antibodies only
recognize epitopes, rather than the whole molecule, the specificity of an antibody
depends on the uniqueness of the epitope. A lack of specificity leads to false positives
and negatives owing to cross-reactions between closely related proteins.6t!

PCR and real-time PCR methods are not based on the use of sera or cells, but the
quantification remains indirect, like in the case of immunochemical methods. The
presence of the target in food, a DNA fragment corresponding to the gene of a protein
(the allergenic protein or a protein specific to the source species), does not necessarily
prove the presence of the allergen itself, but indicates the source species in the case of
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contamination. PCR methods, for example, are suitable for determining the origin
(taxonomy) of the contaminating species.5!

To overcome the limitations of the classically used methods, proteomic technologies
have been increasingly used in the field of allergy.

3.1.1 Proteomics in food allergens characterization
The application of proteomics strategies to identify food allergens has been defined
“allergenomics”.62
As mentioned previously, since foods are complex matrices, protein pre-fractioning is
required prior to MS analysis. (Fig 15, left panel). To identify allergens,
electrophoresis-based separations, in either one- or two-dimensional version, coupled
to MS analysis are usually integrated with antibody labelling in blotting setup, using
sera from allergic patients as a source of specific IgE. Proteins, which are recognized
by IgE of allergic patients, are usually identified using several MS platforms (MALDI-
TOF, ESI-Q/TOF, ion-trap, LC—MS/MS). This approach has been successful in the
identification of allergens from some of the most common injuring foods,827.61. and
from less commonly offending foods such as, peach,®3 tomato,®4.65 and banana.6¢
Despite the wide application of 2D gel electrophoresis, time and labor requirements,
low reproducibility, low sensitivity, low dynamic range for quantification, and poor
detection of very hydrophobic and alkaline proteins still limit this technique.
Moreover, denaturation that occurs during the electrophoresis may alter the
allergenic properties of proteins, especially if they contain conformational epitopes,
thus impairing the performance of the analysis. When it is the case, a native 2D gel
electrophoresis may be applied for allergen discovery, like for the detection of
allergens of hazelnut.6”

Protein Detection of IgE-
separation binding inhibition

Electrophoresis Microarrayed allergens
1D 2D

- °
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Each band Each spot
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Mass spectrometry
and/or
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I—- Identification of IgE-binding proteins

Fig 15. Identification of IgE-binding proteins. Classic (left side) and emerging (right side) strategies
useful for protein/allergen identification in a protein extract. 1D and 2D indicate the protein separation by
1D and 2D electrophoresis, respectively. Adapted from reference 8.
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An alternative method to electrophoresis is the liquid-phase separation coupled to MS
analysis to identify proteins directly from complex mixtures, but the identification of
intact protein allergens is affected by low sensitivity and is limited to low complex
mixtures. The most effective LC/MS-based strategy is referred to as “shotgun”
proteomics: in this case, the whole protein extract is digested by trypsin, thus
generating a complex mixture of thousand peptides which is subsequently separated
by LC prior to MS/MS sequencing. Although proteolysis increases the complexity of
the mixture, the increasing of the peptides, derived from protein proteolysis,
enhances the probability to detect and confidentially identify at least one of the
constituent sequence. A similar strategy has been applied to monitor Ara h 1, Arah 2,
Ara h 3 as the major allergens in processed peanut. Some specific tryptic peptides
were then selected as markers for monitoring selected peanut allergens in food
products.68
In the shotgun approach, the information about the molecular weight of the intact
proteins is lost. However, a careful analysis of MS/MS spectra can turn to be effective
in discriminating isoallergen immunogenic proteins. Thus, using nano LC—ion-trap
MS/MS, a screening method to specifically detect and differentiate celery allergens
from IgE cross-reactive proteins of carrot and potato was developed.®9
A decisive support to all of the methods applied in proteomic analysis is provided by
bioinformatic tools for the interpretation of a huge amount of MS/MS spectra
produced. The identification is performed by softwares such as MASCOT and
SEQUEST in combination with constantly updated databases, such as SwissProt. With
the aid of more specific software tools, the tissue localization of peach nsLTP (Pru p
3) was recently assessed by MALDI-MS imaging.7°
Although MS is not a quantitative technique per se, it can be applied successfully for
allergenic protein quantification, by using a quantification at protein level or at
peptide level. In the direct quantification of intact proteins, according to a top-down
approach, spraying directly intact proteins from solutions using electrospray yields
MS spectra consisting of a series of peaks corresponding to charge state distributions
of the protein. This technique, however, has strong limitations. The identification of
targeted proteins in complex mixtures is hindered by two factors. The first one is the
ion suppression that appears when different proteins are eluted at the same time. The
second is the superposition of numerous peaks in the mass spectra, corresponding to
different proteins that may not be resolved even using deconvolution algorithms.6!
In the quantification at peptide level, according to a bottom-up approach, the final
analyte is the peptide; therefore, a digestion step is necessarily in order to obtain the
peptides to be analyzed. Quantification at the peptide level can be classified in
methods involving stable isotopes, tagging by light (12C) and heavy (:3C-labelled) tags
(SILAC, ICAT, iTRAQ), and using isotopically labelled synthetic peptide to achieve,
respectively, relative or absolute quantification. The first strategies incorporate
isotopically labelled chemical moieties into the samples. They are useful to find
biomarkers, to detect changes in protein abundances, for example, before and after
the roasting process. The second one, used when the identity of the protein to be
quantified is known in advance, uses a reference analyte, which is an isotopically
labelled peptide. This reference peptide incorporates :3C and 5N stable isotopes on
one of its amino acids, leading to a known mass difference with the endogenous
peptide.6t
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At present, the ‘classical’ proteomic procedures for allergen detection may be made
easier and faster by novel methodologies, such as the microarrays-based technologies
(Fig 3, right panel). Microarray technology is directed to in vitro diagnosis. With an
immunoassay format, this technology allows the simultaneous analysis of a large
number of IgE antibodies with only a small amount of serum sample. Allergen
microarrays are built by immobilizing multiple allergens onto a modified glass slide in
an arrayed fashion. The incubation of microarrays with the samples gives rise to the
binding of allergen-specific IgE from the samples with its corresponding allergen in
the array. The assessment of reactivity is achieved with fluorescence,
chemiluminescence or visible or UV absorbance.”

This methodologies may be also applied for the simultaneous detection of allergens in
a complex mixture, such as a total protein extract from an allergenic source. It is
possible to perform inhibition tests by pre-incubating the sera of allergic subjects with
the protein extract. IgE antibodies of the sera will bind the allergenic proteins present
in the extract, thus becoming unavailable for the interaction with the microarrayed
molecules for which the reactivity with the sera IgE had already been established.
Therefore, IgE binding to the proteins in solution is detected by measurement of
decreased binding to the protein(s) on the solid phase.® The major disadvantage of
this approach relies on the lack of some purified allergens to include on the platform,
thus hiding the presence of proteins never described as allergens but present in
offending foods.

Both the procedures shown in Fig 15 require the further biochemical and
immunological characterizations, which imply the availability of purified molecules.
This can be achieved by LC and the affinity chromatography is the best choice when
specific antibodies are available. Then, the characterization of the molecules
properties may be performed with the contribution of mass spectrometry, Edman
degradation and molecular biology to gain information about post-translational
modifications and the presence of isoforms, to elucidate the primary structure and to
study the antigenic epitopes. When the structural, immunological and clinical
characterization has been completed, the use of the allergenic molecule in diagnosis
and, sometimes, in immunotherapy can be evaluated.8
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Chapter 111
—

Assessing allergenicity of different
tomato ecotypes by using pooled sera
of allergic subjects: identification of

the main allergens
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1. Introduction

Food allergies have become a serious concern in Western countries, in which they
affect about 6% of young children and 3%—4% of adults, and their prevalence appears
to be on the rise.! On November 2007 a directive of the Commission of the European
Communities established a list of food ingredients that have to be indicated on the
labels, since they may cause adverse reactions in susceptible individuals.2 Fruits,
vegetables and their derivatives have generally not been included in this list as a
possible cause of allergic reactions, with the exception of cereals, soybean, nuts,
celery, mustard, sesame and lupines. Anyway, other allergenic foods of vegetal origin
may also represent a serious threat for consumers’ safety, as plant food allergies are
spreading quickly, probably due to the cross reaction with other pollen allergens.3-4.5
Among cultivated crop plants, tomato (Solanum lycopersicum L.) is increasingly
consumed due both to its beneficial effects on human health and to the spreading of
fresh or processed cooked products. In spite of this increasing consumption (or
maybe because of that) tomato allergy is also increasing and this food can be
considered as an emerging allergen, which actually affects 1.5%-16% of food-allergic
population,6 and it has been shown to be related to other allergies, like allergy against
grass pollen,” and latex® by cross-reactivity with homologous protein sequences. So
far the International Union of Immunological Society (I.U.I.S) recognized four tomato
allergens: Lyc e 1 (tomato profilin),® Lyc e 2 (tomato p-fructofuranosidase),? Lyc e 3
(tomato nonspecific lipid-transfer protein),’® and Lyc e 4 (tomato intracellular
pathogenesis-related protein) (http://www.allergen.org) but many other reactive
proteins to tomato fruit extracts have been reported in the literature. Kondo and co-
workers identified a polygalactunorase 2A (PG2A, 46 kDa), a pectinesterase (PE, 14
kDa), a B-fructofuranosidase (22 kDa) and a superoxide dismutase (18 kDa) as IgE-
binding allergenic proteins in tomato fruit, by N-terminal amino acid sequencing.!
During studies devoted to elucidate the correlation existing between cooked and fresh
tomato assumption and symptoms, an allergen of about 9 kDa, heat-labile and
pepsin-resistant was partially characterized by immunoblotting, pepsin digestion and
heating.12 Several studies were also carried out in order to analyze allergenic
properties of the different parts of tomato fruits. Using a multidimensional protein
fraction strategy and LC-MS/MS, a legumin (47 kDa) and vicilin (65 kDa) proteins
were purified from tomato seeds, showing strong IgE reactivity in immunoblots.:3
Pravettoni and co-workers found different LTP allergenic isoforms in fresh tomato
peel, pulp and seeds. Although conventional heat treatments employed during the
production of tomato-based products usually degrade proteins, thus strongly reducing
their IgE binding capacity,’4 industrial tomato derivatives have been demonstrated to
still contain LTP.15

Rather than exclude tomato from the diet of allergic subjects, genetic engineering may
be applied in order to obtain hypoallergenic tomato fruits. Gene-silencing approaches
were successfully used to target Lyc e 1 and Lyc e 3 genes and low-allergenic tomato
plants were obtained.10:1¢ Although these strategies have proved to be very efficient in
eliminating allergenic proteins, hypoallergenic genetically modified plants are
difficult to produce and maintain as stable lines, since, as mentioned above, allergic
subjects’ IgE cross-react toward different tomato proteins, so several genes
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corresponding to main tomato allergens should be silenced in transgenic lines. This
could damage cell homeostasis because some tomato allergenic proteins play
important physiological and structural roles.!” Last but not least, genetically modified
plants are still not accepted among European public opinion. Alternatively, the
selection of genetic resources with low expression of allergenic proteins, represents a
valuable tool both to understand the genetic base of the accumulation of allergenic
proteins and to develop new hypoallergenic varieties.’® The comprehensive study of
the protein expression in a given species, often referred as proteomics, can also be
applied to the study of the allergenic proteins. Although trends in food allergy
research are increasingly focusing on mass spectrometry-based proteomics
(sometimes referred as “allergenomics”),!9 examples of its application to an in-depth
study of tomato allergens,2° are still quite scarce in the literature.

2. Aim of the work

In this study using two pools of sera of allergic people coming from different Italian
regions (Campania and Emilia Romagna), twelve tomato ecotypes were screened by a
bottom-up proteomic approach, in order to identify the major allergens involved and
to evaluate differences in IgE binding properties of these cultivars.

3. Experimental part

3.1 Plant material

Twelve tomatoes accessions were used for the analysis and they are summarized

below.

Accession Name Code Final destination
Ventura D VD (1) Fresh markets/canning
Tondino D TD (2) Fresh markets/canning
Principe Borghese I PB (3) Fresh markets/canning
Sorrento Globoso Rosato SGRI (1) Fresh markets
San Marzano Murano SMMU (5) Fresh markets/canning
Pisanello PS (6) Fresh markets
Tondo Liscio TLI (7) Fresh markets
Tondino I TI (8) Fresh markets/canning
San Marzano SMC (9) Fresh markets/canning
Sorrento Rosato STLR (10) Fresh markets
Principe Borghese D PBD (11) Fresh markets/canning
San Marzano Morini SMMO (12) Fresh markets/canning

They were grown in a breeding farm in Sarno, Salerno (Southern Italy) over a spring—
summer growing cycle. They were harvested during summer 2008 and frozen at —20
°C until the analysis time.
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3.2 Protein Extraction

3.2.1 Chemicals
e Acetone (CH;COCHj;) (Carlo Erba Reagents, Italy)
e Diethyl ether ((C.H;).0) (Carlo Erba Reagents, Italy)
¢ Sodium Hydroxide pellets (NaOH) (Carlo Erba, Italy)
e Chloridric acid (HCI) (Sigma-Aldrich, USA)
e Sodium chloride (NaCl) (Carlo Erba Reagents, Italy)
e Disodium hydrogen phosphate dodecahydrate (Na,HPO, 12 H,0) (Carlo Erba
Reagents, Italy)
e Potassium dihydrogen phosphate (KH,PO,) (Sigma-Aldrich, USA)
e Potassium chloride (KCl) (Sigma-Aldrich, USA)
e Milli Q H,O obtained with Millipore Alpha Q system
e PBS (Phosphate Buffered Saline), preparation of 1 L solution
- 5.5 g NaCl (94 mM)
- 3.58 g Na,HPO, - 12 H,0O (10 mM)
- 0.2 g KH,PO, (1.5 mM)
— 0.2 gKCl (2.7 mM)
— Adjust the pH to 7.4 with HCI
— Add Milli Q H.O to 1 liter

3.2.2 Instrumentation
e Digital Scale BCE 62 PT (Orma, Italy)
¢ Homogenizer Ultraturrax T50 basic (IKA Werke, Germany)
e Rotary evaporator 111 (Buchi, Switzerland)
e pH meter 212 (Hanna Instruments, Italy)
e Reciprocating shaker SSL2 (Stuart Scientific, UK)
e Centrifuge Universal 320 R (Hettich, Germany)
e Qubit® fluorometer 1.0 (Invitrogen, UK)

3.2.3 Procedure

A total of 50 g of fresh tomato (including peels, pulps and seeds) was homogenized by
means of Ultraturrax in cold acetone and the proteins were allowed to precipitate at -
20 °C overnight. Pellets were washed twice with cold acetone and once with cold
acetone/diethyl ether (1:1). Then the dry powder was extracted in a phosphate-
buffered saline solution for 1 hour at 4 °C under continuous stirring, after the
neutralization of the pH by a NaOH solution. After centrifugation (8334 g three times
for 45°), the supernatant liquid was recovered and protein concentrations were
determined using the Qubit® fluorometer according to the instructions by the
manufacturer. The extracts were frozen at —20 °C until the analysis time.

3.3 Proteins analysis by electrophoresis

3.3.1 Chemicals
e 2-Todoacetamide IAA (CH,CONH,) (Sigma-Aldrich, USA)
e 50% glycerol (Bio-Rad, Germany)
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Acetic acid (CH;COOH), (solution 10% in Milli Q H,O) (Carlo Erba, Italy)
Agarose (Bio-Rad, Germany)

Bromophenol blue (Bio-Rad, Germany)

Carrier ampholytes (Bio-Rad, Germany)

CHAPS (Bio-Rad, Germany)

Coomassie Brilliant Blue R-250 (Bio-Rad, Germany)

Criterion XT Precast Gel, 12% Bis-Tris, 12 wells (Bio-Rad, Germany)
Criterion XT Precast Gel, 12% Bis-Tris, IPG+1 comb (Bio-Rad, Germany)
Dithiothreitol DTT (HSCH.(CHOH).CH,SH) (Sigma-Aldrich, USA)
Methanol (CH;OH), HPLC grade, (Sigma-Aldrich, USA)

Milli Q H,O obtained with Millipore Alpha Q system

Mineral oil (Bio-Rad, Germany)

Ready Strip IPG strips, 11 cm, pH: 4-11 (Bio-Rad, Germany)

Sodium Dodecyl Sulphate SDS, in powder and in solution 20% (Sigma-Aldrich,
USA)

SDS-PAGE Molecular Weight Standards, Broad Range (Bio-Rad, Germany)
Tris/HCI (50 mM solution in Milli Q H,O) (Sigma Aldrich, USA)

Urea (NH,CONH.) (Sigma-Aldrich, USA)

XT MES Running buffer 20X (Bio-Rad, Germany)

XT sample buffer 4X (Bio-Rad, Germany)

XT Reducing Agent 20X (Bio-Rad, Germany)

3.3.2 Instrumentation

Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 5 KDa device — 5,000
NMWL (Nominal Molecular Weight Limit) (Millipore, Italy)
Centrifuge Universal 320 R (Hettich, Germany)

Rotor 1620A (97 mm radius) (Hettich, Germany)

Adapters 1451 (Hettich, Germany)

Centrifuge 1-13 (Sigma-Aldrich, USA)

Criterion Cell (Bio-Rad, Germany)

GS-800 calibrated densitometer (Bio-Rad, Germany)

Glass Syringe 50 uL (Hamilton, USA)

Gyro-Rocker SSL3 (Stuart Scientific, UK)

PDquest software (Bio-Rad, Germany)

Power supply: Power Pac Universal (Bio-Rad, Germany)
PROTEAN IEF Cell (Bio-Rad, Germany)

PCR Express Thermal Cycler (Thermo Hybaid, UK)

3.3.3 Procedures for 1D gel electrophoresis

1.

Protein standard preparation
2 uL SDS-PAGE Molecular Weight Standards, Broad Range
28 pL of reducing sample buffer (prepared with 9.5 pL XT buffer 4X, 0.5 pL XT
reduction buffer 20X and Milli Q H.O to final 30 puL volume)
5’ incubation at 95 °C
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ii. Sample preparation

e XT sample buffer 4X, diluted 4 times

e XT Reduction buffer 20X, diluted 20 times

e 30 ug of proteins (or 1 mg, in case of semipreparative analysis), following
protein sample quantification described in paragraph 3.2.3

e Milli Q H,O to final 25 puL volume (or 500 pL, in case of semi-preparative
analysis)

e 5’ incubation at 95 °C

iii. Electrophoretic run
For each wells of the Criterion XT Precast gel, 25 pL of sample prepared (or 450 pL,
in case of semi-preparative analysis) were loaded or 5 uL of protein standard. The
running buffer used was XT MES Running buffer diluted 20 times, the voltage applied
to the Criterion Cell was 150 V. The run lasted 60’. In the sample buffer there was a
1% of Bromophenol blue, which ran as indicator.

3.3.4 Procedures for 2D gel electrophoresis
i. Desalting

In this case the procedure required a desalting step.
Pre-rinsing: the ultra-filtration membranes in Amicon Ultra devices contained trace
amounts of Polyethylene glycol (PEG). The device must be pre-rinsed with 5 washes
of a CH;0H:H.O (1:1) solution.
Preserving: the devices were stocked in a CH;OH:H,O (5:95) solution, at 4 °C until
use.
Use: the ultra-filtration device was loaded with 4 mL of the solution to be desalted
and centrifuged. The sample was loaded and centrifuged at 6500 RCF, 4 °C for 45’,
and then 3 washes with 4 mL of Milli Q H,O were performed. The filtered solution
was discarded each time and the retentate (upper part of the device) was recovered
after washes using an Eppendorf pipette P100. A major recovery was obtained adding
250 pL of Milli Q H,O, the membranes were washed using the pipette Pasteur and the
recoveries were added to the suspension in an Eppendorf.

ii. First dimension: isoelectrofocusing
150 pg of proteins were re-dissolved in 185 pL of rehydration buffer, whose
composition was: 8 M urea, 50 mM DTT, 4% CHAPS, 0.2% Carrier ampholytes,
0.0002% Bromophenol blue, Milli Q H,O to 5 mL. Re-dissolved samples were placed
in the IEF tray, and the strips were settled with the active part in contact with the
sample. Passive rehydration of the strips was allowed for 1 hour, after that 3 mL of
mineral oil were added to cover completely the strips. The rehydration was performed
then overnight.
The strips were then placed in the focusing tray: +/- strip direction follow +/- sense of
the tray and 2.5 mL of mineral oil were added to the strips, in order to prevent
evaporation.
The PROTEAN IEF CELL was programmed as follow:
Volt: 8000
Volt/hours: 29000
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Ramp: rapid

Max pA/strip: 50

At the end of the focusing, strips were taken and exceeding mineral oil was discarder
on filter paper.

iii. Strip equilibration

Strips were placed, with gel sided up, in a tray and proteins were reduced and
alkylated by adding 4 mL of DTT Equilibration buffer for 10’ and, then, 4 mL of TAA
Equilibration buffer for 10’, respectively to each strip. Equilibration base buffer was
composed of: 6 M Urea, 2% SDS, 0.05 M Tris/HCI buffer pH 8.8, 20% glycerol, Milli
Q H.O to 10 mL. 2% DTT Equilibration buffer was prepared immediately prior to use
adding 200 mg of DTT. 2.5% IAA Equilibration buffer was prepared immediately
prior to use by adding 250 mg of TAA.

iv. Second dimension: gel electrophoresis

Equilibrated strips were applied to the top of the Precast gels Criterion XT (12% Bis-
Tris, IPG+1 comb). The strips were aligned so that the plastic back of the strip was
against the back plate and the IPG strip was touching the top of the gel. “+” part of the
strips was towards the well for the MW standards. MW standards were placed in the
well (as described in paragraph 3.3.3). Molten agarose was added to fix the strips and,
as it was set, the gels were covered with the XT MES Running buffer diluted 20 times.
The Criterion Cell was set for the run as described previously.

3.3.5 Gel staining

The staining solution was made up of 0.1% w/v of Coomassie brilliant blue R-250
dissolved in 10% CH;COOH, 40% CH;OH and Milli Q H,O to 1000 mL. Gels were
placed in glass containers and were covered with the staining solution where they
were allowed to soak for at least 1 hour. Any dye that was not bound to protein
diffused out of the gel during the de-staining steps, when the gels were rinsed with a
solution of 10% CH;COOH, 40% CH;OH, 50% Milli Q H,O, changed at least twice, to
achieve the desired contrast.

3.4 Analysis of allergenic proteins by Western Blot

3.4.1 Patients sera

Human sera were provided by the Department of Medical Clinics, Nephrology, and
Prevention Sciences of the University of Parma and by the Department of Clinical
Medicine and Cardiovascular and Immunological Sciences of the University of Naples
"Federico II". They were collected from patients with a clinical history of allergic
reactions towards fresh tomato and/or tomato products. All subjects had positive skin
prick test for tomato and specific IgE (>0.7 kU/L) detected at InmunoCAP dosage.
After being tested individually, sera from each group were pooled together, in order to
screen IgE-binding pattern of major tomato allergens.

3.4.2 Chemicals
e Glycine (Bio-Rad, Germany)
e Sodium Dodecyl Sulphate SDS, (Sigma-Aldrich, USA)
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e Ovalbumin, from hen eggs white (Sigma-Aldrich, USA)
e Anti-Human IgE from rabbit (Bethyl laboratories Inc, USA);
e Goat anti rabbit-HRP (Bio-Rad, Germany)
e Opti-4-CN kit (Bio-Rad, Germany):
— REAGENT Opti-4-CN
— Opti-4-CN DILUENT
e Acetic acid (CH;COOH), (Carlo Erba, Italy)
o PBS buffer (prepared as decribed in paragraph 3.2.1)
e Tween 20 (Sigma-Aldrich, USA)
e PBS-T (PBS buffer + 0.1% Tween 20)
¢ Blocking buffer (3% ovalbumin in PBS-T)
e Antibody dilution buffer (0.1% ovalbumin solution in PBS-T)
e Tris (25 mM solution in Milli Q H,O) (Sigma-Aldrich, USA)
e Methanol (CH;0H), HPLC grade, (Sigma-Aldrich, USA)
e Milli Q H,O obtained with Millipore Alpha Q system

3.4.3 Instrumentation
e PVDF membrane 0.2 um (Bio-Rad, Germany)
¢ Fiber pad (Bio-Rad, Germany)
¢ Filter paper (Bio-Rad, Germany)
e Gyro-Rocker SSL3 (Stuart Scientific, UK)
e Transblot electrophoretic transfer cell (Bio-Rad, Germany)
e Power supply: Power Pac Universal (Bio-Rad, Germany)
e (GS-800 calibrated densitometer (Bio-Rad, Germany)

3.4.4 Procedure

After separation, for immunoblot analysis proteins were transferred onto 0.2-pm
polyvinylidene fluoride (PVDF) membranes according with the manufacturer’s
instructions. Transfer buffer (25 mM Tris, 195 mM glycine, 10% CH;OH, 0.01% SDS,
pH 8.3) was prepared. The not-stained gel was placed into transfer buffer for 15’, after
cutting fringes of the wells of the gel and the residual Bromophenol blue run
indicator. Cut pieces of the filter paper and of the PVDF membrane were wet for about
30 sec in CH;OH on a rocker at room temperature, then were wetted 10’ in Milli Q
H,O and finally 15’ in the transfer buffer, together with fiber pad and filter papers.
"Sandwich" for Bio-Rad's Transblot was assembled as follows:
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The closed sandwich was placed in the Transblot tank, which was filled with transfer
buffer. Transfer occured for 1 h at 100 V in a refrigerated system (cooling coil).

After soaking in blocking buffer for 1 hour, the membranes were incubated overnight
with individual serum sample or with pooled sera, diluted to 0.071 kU/L in antibody
dilution buffer. The membranes were then incubated with rabbit anti-human
antibodies, diluted 1:3000 in antibody dilution buffer, for 1 hour. After soaking twice
in PBS-T in order to remove the excess of antibodies, they were incubated with goat
anti-rabbit antibodies, diluted 1:3000 in antibody dilution buffer, linked to
horseradish peroxidase enzyme (HRP) for 1 hour. The unbound antibodies were
removed by rinsing membranes twice in PBS-T. Allergenic protein detection was
achieved by incubation of the blotted membranes with the Opti-4-CN substrate,
prepared by using 0.2 mL of reagent Opti-4-CN every 10 mL of Opti-4-CN diluents,
for 30’ till sufficient coloration was achieved. The membranes were washed with Milli
Q H,0 for 15" and the images were acquired at the densitometer.

3.5 Trypsinin-gel digestion

3.5.1 Chemicals

e Ammonium bicarbonate (NH,HCO;) (25 mM and 100 mM solutions in Milli Q
H.0) (Sigma-Aldrich, USA)

e 2-Todoacetamide IAA (CH,CONH,) (55 mM solution in 100 mM NH,HCO;)
(Sigma-Aldrich, USA)

e Dithiothreitol DTT (HSCH.(CHOH),CH,SH) (Sigma-Aldrich, USA) (1omM
solution in 1t0omM NH,HCO,)

e Methanol (CH;OH), HPLC grade, (Sigma-Aldrich, USA)

e Acetic acid (CH;COOH) (solution 1% in Milli Q H,O) (Carlo Erba, Italy)

e Acetonitrile (CH;CN) (Sigma-Aldrich, USA)

e Trypsin Proteomics Grade from Porcine Pancreas, Dimethylated (100 ng/uL
solution in 1% acetic acid) (Sigma-Aldrich, USA)

o Milli Q H,O obtained with Millipore Alpha Q system

e N,-flux

3.5.2 Instrumentation
o Cutter
e Reciprocating shaker SSL2 (Stuart Scientific, UK)

62



e Hotplate Stirrer F 8o (Falc)

3.5.3 Procedure
With a cutter, protein bands or spots were excised from a stained polyacrylamide gel
and placed into a 0.5 mL tube. Coomassie stained spots were destained as follow: 50
pL of 25 mM NH,HCO;/50% CH5;CN solution were added (all the volumes are
intended to be enough to immerse the gel slides) and the tubes were placed on a
reciprocating shaker overnight (16 h) on a low setting. Resulting gel particles were
pretty clear, so it was possible to dehydrate gel pieces by adding CH;CN until the gel
slides were shrunk and opaque-white colored. CH;CN was removed with Eppendorf
pipette P100 by N,-flux for 5-10".
Proteins contained in gel slides were then reduced by addition of 10 mM DDT in 100
mM NH,HCO; solution for 1 hour at 56 °C and alkylated by addition of 55 mM IAA in
100 mM NH,HCO, solution for 45’ at room temperature and in the dark. Then gel
slides were swelled and shrunk twice by addition of 100 mM NH,HCO; and 100%
ACN, respectively, and then were dried under a nitrogen stream.
Trypsin stock solution (100 ng/uL in 1% acetic acid) was diluted 1:10 in 25 mM
NH,HCO; and added to the gel slides. After incubation at 37 °C for 16 hours the
supernatants were recovered and the gel pieces were washed twice with 25 mM
NH,HCO;/50% CH;CN solution for 15" and once with acetonitrile and again the
supernatants were recovered and dried under N,-flux.

3.6 LTQ-Orbitrap analysis

3.6.1 Chemicals
e Acetonitrile (CH;CN) (Sigma-Aldrich, USA)
e Methanol (CH;0H) (Carlo Erba, Italy)
e Formic acid (HCOOH) 99% (Acros, Belgium)
e Trifluoroacetic acid 99% TFA (Acros, Belgium)
e Milli Q H,O obtained with Millipore Alpha Q system
e Wetting solution: 100% CH;CN
e Equilibration solution: 0.1% TFA in Milli Q H,O
e Washing solution: 0.1% TFA in 5% CH;O0H
¢ Eluting solution: 1% formic acid in 50% CH;OH for LTQ-Orbitrap analysis or
0.1% TFA in 50% CH;CN for MALDI-TOF analysis

3.6.2 Instrumentation
e ZIP TIPs C,g pipette tips (Millipore, USA)
e pH meter 212 (Hanna Instruments, Italy)
e ESI-LTQ-Orbitrap mass spectrometer (Thermo Electron Corporation)
e Ultimate 3000 micro HPLC (Dionex)
e Column C,g Jupiter 4U Proteo (90 A, 300 um x 15 cm) (Phenomenex, Italy)
e Xcalibur® software (Thermo Fisher Scientific Inc.)

3.6.3 Procedure
i. Desalting
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The dried samples were re-dissolved with 10 pL of 0.1% TFA solution in Milli Q H.O,
ensuring that the final sample solution had a pH<4.

The ZIP TIPs C,s were suitable for an Eppendorf pipette P10. Using the maximum
volume setting of 10 pL, the necessary solution was taken into the tip and dispensed
to waste. This procedure was repeated 3 times with the wetting solution and 3 times
with the equilibration solution.

The binding of peptides to the ZipTip was achieved by fully depressing the pipette
plunger to a dead stop, aspirating and dispensing the sample 7—-10 times from and
into the tube for maximum binding of complex mixtures. The binding capacityis 3 — 5
ug of peptides.

Desalting was achieved by using the maximum volume setting of 10 pL, aspirating
into the tip and dispensing to waste 2 times the washing solution. The elution was
performed aspirating and dispensing 6-10 times 10 pL of the eluting solution and
recovering the eluted fraction into a new tube.

Samples were then dried again under N,-flux.

ii. Instrumental conditions of analysis

Peptide analysis was performed with a Dionex Ultimate 3000 micro HPLC coupled
with the LTQ-Orbitrap mass spectrometer equipped with a conventional ESI source.
The source parameter was configured as follow: spray voltage 3.5 kV, capillary voltage
49 V and tube lens 75 V. For the chromatography separation, a Jupiter 4U Proteo (90
A, 300 m £ 15 cm) column was used, and the column oven temperature was set to 25
°C; the separation was run for 82’ using a gradient of 99.8/0.2 H,O/HCOOH (eluent
A) and 99.8/0.2 ACN/HCOOH (eluent B) and a flow/rate rate of 5 puL/min. The
gradient was run as follows: 0—4' 95% A and 5% B, then to 50% A at 60°, and 10% A
and 90% B at 62, 62—72’ 10% A, followed by the re-equilibration of the column. For
MSi1 scans, the Orbitrap resolution was 60.000 and the ion population 5 x 105, with
an m/z window from 200 to 1800. For MS/MS in the LTQ, the population ion was 3 x
104 (isolation width of 3 m/z unit). A maximum of four precursor ions (most intense)
were selected for activation and subsequent MS/MS analysis. CID was performed at
35% of the normalized collision energy (NCE) in all cases (measures by CIM-Parma,
Italy) and collected by Xcalibur® software.

3.7 Maldi-TOF analysis

3.7.1 Chemicals
e Acetonitrile (CH5CN) (Sigma-Aldrich, USA)
e Methanol (CH;0H) (Carlo Erba, Italy)
e Trifluoroacetic acid 99% TFA (Acros, Belgium)
e MALDI Calibrants (Sigma-Aldrich, USA)
e a-Cyano-4-hydroxycinnamic acid (CHCA), (Sigma-Aldrich, USA)

3.7.2 Instrumentation
e MALDI-TOF 4700 Proteomic Analyzer (Applied Biosystem, USA)
e Software 4000 Series Explorer 3.5 v (Applied Biosystem, USA)
e Software Data Explorer v 4.9 (Applied Biosystem, USA)
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3.7.3 Procedure

MALDI MS and MS/MS experiments were carried out on a 4700 Applied Biosystem
Proteomics Analyzer. Each spectrum was taken by the following procedure: 1 pL of
the desalted sample was spotted on the target plate and, immediately after, 1 puL of
matrix solution (a-cyano-4-hydroxycynnamic acid, 10 mg/mL in 50% CH,;CN 50%
TFA 0.1%) was spotted over it and 1 puL of sample was spotted again over it. After
evaporation has occurred, the target was ready for the analysis. Mass spectrum
acquisition was performed in positive ion reflectron mode by accumulating 625
shots/spectrum. The accelerating voltage was 20 kV. External mass calibration was
performed with mass peptide standards. Data were acquired by using 4000 Series
Explorer 3.5 v and analyzed by Data Explorer v 4.9.

4. Results and Discussion

4.1 Tomato genetic resources

A group of twelve tomato local varieties, both indeterminate and determinate in
growth habits, were selected, differing in fruit shape and size and characterized by
different final destination (fresh markets or canning) as a representative pool of
tomato samples presently spread in local markets. Moreover, among the different
cultivated forms of 'San Marzano' grown in the ‘San Marzano’ PDO area,2! other three
accessions were selected that are referred to in this study as 'SMMU', 'SMC' and
'SMMO' as they are presently in evaluation for the inclusion in the PDO disciplinary.
The protein extraction protocol used here allowed to obtain quite different amount of
dry matter among ecotypes: in particular, VD, TD and SGRI samples were
characterized by a lower dry matter amount, while PB and TI showed an higher
amount of dry matter, compared to the other ecotypes (Table 1).

This variability may result from quantitative and qualitative differences in dry matter
among the analyzed ecotypes, due to both genetic characteristics, typical of each
genotype, and to the different degree of ripeness at harvest (the amount of fruit dry
matter varies during ripening), despite the fact that tomatoes here analyzed were all
ready for consumption. Concerning the amounts of protein extracted from the dry
matters, they were even higher than the expected (1%), which might also due to
eventual contaminants in the solution revealed by Qubit® fluorometer during the
quantification process.
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Table 1. Evaluation of protein extraction with the method described here and performed by Qubit®
fluorometer.

Sample A (g) Agm(g) Pimg) Prot %

SMMO 50,03 108 2475 220%
PED 5020 1,17 24,00 2,05%
SMMU 50,03 112 2665 238%
PS 50,07 132 3324 252%
VD 50,07 0.73 2343 321%
TD 50,07 036 13,04 3,62%
SGRI 50,04 0,79 2648 335%
PB 50,05 147 3480 237%
STLR 50,14 116 2288 1,97%
TI 50,30 1,76 127 243%
sMC 50,85 1,03 26,56 2,58%
TLI 50,03 121 3405 281%

As= Amount of sample; Aam= Amount of dry matter; P= Amount of extracted proteins, obtained by Qubit®
fluorometer; Prot %= Percentage of proteins related to Adm.

4.2 Sera of allergic subjects

Human sera used in this work were collected from patients with a clinical history of
allergic reactions towards fresh tomato and/or tomato products. Allergic subjects
were recruited from two Italian regions, Campania and Emilia Romagna, in order to
establish if environmental conditions could affect sensitization towards different
allergenic proteins.

In Parma (North Italy) a total of five human sera were provided by Allergy and
Clinical Immunology Center of the University Hospital from allergic subjects with
Oral Syndrome after introduction of tomato and/or tomato products. All subjects had
positive skin prick test for tomato and specific IgE ranging from 0.70 to 17.49 kU/L at
ImmunoCAP dosage. All patients were also sensitized to other food allergens.

In Naples (South Italy) a total of six human serum samples were provided by the
Division of Allergy and Clinical Immunology of the University Hospital 'Federico II',
from allergic patients with food allergy to tomato. All subjects had positive skin prick
test to tomato. Serum concentrations of IgE to tomato antigen ranged from 0.5 to 2
kU/L. Five out of six of these patients were also sensitized to other food allergens
(mostly nuts, peanuts, peach, soybean or sesame seeds).

After some of them had been tested individually, sera belonging to each geographical
group were blended together before immunoblotting experiments, thus using them as
technological means to detect IgE-binding pattern of major tomato allergens.
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4.3 Immunoblotting of tomato fruit extract with human sera

In order to define which proteins in tomato fruit extracts were recognized by the sera
of allergic subjects and if differences were present among the different tomato
ecotypes, protein extracts, obtained and quantified as reported paragraph 4.1, were
separated by mono dimensional SDS-PAGE, by allowing two lane for every single
sample (Fig 1a).
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Fig 1. SDS-PAGE of twelve tomato ecotypes’ fruit extracts. Numbers indicate ecotypes as described in
“Materials and methods”. The lane marked as ‘M’ represents the molecular weight standards, and their
relative molecular masses are reported on the right side. a, staining with Coomassie brilliant blue; b,
immunoblotting using pooled sera of patients from Campania region; arrows show the absence of reactive
bands; ¢, immunoblotting using pooled sera of patients from Emilia Romagna region; d, immunoblotting
using three sera of patients from Emilia Romagna region, incubated individually with two ecotypes. See
text for details.

After separation, for every single ecotype, one lane in the gel was stained with
Coomassie brilliant blue, whereas the other one was used in order to transfer the
separated proteins onto a PVDF membrane. After incubation with pooled sera of
patients from Campania region, a protein with a molecular mass of about 14 kDa was
detected as the main allergen. No other nonspecific band was detected, even in
correspondence to the most intense bands on the gel indicating a greater expression
of those proteins. The immunoblot profiles of tomato ecotypes are shown in Fig 1b.
Quite interestingly, the IgE binding activity of the ecotypes 'Tondino D' (1), 'Ventura
D' (2) and 'Pisanello’ (6) was less intense, showing a potential reduced allergenicity
for these individuals toward this tomato 14-kDa allergenic protein (see paragraph
4.4).

On the other hand, incubation of PVDF membrane with pooled serum sample
collected from patients of the Emilia Romagna region did not confirm the potential
hypoallergenicity of those ecotypes, since a totally different immunological response
was obtained. In this case, a protein with molecular mass of about 45 kDa reacted
toward the pooled sera of the allergic subjects, and scarce differences in the IgE
binding properties of tomato ecotypes were observed (Fig 1c). The same results were
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also obtained using a different pool of sera of allergic patients, selected in the same
way as the previous one (data not shown).

The incubation of the same protein extracts with single serum of patients from Emilia
Romagna region confirmed partially this result. As shown in Fig 1d, two of these sera,
used individually and incubated with the protein extract of two ecotypes, revealed the
same 45-kDa reactive protein, as the pool did, while another allergenic protein, whose
apparent molecular weight was slightly lower than 14 kDa, was detected using the
serum of another patient.

These results showed that the IgE binding patterns of these tomatoes ecotypes were
highly serum-specific: the allergenic profiles may differ when immunoblottings with
single serum are carried out. Since pools of sera contain all the involved IgE, the
antigens which are recognized frequently by the single serum are mostly evidenced,
quenching the detection of those less recurrent. Anyway, exactly for those reasons,
when the most important allergens are to be evidenced, the use of pools of sera might
be a very useful technological tool to assess the general allergenicity of a food
commodity.

Hence, it could be assumed that the potential hypoallergenicity of tomatoes cannot be
generalized for all the allergic subjects, but it should be assessed according to the
specific allergen to which every single allergic subject is sensitized.

4.4 Identification of the 14-kDa allergenic protein

In order to identify the protein involved in specific IgE binding recognition, and also
to possibly gain more evidences on the reason of the low IgE reactivity of some
ecotypes, the bands on the gel corresponding to the reactive protein were in-gel-
digested by trypsin and the peptide mixture was separated by HPLC (Fig 2) and
analyzed by LTQ-Orbitrap mass spectrometer.
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Fig 2. Chromatogram of the peptide mixture obtained, after the in-gel digestion of 14-kDa band of
Tondino D ecotype and separated by HPLC.
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Analysis were carried out on ten ecotypes, including those which showed a lower
immunological response. Molecular masses and sequences of the recovered peptides
(listed in Table 2) were used to query UniProt database, restricted to Solanum
lycopersicum L. proteome, and the corresponding protein was identified as profilin
(Lyc e 1). Among these, diagnostic peptides were also searched to elucidate which of
the three profilin isoforms reported in Uniprot database was involved in allergic
reactions.

Table 2. Identified peptides originated from 14-kDa allergen digestion and LTQ-Orbitrap analysis.

SWISS
Pro tein MS spectra
Calculated Observed
Database Sequen ce Position . characteristicions
. MW (Da) MW (Da)
Accession (m/z)
Numb er
. (discussed
HMW peptide 1-71 7671.6 i
in te xt)
11129 (y11), 1013.3
* ),900.4 (yo), 772.4
YM'VIQ GEAGAVIR® 72-84 1421.7 14217 G Gs
(ys),5864 (ys), 515.3
(ys)
574.4 (ye), 517.2 (ys),
GAGGITVK 88-95 701.4 701.4 460.2 (y4),2462 (y2),
147.3 (y1)
Q8VWRO 773.5(ysg), 588.4 (ys),
GAGGIT VKK 88-96 829.5 829.5
475.3 (y4),275 (y2)
574 4(ye), 517.3(ys),
KGAGGIT VK §7-95 829.5 829.5 Vo) ¥s)
4603 (y4), 246.2 (v2)
16605 (bys), 1559.5
TNQA LIGIYDEPMT PG QC'NMIVE R® 97-121 2862.4 28624 (b14),1331.3 (bp),
9242 (bo), 641.2 (be)
989.0 (bo), 932.1 (by),
LGDYIIEQG L 122-131 1119.6 11196 804.4 (b7), 675.3 (be),
561.9 (bs)
X (discussed
HMW peptide 1-71 7678.7 .
in te xt)
12105 (y11), 1111.5
YMVIQGEPE AVIR 72-84 1503.8 1503 .8 (¥10),998.4 (yo), 870.4
(ys), 684.3 (o)
588.3 (y6), 530.8 (ys),
GPGGITIK 88- 95 741.4 741 4 ve) ¥
474.4 (y4)
Q93YG7
GPGGITIKK 88-96 869.5 869.5 724 4 (bg), 382.2 (bs)
16605 (bys), 1559.6
. LA b (b14), 1331.1 (bi2),
TNQA LIIGIYDEPMTPG QC NMIVER 97-121 2862.4 2862 4
924 .3 (by), 754.2 (b),
415.2 (by)
10192 (bo), 932.3 (by),
LGDYLIEQSL 122-131 1149.6 1149 6
8043 (b7), 675.1 (be)

a: M* indicates an oxidized me thionine
b: C* indic ates a carboxam idomethylcyste ine
c: M onoisotopic MW

Bold letters represent amino acids residues w hich are different in homologous peptides of Profilin isoforms
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As expected, marker peptides belonging to profilin-1 (SWISS Protein database
accession no. Q41344) (Fig. 7) corresponding to the sequences AEEITNIMK (46-54),
DFDEPGHLAPTGLFLAGTK (55-73), YMVIQGEPGAVIR (74-86),
TAQALIFGVYEEPVTPGQCNMVVEK (99-123) and IGDYLVDQGY (124-133) were not
found, since this isoform is expressed in a pollen specific manner in tomato.22 Profilin
and profilin-2 isoforms (SWISS Protein database accession no. Q8VWRo and
Q93YG7, respectively) were both found in all ecotypes but one, 'Pisanello’ (PS) (quite
interestingly, one of those showing low IgE reactivity) which showed only peptides
belonging to Q8VWRo isoform (Fig 3).
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Fig 3. Percentage of sequence coverage among ecotypes for profilin Q8VWRo and Q93YG7 isoforms
calculated for the analyzed ecotypes, determined by the abundance of peptides identified for each of
them.

The low percentage of sequence coverage (average among ecotype was estimated 27%
for Q8VWRo isoform and 23% for Q93YG7 isoform) was likely due to protein’s
primary structure, poor in positively charged amino acids and thus not easily digested
by trypsin. As shown in Fig 4. the first suitable cleavage site for trypsin on Lys;
generates high molecular weight peptides which are difficult to elute from gel and
detected by mass spectrometry. Moreover, in the same peptide, Lys,; was not
accessible by the enzyme since it is followed by a proline residue, except in the
Q41344 isoform in which Ala,s and Lyss, would allow to generate two additional
diagnostic peptides for this isoform discrimination. So, although these two HMW
peptides could be useful to discriminate profilin isoforms since they differ for some
amino acids and, subsequently, for their molecular masses, they were not found in
any ecotypes.

093YGT* MSWQTYVDEHLLCENE--GNHLTSAAIIGQDGIVWAQSANFPQFEPEEITGIMNDFAVEG S&
QSVWRO MSWQTYVDDHLMCDIE--GNHLTSARIIGQDGSVWAQSANFPQFRPEEITAIMNDFAERG e
AEEITNIMEDFDERG 60

LCCTi‘x“" IQGEPEAVI ALIIGIYDEPMIPGQCHMI 118

Q413440 .‘!SHQ?Y'\"DQHLMCDIESTSHHLSSnn-LCFDES‘InA“Sr‘I Plr

I EEE L

Q93YGT* TLAPT

NQ

Q8VWRO TLAPIGLHLGGTRYMVIQGEAGAVI NQALIIGIYDEPMTIPGQCHNMI 118

Q41344+ HLAPT FLAGTRYMVIQGEPGAVI AQALIFGVYEEPVIPGQCHMV 120
R N . e

QEIYGT" \*:I"' IEQSL 131

Qsvwro VE 131
Q41344+ VE 133

a Imtiator methaonine is cleaved from the wature protein

Fig 4. Sequence similarity of tomato profilin isoforms: Q8VWRo0, Q93YG7, Q41344. Cutting sites for
trypsin are highlighted.
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High resolution tandem mass spectrometry also allowed to identify the sequences of
two isobaric peptides of Q8VWRO isoform, GAGGITVKK and KGAGGITVK (88-96
and 87-95, respectively), which were generated by the cleavage of trypsin on two
consecutive lysine at both N-terminal and C-terminal amino acid sequences, by
detecting characteristic ions for each sequence, therefore allowing the unequivocal
discrimination of these two peptides (Fig 5).

#1|  b{1+4) | b{24) (Seq, y(1+] | 924 | #2 # | b2+e) [Sea| w14 | y2e) | #2
1 5302875 2351801 G 3 I EROBTE K g
2 12906547 B5.03657 A 357.24764 8 27 “Tg3beS50 G 70241451 35171088 8
3 186.08734 935473 G 70245083 35172908 7 | 3 25716084  129.08406 A 545.33304  323.20016 7
4 24310881 12205804 G 64542942 32321835 B | 4 31418231 15753479 G [ 57435592 28768160 6
5 35619288 17860008 | 568.40795 29470761 5§ | 5 371.20378 18610853 G 517.33445 25917006 5
6 457.24056 22912392 T 475303381 23816558 4 | & 48428785 24264756 | 460.31298] 23068013 4
7 55630898 27865813 W paozeonl  187ENT4 3 | 7 58533553 29317140 T [ 34722891] 17411809 3
g 694 40395 U2 70561 K 275 20778 13810783 2 | 8 £84.40395 34270561 286,181 12359425 2
3 K 147.11281 7406004 1 | 9 K 147.11281 7408004 1

Fig 5. Summary of ions obtained after the fragmentation of GAGGITVKK and KGAGGITVK isobaric
peptides. Red bolds indicate discriminating y(+1) ions for each peptide.

Although the fact that one of the low IgE-responding ecotype did not show the
presence of one isoform, this feature was not present in the other two non-IgE
binding isoforms, and thus no clear correlation was found between the distribution of
the detected Profilin isoforms and the weaker immunological response of "Tondino D',
'Ventura D' and 'Pisanello’ ecotypes. Probably, the reduced immunological reactivity
can depend not only on the isoform distribution, but also on a natural downregulation
in the expression of profilin.

4.5 Identification of the 45-kDa allergenic protein

The same procedure presented above was applied for the identification of the 45-kDa
allergen. Anyway, in this case, after HPLC separation (Fig 6), LTQ-Orbitrap analysis
of the tryptic digest of the band with molecular mass of 45 kDa recognized peptides
belonging to three different tomato proteins, whose calculated molecular masses were
all consistent with the observed one (Table 3).

Table 3. Identified peptides originated from 45-kDa allergen digestion and LTQ-Orbitrap analysis.

Calculated  Observed MS spectra characteristic ions
Sequence Pro tein Accession
MW (Da)’ MW (Da) (m/z)
1076.5 (y10), 977 4 (yo), 862.4 (ys), 775.4 (y7),
AVVDSAIDAETR P15003 1245.6 1245.6 704.4 (ye),591.3 (ys), 476.3 (v1), 4053 (y3),

2762 (y2)

1108.6 (y 1), 1051.6 (yi0), 866.5 (ys), 765.5
LGGQTYSVALGR P15003 1220.7 1220.7 (y7), 602.5 (y6), 5154 (ys), 416.3 (ys), 3452
(y3), 2322(y2)

962.5 (y9), 905.5 (ys), 834.4 (y7), 7194 (o),
588.4 (ys), 5014 (y4),402.3 (y3), 289.1 (y)

VGADMSVINR Q96577 1060.5 1060.6

1431.5 (yi), 1344.4 (y11), 12294 (yyo), 1114.5
LTSDDD FFTNPM'VK® Q8LSI1 1644.7 1644.8 (y9), 999.4 (v5),8524 (y7), 705.4 (ye), 6044
(y5), 490.3 (ya)

a: M* indicates an oxidized me thionine

b: Monoisotopic MW
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Fig 6. Chromatogram of the peptide mixture, obtained after the in-gel digestion of 45-kDa band of
Sorrento Rosato ecotype and separated by HPLC.

Peptides AVVDSAIDAETR and LGGQTYSVALGR (Figg 7 and 8) were assigned to
tomato suberization-associated anionic peroxidase (SWISS Protein database
accession no. P15003). These sequences represent two diagnostic fragments in the
discrimination of two known tomato peroxidase isoforms, whose molecular masses
are very similar (Protein database accession no. P15003 and P15004): the first
differed from the analogous peptide in two alanine residues (Ala, and Ala,y, Gly, and
Asny, respectively), while the latter showed a Ser, in place of Thr;.
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Fig 7. MS/MS spectrum of AVVDSAIDAETR peptide.

72



Relative Abundance

NN @ w A& »2 @ @ © o N N ® © ©o ©
2 &8 8 & &5 & & & &8 &§ 3 &5 &8 & & 8
o Tl T b Tl Tt T b T T T T

o

416.30664

4474

9576 _
s

1965

765.47931
866

50830

Q G

3

)

267.13107

AT T N A
bbb

\ 489.06635

AN

689.28607

806.38495

L

972.38251

o

1108.57910

N—

ey
200

e
300

U
400 500

600

miz

prevpite
700

t
800

T
900 1000 1100 1200

Fig 8. MS/MS spectrum of LGGQTYSVALGR peptide.

Peptide VGADMSVINR (Fig 9) was found to be shared by three tomato pectinesterase
isoforms (SWISS Protein database accession no. P14280, Q96576 and Q96577);
according to their calculated molecular masses, the Q96577 protein seemed to fit
better the molecular weight observed on gel.
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Fig 9. MS/MS spectrum of VGADMSVINR peptide.
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Finally, for peptide LTSDDDFFTNPMVK (Fig 10), the Protein BLAST software only
found a perfect match with tomato mannan endo-1,4-beta-mannosidase (SWISS

Protein database accession no. Q8L5J1).
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Fig 10. MS/MS spectrum of LTSDDDFFTNPMVK peptide.

il

Weangsripanaval et al. have already found peroxidase to be the major tomato allergen
recognized by the sera of patients suspected to suffer from food allergies and
diagnosed to be atopic dermatitis.23 A different pectinesterase isoform has already
been observed as tomato allergens by Kondo et al. (SWISS Protein database accession
no. P14280) in patients with OAS after ingestion of fresh tomato fruits.1* As regards
mannan endo-1,4-beta-mannosidase, no evidence of induction of any allergic reaction
toward tomato has so far been reported. So, in order to clarify which of the identified
proteins was involved in triggering the immunological response, we exploited their
different pI for a separation of tomato protein total extracts by 2D PAGE (Fig 11a).
Immunoblotting on the bidimensional gel electrophoresis, performed on 'Sorrento
Rosato' ecotype, indicated a reactive spot at 45 kDa with a pI of about 4 (Fig 11b), thus
excluding the possibility that pectinesterase (whose isoeletric points range from 8.2 to
8.5, depending on the isoforms),24 and mannan endo-1,4-beta-mannosidase (with an
observed isoeletrical point of 9),25 were involved in the allergic reaction.
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Fig 11. a, 2D SDS-PAGE of protein total extract of Sorrento Rosato ecotype; b, corresponding
immunoblotting on PVDF membrane using patients’ sera from Emilia Romagna region. The square and
the circle indicate the reactive spot and the related protein after electrophoresis, respectively.

In order to definitely confirm the identity of the allergenic protein, the corresponding
spot was subjected to in-gel trypsin digestion and the tryptic mixture, analyzed by
MALDI-TOF spectrometer, revealed peptides belonging to tomato suberization-
associated anionic peroxidase (SWISS Protein database accession no. P15003).
MALDI-TOF spectrum is shown in Fig 12.
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Fig 12. Maldi-TOF spectrum of 2D reactive spot at 45 kDa, after in-gel trypsin digestion. Numbered peaks
were further characterized by MS/MS analysis, in order to confirm the expected sequence suggested by in

silico analysis. Ions marked with a star correspond to the previously identified peptide plus an oxidized
methionine.

Amino acid sequences of these peptides, derived by in silico digestion of this protein,
were further confirmed by MS/MS analysis (Table 4, Fig 13).
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Table 4. Peptides originated from 45-kDa spot digestion identified by MALDI TOF-TOF analysis.

Maldi TOF Sequence Position Calculated  Observed MW MS spectra characteristic ions
peaks q MW (Da)? (Da) (m/z)

. 432.2 (as), 460.3 (bs), 347.2 (b,), 260.2 (b;),
1 MGASLIR 100-106 746.4 746.4 27122, 175.1 (3,)
2 GYEVIAQAK 145-153 977.5 977.5 978.5 (MH")

765.9 (y;), 602.4 (ys), 515.4 (y5), 416.3
3 LGGQTYSVALGR 182-193 1220.7 1220.7
Q (v4),232.2(y2), 175.1 (y1)

4 AVVDSAIDAETR 88-99 1245.6 1245.7 862.4 (yy), 476.3 (y,), 276.2 (y,), 175.1 (y,)
5 EMVALAGAHTVGFAR 231-245 1528.8 1528.8 858.5 (yy), 549.4 (ys), 450.4 (y,), 175.1 (y,)
6 MGDLPPSAGAQLEIR 336-350 1553.8 1553.8 1251.6 (112), 1138.6 (y1), 10415 (10),

786.5 (y,). 6584 (y5), 288.2 (1), 175.1 (y))

a:numbers indicate peaks of Maldi TOF spectrumin Fig. 15

1 30

%  Fig 13. Amino acid sequence
MGFRLSHLSL ALSFVALALA GVAIYRNTYE ATIMKNGSLL KNVSPDEDSL ESGVASILTL

of suberization-associated

€ 50 zo  anionic peroxidase protein,
NNNKKRNSDK YLRQQLTPEA CVEFSAVRAVV DSAIDAETRM GASLIRLHFH DCEVDGCDGG

including signal peptide (1-

121 150 180 25), identified by MALDI-
ILLDDINGIF TGEQNSPPNA NSARGYEVIA XQSVINIC PNVSVSCADI LAIAARDSVA
Q GYEVIA QRXQ TOF spectrometer.

18 10 o  The lines mark peptides
KLGGQTYSVA LGRSDARTAN FSGAINQLPA PFDNLIVQIQ KFSDKNFTLR EMVALAGAHT .. ... o by MALDI MS/MS

241 270 300 analysis.
VGFARCSIVC TSGNVNPAAQ LQCNCSATLT DSDLQQLDIT PTMFDEVYYD NLNSNQGIMF

01 330 360
SDQVLIGDAT TAGFVIDYSN DVNVFLGDFA AAMIKMGDLP PSAGAQLEIR DVCSRVNPTS

361
VASM

5. Conclusions

Pooled sera of allergic subjects from two different parts of Italy, Campania and Emilia
Romagna regions, were used in order to assess the allergenicity potential of 12
different tomato ecotypes. The ecotypes were assessed by a proteomic approach,
performing immunoblotting experiments and identifying the reactive proteins by
high-resolution mass spectrometric techniques. Quite interestingly, the two pools
showed a totally different immunological response: for the first group, the main
allergen was identified as profilin, whereas for the second one the main allergen was
identified as suberization-associated anionic peroxidase.

Moreover, experiments by using single sera were performed, further outlining the
individual response to different allergenic proteins.

Three different ecotypes showed a low IgE response by using pooled sera of subjects
from Campania region, whereas no hypoallergenicity was observed by using pooled
sera of subjects from Emilia Romagna region. The hypoallergenicity observed might
be due to several reasons: lower expression of the proteins in the different ecotypes,
or the presence of protein isoforms having lower allergenicity (although specific
experiments aimed at detecting different profilin isoforms outlined that all varieties
seemed to have two different profilin isoforms). In any case, it is quite evident that
the property of hypoallergenicity for a defined variety, given this scenario, is strictly
dependent on which protein is responsible for the allergen response in first instance.

For people sensitized to profilin, according to our experiments, some varieties showed
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a diminished IgE response (and thus might be hypoallergenic), but for people
sensitized to suberization-associated anionic peroxidase, the very same varieties were
not hypoallergenic at all. These results underline the fact that allergies to a defined
food in different subjects can often rely on a completely different immunological
response at the molecular level. Although for some subjects hypoallergenic tomato
varieties might eventually be found, generally hypoallergenic tomatoes, whose
hypoallergenicity is valid for all consumers, seem to be very difficult to obtain, since
the characteristic molecular responses of the single allergic subjects are always to be
taken into account.
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Chapter IV
e —

Proteomic approach  for the
characterization of tomato allergen
nsLTP (nonspecific Lipid Transfer
Protein)
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1. Introduction

Among the allergens found in plants, Lipid Transfer proteins (LTPs) undoubtedly
represents a very important class. LTPs are cationic polypeptides, subdivided into two
families.! Proteins that form the first family, called LTP1, have molecular masses of
approximately 10 kDa and are basic with isoeletric points (pI) ranging between 9 and
10, since their primary structure is abundant in charged lysine residues. These LTPs
typically have 90-95 amino acid residues, of which eight are cysteines conserved in
similar positions along the primary structure. These eight cysteines, bound to each
other, form four disulphide bridges that help the stabilization of the protein tertiary
structure.2 The LTP2 family is formed by peptides that have molecular masses of
approximately 7 kDa, having on average 70 amino acids; they share all the other
characteristics, such as a high pl, lipid transfer activity and a conserved disulphide
skeleton, with the LTP1 family.345 Both protein types are synthesized with a signal
peptide at the amino terminal region, which in general varies between 21 and 27
amino acids, for the LTP1 family,6.7.8 and from 25 to 35 amino acids, for the LTP2
family.o-10 This signal peptide is then removed, yielding mature proteins ready to be
delivered to the cell secretory pathway, where they are exported to the apoplast.

The secondary structure of proteins belonging to the LTP1 family, found in rice and
maize, is composed of four a-helices (helices H, from Cys; to Ala,;, H, from Ala,; to
Alag,, H; from Thr,, to Alage and H, from Alaes to Cys,3) and a long carboxy terminal
tail that lacks defined secondary structure.v2 The LTP2 family, isolated from wheat
and rice, follows a similar secondary structural pattern as the LTP1 family, but has
three a- helices (H; from Cys; to Ala;s, H, from Thr,, to Alas; and H; from Glngg to
Ala,) and a region containing two single-turn helices (Tyr,s; to Tyrys and Alas, to
Valsg).413

The three dimensional structure of several plant LTP1 proteins, determined either by
X-ray crystallography or NMR, reveals a compact and globular structure that is
stabilized by four disulphide bridges among the eight cysteines.'-12 The most striking
structural feature of the LTP1 family is the presence of a flexible hydrophobic cavity in
a form of a tunnel that runs through the molecule’s axes. The cavity has two
entrances, one smaller and one larger,'*2 and has two charged amino acids, an Arg,,
and a Lyss;, which are strategically localized on the larger entrance of the
hydrophobic cavity, indicating a possible role in the interaction with lipids. Lipid
molecules may interact with the protein at the larger entrance and their hydrophobic
portions stay buried inside the cavity, while the carboxylate portion remains turned
toward or exposed to the solvent. Additionally, a Tyr at the carboxyl terminal region
at approximately position 79, is of particular note. In the three-dimensional structure,
this residue is positioned at the larger entrance of the hydrophobic cavity and it has
been shown that it interacts with fatty acids and stabilizes the binding between the
peptide and the hydrophobic molecule by a hydrogen bond that is formed between the
hydroxyl of the Tyr and the carboxyl group of the polar head of the lipid.

This structure in the LTP2 family is a triangular hollow box, instead of a tunnel.:3 The
volume of the cavity of both groups can increase or contract in order to better
accommodate the hydrophobic molecule and this plasticity is presumably responsible
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for the lack of specificity in the transport ability; hence the name ‘nonspecific’ lipid
transfer protein.!3.14

Fig 1. A: Cutaway view showing the lipid binding pocket of rice LTP1 occupied by myristic acid; B:
Cutaway image showing wheat LTP2 bound to L-a-palmitoyl-phosphatidyl glycerol. Adapted from
reference 15.

Different possible functions have been proposed for plant LTPs, but their true
physiological roles have yet to be determined. It is possible that LTPs fulfil more than
one role in planta.

The genetic structure of LTP1 indicates the presence of several genes coding for LTP
proteins in a single genome. This multigene nature yields many protein isoforms
which show differential tissue and developmental expression patterns and possibly
different functions, as well.8:16.17.18.19 Hence, the analysis of where, when and how the
LTP genes are expressed may help the understanding of their functions in vivo.

On the basis of their observed in vitro capacity for transferring lipids and binding
acyl-chains, the suggestion that LTPs could be involved in many aspects of cell
function in which movement of lipids is thought to be important was a logical one.2
However, the fact that LTPs are also located extracellularly might imply other roles.20

The finding of LTP in young leaves, petal and sepal abscission zone in Brassica
oleracea and Arabidopsis thaliana may suggest a role of the LTP in the transport of
monomers of cutin and in deposition of lipophilic cuticular material.21.22

LTP expression was also showed to be enhanced by some environmental changes,
such as drought, cold and salt stress. For example, the expression of LTP genes could
be regulated through the same signalling pathway observed in the activation of stress-
induced genes by signal molecules such as abscisic acid, salicylic acid, ethylene and
methyl jasmonate.923 The preferred location of LTPs in outer cell layers and their
expression induction by abscissic acid may also be indicative of a role for LTPs in
repulsing or suppressing pathogenic attack from outside. Because of their basic
properties, LTPs could act as membrane permeabilizing agents, thus inhibiting the
growth of bacterial pathogens and fungi.24 For these reasons, LTPs have been
included into the group of the so-called “pathogenesis-related proteins-14”, a large
family of inducible proteins that are produced by plants upon stimuli associated with
defence and related stress.25

Several reports have unambiguously suggested that the major allergens of different
plant species are proteins belonging to LTP1 family. Indeed these proteins have been
identified in fruits of Rosaceae, such as peach and apple,26:27 plum,28 and pear,29 in
fruits of Vitaceae,3° as well as in other plant species such as Zea mays,3* Triticum
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aestivum,32 Punica granatum,33 Corylus avellana,34 and Actinidia chinensis.35 Due to
their compact three dimensional structure, these LTPs are relatively stable, resisting
thermal and chemical denaturation and enzymatic digestion.3¢ Considering that the
stability to digestion and to heat treatments has been claimed as characteristic of a
‘true’ food allergen,37:38 LTPs, showing stability to both proteolytic and heat
treatments could maintain their immunogenic and allergenic motifs and thus could
interact with the immune system associated with the gastrointestinal epithelia,
inducing both sensitization and systemic symptoms.37 This stability also explains why
LTPs have been identified as relevant allergens in processed foodstuffs and beverages,
as beer,39 and wine,3° peach-derived products,4° polenta,4! roasted hazelnuts,42 baked
or boiled apples.43

LTPs also differ from the other food allergens in the route of sensitization. Whereas
allergic reactions to plant-derived foods in patients with Oral Allergy Syndrome (OAS)
are usually due to sensitization to pollens which contain allergens cross-reacting with
homologous molecules in food (like the birch-apple and latex-fruit syndrome),44.45
allergy to LTP in food does not depend on sensitization to LTP-containing pollens:
due to the resistance to gastric digestion, LTPs are capable of sensitizing through the
gastrointestinal tract, giving severe systemic reactions.46

As far as tomato is concerned, the presence of LTP isoforms has been detected both in
tomato peel, pulp, seeds and in the commercial tomato derivatives.47 In particular, it
has been shown that chemical peeling or thermal treatment, such as technological
processes to prepare tomato products, did not reduce the IgE reactivity due to LTP,
since this protein is present not only in peel, but also in pulp and seeds.

The lack of positive scores on Skin Prick Test (SPT) with tomato extracts in patients
monosensitised to LTP may due to the use of commercial extracts which did not
contain the LTP protein, thus underestimating the real hazard. Conversely, in the
literature very few cases of systemic symptoms upon ingestion of tomato have been
reported, raising the question of the prevalence of LTP as allergen in tomato allergy.48
The availability of the purified LTP proteins, from natural sources or obtained by
recombinant technologies, may allow a faster and reliable screening of LTP-allergic
patients, when used as unique component of different allergenic tests, such as Skin
Prick Test or Immuno Sorbent Allergo Chip (ISAC) or to produce monoclonal specific
antibodies.

2. Aim of the work

Despite its growing importance at clinical level as tomato allergen, very few attempts
to better characterize tomato LTP have been carried out so far.4749 These studies
mainly focus on N-terminal sequencing of blotted reactive proteins and searching
public databases for alignments. Moreover, these studies have been performed using
tomato cultivars which are not very common and spread across local markets, which
might not contain representative widespread LTP isoforms, which are commonly
recognized by IgE of tomato allergic patients.

This chapter describes preliminary results to the characterization of tomato LTP
isoforms, isolated from tomatoes purchased in the market, which have been achieved
by two main approaches:
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Part I: purification of LTP in tomato peel extracts by using chromatographic systems
working at high pressure (fast-protein LC) and ion exchange chromatography,
followed by characterization of the obtained protein by LC/MS using a bottom-up
approach and analysis of its resistance to gastrointestinal digestion;

Part II: isolation of LTP in peel, pulp and seed extracts by using ultracentrifuge
devices with molecular cut off able to retain proteins with 10 kDa, followed by
characterization of retained proteins by LC/MS, to investigate the occurrence and the
localization of allergenic tomato nsLTP isoforms.

3. Experimental part — Part I

3.1 Protein extraction from tomato peel

3.1.1 Chemicals

e 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma Aldrich, Usa)
Ethylenediaminetetraacetic acid (C,0H:6N2Og) (EDTA) (Sigma Aldrich, Usa)
Diethyldithiocarbamic acid (DIECA) (Sigma Aldrich, Usa)
Sodium azide (NaN;) (Sigma Aldrich, Usa)
Polyvinylpolypyrrolidone (PVPP) (Sigma Aldrich, Usa)
Polyvinylpyrrolidone (PVP) (Sigma Aldrich, Usa)
Tween 20 (Sigma Aldrich, Usa)
Sodium Hydroxide (NaOH) (Sigma, USA)
Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc Di1951
(Thermo Scientific)

Liquid nitrogen

MES buffer, preparation of 1 L solution:
- 3.8 g MES (20 mM)

— 0.7g EDTA (2 mM)

— 2.3 g DIECA (10 mM)

— Adjust pH to 7 with NaOH

— 0.2 g NaN; (3 mM)

— Add Milli Q H,O to 1 liter

3.1.2 Instrumentation
e S2896 B & T Flatspin 12V magnetic stirrer
e Digital scale U4600P Universal (Sartorius, Gemany)
e Stirrer on stand RZR 2050 electronic (Heidolph, Germany)
J6-MI Centrifuge (Beckman Coulter, UK)
CD 720 pH meter (WPA ltd, UK)
3410 Electrochemistry Analyzer (Jenway, UK)

3.1.3 Procedure
3 kg of common grapevine tomatoes were peeled accurately by a cutter and frozen in
liquid nitrogen, immediately. After 420 g of peels have been poured in a blender,
liquid nitrogen was added till covering the materials entirely and, after plugging the
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blender with paper (to prevent powder outflow) and with its lid, peels were ground for
3’ or until peel became a fine powder. The content was then moved in a steel container
and it was allowed to cool down.

Separately, PVPP (4%), PVP (2%) and Tween 20 (0.2%) were weighed in a 2 L beaker
and 500 mL of MES buffer were added.

The whole MES buffer was poured to the container containing the peel powder and it
was stirred with a trowel, gently. The mixture was poured in the blender again and it
was mixed for 3’. The content was transferred to the steel container and was allowed
to stir for 15” in cold room (r.p.m. 28, 4 °C). Afterwards, the mixture was split into two
500 mL centrifuge tubes and the content was centrifuged for 45’ at 5 °C (4200 r.p.m).
The supernatant was poured into a 2 L beaker and its pH was brought up to 6 by
adding 5 M NaOH. After that the conductivity of both sample and MES buffer were
checked, the sample was diluted with Milli Q H,O in order to lower its conductivity
closer to the one of MES Buffer.

3.2 Flash ion exchange preparative column

3.2.1 Chemicals
e Streamline™ SP XL in 0.2 M sodium acetate and 20% ethanol (Amersham
Pharmacia Biotech, Sweden)
e 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma Aldrich, USA)
e Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
e Sodium Hydroxide (NaOH) (1 M solution in Milli Q H,O) (Sigma Aldrich, USA)
e Sodium Chloride (NaCl) (Sigma Aldrich, USA)
e MES buffer, 2 L solution preparation:
— 7.8 g MES (20 mM) in 1900 mL Milli Q H.O
— Adjust pH to 6 with NaOH 1 M
- AddMilliQ H,Oto2L
¢ Elution buffer, 500 mL solution preparation:
— 29.2 g NaCl (1 M) in 400 mL of 20 mM MES buffer
— Add MES buffer (20 mM) to 500 mL

3.2.2 Instrumentation
e 501 U peristaltic pump (Watson-Marlow, UK)
e S2896 B & T Flatspin 12V magnetic stirrer
e CD 720 pH meter (WPA 1td, UK)
e Sonifier 2510 bath (Branson Ultrasonics Corporation, USA)

3.2.3 Procedure
100 mL of Streamline™ SP XL resin were placed in a 500 mL bottle and washed
several times with Milli Q H,O, removing the stocking solution after the resin was
settled down. Milli Q H,O was replaced by 1 M NaOH solution and the resin was
sonicated in order to break air bubbles and to remove bacteria and lipids. NaOH
solution was removed and several washes with Milli Q H,O were repeated. Then the
resin was filtered on a Buchner and rinsed with Milli Q H.O until its pH was about 7
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(checked roughly with a litmus paper). The resin was packed into a funnel of a
vacuum flask. MES buffer was allowed to pass through the resin applying vacuum
and, when pH of the eluate was about 6, the sample was filtered. Afterwards, the resin
was washed with MES Buffer for three times and then it was re-packed into a proper
chromatographic column. After the resin settled down, the elution buffer was pumped
into the column, at first slowly (speed 50), in order to avoid to break the surface of the
resin, then its flow was increased (speed 110). Fractions of the eluate of 10 mL each
were collected in 15 mL Falcon tubes and stored at 4 °C until the analysis time.

3.3 Protein fractions reading by UV spectrometer

3.3.1 Chemicals
e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
e MES buffer (20 mM), prepared as described in paragraph 3.2.1
e Ethanol (CH;CH,OH) (Sigma-Aldrich, USA)

3.3.2 Instrumentation
¢ Lambda 35 UV/VIS spectrometer (Perkin Elmer, USA)
e UV winlab software (Perkin Elmer, USA)
e Glass fluorometric cuvettes

3.3.3 Procedure
Samples to be tested were allowed to cool down at room temperature.
The sides of the cuvettes which were going to be exposed to the laser beam were wiped
with paper and ethanol. Two cuvettes were filled with 20 mM MES buffer in order to
read the blank sample. One of the cuvette was then emptied from the MES buffer and
filled with the first protein fraction, until the liquid reached cuvette’s shoulder. The
reading was performed at A = 280 nm and the OD were recorded. This procedure was
repeated for all the protein fractions.
In the end, all the OD measures were exported to an Excel sheet to display the
fractions containing proteins directly, using ‘XY scatter’ graphic option. All fractions
with OD > 0.5 were kept and pooled together for further analysis.

3.4 Protein extract concentration by diafiltration system

3.4.1 Chemicals

e Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc Di11951
(Thermo Scientific)

e N, Flux

3.4.2 Instrumentation
e Stirred Cell Model 8200 (Millipore, USA)
e Membrane Ultracel Ultrafiltration Disc, 1 kDa NMWL (Millipore, USA)
e S2896 B & T Flatspin 12V magnetic stirrer
e Millex Filter Units 0.22 um (Millipore USA)

¢ 10 mL disposable syringes
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3.4.3 Procedure
The membrane was soaked in Milli Q H,O until the crystals came to the surface of the

membrane. The stirred cell was assembled as follows:

Fit membrane holder into cell body, aligning
tabs on sides of holder with slots in base of cell
body.

Invert cell body and membrane holder; screw =N

base firmly into bottom of cell body. i

Push filtrate exit tubing onto exit spout of
membrane holder

Place stirrer assembly into cell body. When E
properly installed, arms of stirrer assembly will
rest on small ridge inside top of cell body.

Pour sample into cell.

Rinse the cover with distilled water. Push cap
assembly down onto cell body using a twisting

motion, orienting gas inlet port on cap opposite
filtrate exit port on holder.

Once assembled, slide cell into retaining stand and starting stir.

Link the line from the N, container to pressure relief valve and elastomeric
tubing into a measuring cylinder.

Open of a quarter of round the safety valve of the N, container.

Open the N, cylinder valve until the pressure reaches 35 psi.

Close the safety valve of the N, container.

Solutes above the membrane molecular weight cut-off are retained in cell, while
water and solutes below the cut-off pass into the filtrate and out of cell.

Bring volume down in order to concentrate the sample at least 5 times.

Close the N, cylinder valve.

Open of a quarter of round the safety valve of the N, container.

Stirring for 10’ to let the gas dissolve in the liquid.

Stop the stirring.

Push cap down, then slide cell out from retaining stand.

Recover the retentate and store it at 4 °C for further analysis.

After concentration, if samples were not clear enough, they could be further filtered

by 0.22-um filter with a syringe.

3.5 Size Exclusion Chromatography analysis

3.5.1 Chemicals

Sodium phosphate monobasic monohydrate (NaH.PO,-H,O) (Sigma Aldrich,
USA)

Sodium Chloride (NaCl) (Sigma Aldrich, USA)

Sodium Hydroxide (NaOH) (Sigma Aldrich, USA)

Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951

(Thermo Scientific)
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Ethanol (CH;CH,OH) (20% solution in Milli Q H,O) (Sigma Aldrich, USA)

Chromatographic buffer, 2 L solution preparation:
6.89 g NaH,PO,-H,0 (25 mM)
17.52 g NaCl (150 mM)
— Adjust the pH to 7.0 with NaOH solution
Add Milli Q H,O to 2 liter
Gel Filtration Standards (Bio-Rad, Germany)
Apropotin (Sigma-Aldrich, USA)

3.5.2 Instrumentation

CD 720 pHmeter (WPA ltd, UK)

S2896 B & T Flatspin 12V magnetic stirrer

Vacuum filter (Millipore, USA)

Durapore® Membrane Filters 0.22 pm (Millipore, USA)

Akta Chromatographic System (Amersham Pharmacia Biotech, Sweden)

— Pump P-920

— Valve INV-907

— Monitor UPC-900

— Mixer M-925

— Monitor UV-900

— Fraction Collector Frac-950

HiLoad™ Superdex™ 75 prep grade column, 16 mmD x 600 mmL (GE

Healthcare, UK)
Unicorn v 3.20 Software (GE Healthcare, UK)

3.5.3 Procedure

Before being used, the chromatographic buffer was filtered using a
vacuum filter, assembled as showed in the picture on the side.

Both the pumps of the AKTA system were washed with 20% ethanol,
so that the liquid behind and in front the pistons were replaced by
ethanol. All the system, including the column, was cleaned by flowing
NaOH 1 M. After washing with Milli Q H.O, the column was
equilibrated with the phosphate chromatography buffer for 2 hours

(flow rate: 1 mL/min, pressure: 0.7 MPa).

The first run was performed using a mixture of molecular weight

=@ W)

—

)

==

7
4

i

A

~—
—

/.
-

standard diluted 1:1 in Milli Q H,O. It contained: bovine thyroglobulin (M, 6_70 kDa),
bovine gamma globulin (M, 158 kDa), chicken ovalbumin (M; 44 kDa), horse
myoglobin (M, 17 kDa), Aprotinin (M, 6.5 kDa), vitamin B12 (M, 1.35 kDa).

Before loading the standards, 1 mL of Milli Q H,O was injected in order to wash the

loop. Then 400 uL of standard mixture were injected, at 1 mL/min flow rate, with an

isocratic gradient of 2 column volume. After the separation of standard mixture was

achieved, a ‘super-loop’ of 50 mL capacity was linked to the instrument and 46 mL of

the concentrated sample were loaded to be separated in multiple runs, at the same

conditions used for the standard. The volume injected for each run was 4 mL and 1

mL of sample was collected for each fraction. The eluent was monitored for LTP by
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following the absorbance at 220 nm. Data were collected and analyzed by Unicorn v
3.20 Software.

3.6 Protein fractions analysis by SDS-PAGE

3.6.1 Chemicals

e NuPAGE® Novex 12% Bis-Tris Gel 1.0 mm, 12 well (Invitrogen, USA)

e NuPAGE® LDS Sample Buffer 4x (Invitrogen, USA)

e SeeBlue® Plus2 Pre-Stained Standard (Invitrogen, USA)

e Marki2™ Unstained Standard (Invitrogen, USA)

e SimplyBlue™ SafeStain (Invitrogen, USA)

e NuPAGE® MES SDS Running Buffer 20x (Invitrogen, USA)

e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)

e Deionised H,O

e Dithiothreitol DTT (HSCH.(CHOH).CH,SH) (0.5 M solution in Milli Q H,O)
(Sigma Aldrich, USA)

e Methanol (CH;0H) (Sigma Aldrich, USA)

e Acetic Acid (CH;COOH) (Sigma Aldrich, USA)

3.6.2 Instrumentation
e Digital scale 1602 MP Analytical (Sartorius, Gemany)
e Zoom Dual Power, 100-120 VAC 47 — 60 Hz (Invitrogen, USA)
e XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen, USA)
e S2896 B & T Flatspin 12V magnetic stirrer
e Universal Shaker Swip KS10 (Edmund Buhler, Germany)
e (GS-800 calibrated densitometer (Bio-Rad)
e Heating Block QBT1 (Grant, UK)
e Autovortex

3.6.3 Procedure
1. Protein sample preparation
e LDS Sample Buffer 4x diluted 4 times (25 uL)
e DTT 0.5 M solution (10 uL) or, alternatively, 10 uL of Milli Q H,O when the
electrophoresis was performed under native conditions
e 65 L of sample

e 10’ incubation at 70 °C (not performed in case of native conditions analysis)

1. Electrophoretic run
After removing the gel from its packaging by scissors, it was washed in deionised
water and the comb was removed. Wells were rinsed with 1 mL of MES SDS Running
Buffer diluted 20 times for three times. Then the gel was placed in the tank, which
was locked with the appropriate device and half-filled with diluted MES SDS Running
Buffer. 10 uL of each sample, prepared as described above, were loaded in each well
and 7 uL of SeeBlue® Plus2 Pre-Stained Standard were used. Afterwards, the tank was
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filled completely with the running buffer, without overflowing the upper part of the
gel. The voltage applied to the XCell was 200 V. The run lasted 35’.

iii. Gel staining

When the run was completed, the gel was pull out of the tank and its supports were
separated by a spatula. The gel was placed in a tray with 100 mL of fix solution (50%
CH;0H, 10% CH;COOH in Milli Q H,O) for 30’ on shaker. After the fixing step, gel
was rinsed with deionised H,O for four times, 5° each. A measure of SimplyBlue™
SafeStain was applied to the gel and it was allowed to incubate in agitation on the
shaker until achieving the desired contrast. Finally, the gel was rinsed with deionised
H,O for 15" and then it was acquired with GS-800™ Calibrated Densitometer.

3.7 Dialysis

3.7.1 Chemicals
e MES buffer (20 mM), prepared as described in paragraph 3.2.1
e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc Di11951
(Thermo Scientific)

3.7.2 Instrumentation
e Spectra/Por molecular porous membrane tubing (diameter: 29 mm, Vol/lenght:
6.4 mL/cm) (Spectrum Laboratories, Inc)
e S2896 B & T Flatspin 12V magnetic stirrer
e CD 720 pH meter (WPA ltd, UK)
¢ 3410 Electrochemistry Analyzer (Jenway, UK)

3.7.3 Procedure
Dialysis buffer volume to be prepared depended on the total volume of the sample: if
it is under 100 mL, 2 L of dialysis buffer were enough. In order to calculate the length
of the dialysis tube, the volume of the sample to be dialyzed must be known. The total
volume of the tube should be 2.5 times the one of the sample. After that, the
vol/lenght has to be calculated as follows:
6.4 mL: 1 cm= total volume: x (length of tube)
After the tube has been cut by scissors, it was soaked in Milli Q H,O for a couple of
minutes, then tied an end and filled with Milli Q H.O (just to check if any hole was
present). Then the sample was poured into the tube by a funnel. Air bubbles were
eliminated from the sample and, after that, also the other end was tied. Finally, the
tube was allowed to stirrer in a beaker containing 20 mM MES buffer for 2 hours.
After the dialysis was achieved the sample was poured into a Duran bottle and its
conductivity was checked.

3.8 Ion Exchange Chromatography

3.8.1 Chemicals
e Sodium Chloride (NaCl) (Sigma Aldrich, USA)
e Solvent A: MES buffer (20 mM), prepared as described in paragraph 3.2.1
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e Solvent B: MES buffer (20 mM solution in Milli Q H,O, pH 6.0) + Sodium
Chloride (1.0 M solution in Milli Q H,O)

e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)

3.8.2 Instrumentation
e CD 720 pH meter (WPA 1td, UK)
e S2896 B & T Flatspin 12V magnetic stirrer
e Vacuum filter (Millipore, USA)
e Durapore® Membrane Filters 0.22 um (Millipore, USA)
e AKTA Chromatographic System (Amersham Pharmacia Biotech, Sweden)
— Pump P-900
— Valve INV-907, PV-908
— Monitor UPC-900
— Mixer M-925
— Monitor UV-900
— Monitor pH/C-900
— Fraction Collector Frac-950
e POROS® 20 HS Perfusion Chromatography column, 4.6 mmD x 100 mmL (GE
Healthcare, UK)
e Unicorn v 5.01 Software (GE Healthcare, UK)

3.8.3 Procedure

Before being used, the Solvent A and the Solvent B were filtered using a vacuum filter,
assembled as described in paragraph 3.5.3. 5 mL of dialyzed sample were applied to
the cation exchange column POROS® 20 HS Perfusion Chromatography attached to
an AKTA Chromatographic System, which has been previously equilibrated with
solvent A. Injections were repeated until the depletion of the dialyzed sample. After
washing with the Solvent A (1 column volume) to remove unbound proteins, the
bound proteins were eluted using 2 volume column, 0-0.4 M NaCl gradient in
equilibration buffer. The flow rate was set at 3 mL/min and the pressure limit applied
to the column was 12.50 MPa. The eluent was monitored for protein following the
absorbance at 220 and 280 nm. Fractions containing proteins of interest were
detected by SDS-PAGE analysis, as previously described, and afterwards they were
pooled together to be further analyzed.

3.9 BCA (Bicinchoninic Acid) assay for protein
quantification
3.9.1 Chemicals
e PBS buffer tablet in 200 mL of Milli Q H,O (Sigma Aldrich, USA)
e Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
e Bicinchoninic Acid Kit (Sigma Aldrich, USA):
— Bicinchoninic Acid Solution
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- 4% (w/v) CuSO, * 5 H,O Solution
— BSA Standard Solution

3.9.2 Instrumentation
e Microtiter plates (Bio-Rad, Germany)
e Excella™ E24 benchtop incubator shaker (New Brunswick Scientific, USA)
e Benchmark Plus Microplate Spectrophotometer (Bio-Rad, Germany)
¢ Microplate Manager Software 6.0 (Bio-Rad, Germany)
e GraphPad Software v 5.0

3.9.3 Procedure
i. Working standard preparation
BSA protein standard (1.0 mg/mL) was allowed to warm up at room temperature and
it was used to prepare the working standards as follows:

Working protein Volume of 1.0 mg/mL Volume of PBS

standard BSA standard solution
0.0 ug/mL o uL 250 pL

200 pg/mL 50 uL 200 uL

400 pg/mL 100 pL 150 uL

600 ug/mL 150 pL 100 pL

800 pug/mL 200 uL 50 uL
1000 pg/mL 250 uL ouL

ii. BCA assay working solution
The BCA assay working solution was prepared by mixing a 1:50 solution of 4% CuSO,
+ 5 H,O in bicinchoninic acid solution.

iti. BCA assay performance

25 uL of standards and samples were placed in triplicates into wells of the micro-titre
plate and the position of each of them was recorded. 200 uL of the BCA working
solution was added into the wells containing standards and samples and the plate was
wrapped in cling-film to prevent evaporation. The micro-titre plate was then placed in
incubator at 37 °C, 120 r.p.m. for 30’ to allow colour development to occur. The
absorbance of the samples was measured at 562 nm using the spectrophotometer.
Data were recorded and analyzed by GraphPad Prism 5 which allowed to obtain an XY
plotter, describing the OD of absorbance as function of sample concentration.

3.10 Reversed Phase Chromatography

3.10.1 Chemicals
e Trifluoroacetic acid (TFA) (Sigma-Aldrich, USA)
e Acetronitrile (ACN) (Sigma-Aldrich, USA)
e Eluent A: Milli Q H,O + 0.1% TFA
e Eluent B: 90% ACN + 10% Milli Q H,O + 0.085% TFA
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e Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)

e [-lactoglobulin 1 mg/mL (containing A and B f-lactoglobulin) (Sigma-Aldrich,
USA)

3.10.2 Instrumentation
e Vacuum filter (Millipore, USA)
e Durapore® Membrane Filters 0.22 pm (Millipore, USA)
e Dionex HPLC system (Dionex Corporation, UK):
— Pump P-580
— Automated Sample Injector ASI-100
— Variable Wavelength Detector Ultimate 3000
e Jupiter 5 um, C4, 300A, 4.6 mmD x 250 mmL column (Phenomenex, UK)

e Chromeleon 6.80 Chromatography Data System Software (Dionex Corporation,
UK)

3.10.3 Procedure

The solutions were filtered as described in paragraph 3.5.3. The reversed phase HPLC
of pooled fractions containing protein of interest was performed by injecting 25 pL of
protein sample onto an HPLC column at a 1 mL/min flow rate. Separation was carried
out at 25 °C. Proteins were eluted by a linear gradient of solvent B from 0 to 100% in
75 and the elution was monitored following the absorbance at 220 nm. The efficiency
of these separation conditions were previously tested on a B-lactoglobulin mixture,
containing both A and B p-lactoglobulin genetic variants, which differ for two
substitutions: 64th [Asp (A)— Gly (b)] and 118th [Val(A) — Ala(B)]. The high
resolution of the separation of the mixture gave a good evidence on the suitability of
the chromatographic method.

3.11 Analytical Size Exclusion Chromatography

3.11.1 Chemicals

¢ Sodium phosphate monobasic monohydrate (NaH,PO,-H,0) (Sigma Aldrich,
USA)

e Sodium Chloride (NaCl) (Sigma Aldrich, USA)

¢ Sodium Hydroxide (NaOH) (Sigma Aldrich, USA)

e Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)

e Chromatographic buffer, 2 L solution prepared as described in paragraph
3.5.1

e Gel Filtration Standards (Bio-Rad, Germany)

e Apropotin (Sigma-Aldrich, USA)
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3.11.2 Instrumentation

CD 720 pH meter (WPA ltd, UK)
S2896 B & T Flatspin 12V magnetic stirrer
Vacuum filter (Millipore, USA)
Durapore® Membrane Filters 0.22 um (Millipore, USA)
AKTA Chromatographic System (Amersham Pharmacia Biotech, Sweden)
— Pump P-900
— Valve INV-907, PV-908
— Monitor UPC-900
— Mixer M-925
— Monitor UV-900
— Monitor pH/C-900
— Fraction Collector Frac-950
Superdex™ 75 HR analytical column, 10 mmD x 300 mmL (GE Healthcare,
UK)
Unicorn v 5.01 Software (GE Healthcare, UK)

3.11.3 Procedure
The chromatographic buffer was prepared as described in paragraph 3.5.3. 400 pL of
purified protein were analyzed on Superdex™ 75 HR analytical column, equilibrated
and eluted with 25 mM NaH2PO4 buffer, 150 mM NaCl pH 7.0 with an isocratic
gradient of 1.2 column volume, at a flow rate of 0.4 mL/min. The column was

calibrated with a set of gel filtration molecular weight standards and, additionally,

with apropotin. The absorbance was monitored at 280 and 220 nm and data collected

by Unicorn Software.

3.12 Freeze-drying of purified protein

3.12.1 Chemicals

Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
N, Flux

3.12.2 Instrumentation

Miracloth

Stirred Cell Model 8200 (Millipore, USA)

Membrane Ultracel Ultrafiltration Disc, 1 kDa NMWL (Millipore, USA)
S2896 B & T Flatspin 12V magnetic stirrer

Millex Filter Units 0.22 um (Millipore USA)

10 mL disposable syringes

Freeze-Dryer 3.5 (Birchover Instruments Ltd, UK)

3.12.3 Procedure
Solution containing purified protein was concentrated using the Stirred Cell Model
8200, as described in the paragraph 3.4.3. As the starting solution was concentrated 5
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times, a dialysis was carried out, switching the flux from N, to water, in order to
replace the MES buffer, in which the sample has been since the extraction, with Milli
Q H.O0, to allow further analysis.

After the dialysis, the sample was concentrated again, using the same stirred cell
system, this time switching the flux from water to N, again. As soon as the desired
volume was achieved, the sample was pour in a 20 mL Sterilin tube (previously
weighed) and the membrane disc was rinsed with 2 mL of Milli Q H,O to recover any
protein aggregate, which were then added to the recovered sample. After
concentration, if samples were not clear enough, they could be further filtered by
0.22-um filter with a syringe. Afterwards, the tube was covered with Miracloth paper
and placed in the freeze-dryer for 24 hours. The net weight of purified protein was
calculated by weighing the lyophilized material and subtracting the tare.

3.13 Circular dichroism

3.13.1 Chemicals
e Sodium phosphate monobasic monohydrate (NaH,PO,+H,0O) (10 mM solution
in Milli Q H,O) (Sigma Aldrich, USA)
e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
e Ethanol EtOH (CH;CH.OH) (Sigma-Aldrich, USA)
e N, flux

3.13.2 Instrumentation
e Jasco J-170 Spectropolarimeter (Jasco, Tokyo, Japan)
e Jasco J-170 Spectropolarimeter Power Supply (Jasco, Tokyo, Japan)
e Jasco CD software (Jasco, Tokyo, Japan)
e 0.5 mm-path length quartz cell (Hellma, UK)

3.13.3 Procedure

Purified protein structure was determined using circular dichroism. The cell was
rinsed with EtOH, first; then it was rinsed in Milli Q H,O, EtOH again, dried outside
with paper and inside with N, flux. Before analyzing protein solution, a run with air
and a run with CD standards were performed, in order to set up the instrument. A
blank run (with 10 mM NaH,PO, phosphate buffer) was also performed, in order to
subtract the background noise. Two different concentrations of protein solution in 10
mM NaH,PO, phosphate buffer were tested (0.74 mg/mL and 0.25 mg/mL). Far-
ultraviolet (UV) CD spectra (260-180 nm) were collected. Spectra represented the
average of three accumulations collected at 50 nm/min with a 2-s time constant, 0.5
nm resolution and sensitivity of = 100 mdeg. Molar CD was calculated using CD Pro.
Secondary structure was predicted using CDSSTR and SELCON3 and the prediction
were averaged, as the prediction were similar.

3.14 In-gel tryptic digestion
3.14.1 Chemicals
¢ Ammonium bicarbonate (NH,HCO;) (Sigma-Aldrich, USA)
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e Acetonitrile (CH;CN) (Fisher Scientific, UK)

¢ Dithiothreitol (HSCH,(CHOH).CH,SH) DTT (Sigma-Aldrich, USA)

e 2-Todoacetamide IAA (CH,CONH,) (Sigma-Aldrich, USA)

e Trypsin Gold (Promega, UK)

e Acetic Acid (CH;COOH) (50 mM solution in Milli Q H,O) (Fisher Scientific,
UK)

e Formic Acid (HCOOH) (Fisher Scientific, UK)

e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc Di11951
(Thermo Scientific)

e Solution A: 400 mM NH,HCO; in Milli Q H,O

e Solution B: 10 mL of solution A in 25 mL of CH;CN

e Solution C: 50 mM NH,HCO;in Milli Q H,O

e Solution D: 10 mM DTT in solution C

e Solution E: 100 mM 2-Iodoacetamide in solution C

e Solution F: 10 mM NH,HCO, in Milli Q H,O

e Solution G: 5 ug of trypsin in 50 mM acetic acid

e Solution H: 1% formic acid in Milli Q H,O

3.14.2 Instrumentation
e PCR thermo cycler

3.14.3 Procedure

Gel spots of interest were excised using a 5000 uL tip. The tip was placed into a tube
for proteomic analysis and 80 pL of Milli Q H.O were added. The gel plugs were
released off the tip by squirting a teat for Pasteur pipette.

Gel plugs were washed in 200 pL of solution B for 15’ twice, to equilibrate to about pH
8 and to remove the staining. Solution B was removed with Pasteur pipette and a brief
wash with 100 uL of CH;CN was performed to remove aqueous solutions. CH;CN was
removed with a Pasteur pipette and gel plugs were shrunk by washing in 100 pL of
CH5CN for 10’. The solution was removed and gel plugs were air dried for 10’ to
remove all the CH;CN. 100 pL of solution D were added to each tube and they were
allowed to incubate for 30’ at 60 °C. The solution D was removed, without shrinking
the gel plugs, and 100 pL of solution E were then added. Tubes were allowed to
incubate for 30’ at room temperature in dark. The solution E was removed and it was
replaced with 200 pL of solution B for 15° for three times. After the solution B was
removed, gel plugs were briefly rinsed with 100 uL of CH;CN, at first; then they were
shrunk again by washing in 100 uL of CH;CN for 10’. The CH;CN was eliminated and
the gel plugs were air dried for 10°. 5 uL of solution G were added to gel pieces in
solution F and samples were incubated at 37 °C for 3 hours with tube lids on to limit
condensation. After the digestion step, 10 uL of solution H were added, the tubes were
agitated and allowed to stand for 10‘. The samples were flash freezed in dry ice and
then stored at -70 °C until needed.

95



3.15 MALDI -TOF analysis

3.15.1 Chemicals
e a-cyano-4-hydroxycinnamic acid
e Acetone (C3HeO) (Fisher Scientific, UK)
¢ Isopropanol (CH;CH(OH)CH;) (Fisher Scientific, UK)
e Calibration Standards (Sigma-Aldrich, USA)

3.15.2 Instrumentation
e Reflex ITII MALDI-ToF mass spectrometer (Bruker UK Ltd., Coventry)
e MASCOT v 1.9 (IFR and JIC Joint Proteomic Facilities)
e mMass software v 3.9

3.15.3 Procedure

The acidified digests were spotted directly onto a thin layer of matrix on a stainless
steel target plate. The matrix consisted of the following: four parts of a saturated
solution of a-cyano-4-hydroxycinnamic acid (CCA) in acetone was mixed with one
part of a 1:1 mixture of acetone:isopropanol containing 10 mg/mL nitrocellulose.
Digests were externally calibrated against a calibration curve of the following peptides
to yield data with mass accuracies of better than 50 ppm. Standards and their
monosoitopic masses were: Angiotensin II (1046.5423 Da), Angiotensin I (1296.6900
Da), Substance P (1347.7359 Da), Bombesin (1619.8229 Da), Adrenocorticotropic
Hormone Clip 1-17 (2093.0900 Da), Adrenocorticotropic Hormone Clip 18-39
(2465.2027 Da), Somatostatin (3147.4700 Da). Analysis of peptide digests was carried
out on a Reflex III MALDI-ToF mass spectrometer. A nitrogen laser was used to
desorb/ionise the matrix/analyte material, and ions were detected in positive ion
reflectron mode. The calibrated spectra for each sample were searched against a
weekly updated copy of the SPtrEMBL database, using an in-house version (v1.9) of
the MASCOT search tool.

3.16 LTQ-Orbitrap analysis

LC-MS/MS analysis was performed using a LTQ-Orbitrap mass spectrometer and a
nanoflow-HPLC system (nanoAcquity, Waters Corp.). Peptides were applied to a
precolumn (Symmetry C18 s5um beads, 180 pym x 20 mm column, Waters Corp)
connected to a 25 cm analytical column (BEH 130 C18 1.7 um beads, 75 um x 250 mm
column, Waters Corp.). Peptides were eluted by a gradient of 5 to 40% acetonitrile in
0.1% formic acid from 1 to 40 min at a flow rate of 250 nL min-t. Mass spectra were
obtained in positive ion electrospray mode. The mass range for the survey scans was
m/z 300 — 2000, resolution 60,000, with m/z values determined by the Orbitrap
FTMS stage. The FTMS fill target was 200,000 ions with a maximum fill time of 1000
ms The resultant monoisotopic masses were accurate to better than 10 ppm. MS/MS
spectra were obtained using collision induced dissociation with collision voltage 35 V
with m/z values determined by the Linear Ion Trap stage. The MS/MS was triggered
by a minimal signal of 5000 ions with a fill target of 10,000 ions and 150 ms
maximum fill time with exclusion of 4+ charge states. A maximum of 4 MS/MS
spectra per survey scan were obtained by defaulting to the most abundant ions, with
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m/z values determined to better than ~ 0.4 Da. Charge state selection was not

enabled. Dynamic exclusion was set to 1 count and 60 s exclusion with an exclusion

mass window of -0.5 to +1.5 Da.

3.17 Invitro gastrointestinal digestion of purified protein

3.17.1 Chemicals

Egg lecithin (10 mg, Grade 1) (Lipid Products, Surrey England)

Sodium chloride (NaCl) (Sigma-Aldrich, USA)

Chloridric acid (HCI) (1.0 M solution in Milli Q H,0) (Sigma-Aldrich, USA)
Sodium hydroxide (NaOH) (1 M, 0.1 M and 0.01 M solutions in Milli Q H.0)
(Sigma-Aldrich, USA)

Bis-Tris base (Sigma-Aldrich, USA)

Calcium Chloride (CaCl,) (1 M solution in Milli Q H,O) (Sigma-Aldrich, USA)
Dichloromethane (CH,Cl,) (Sigma-Aldrich, USA)

Ammonium bicarbonate (NH,HCO;) (Sigma-Aldrich, USA)

Ethanol (CH;CH,OH) (Sigma-Aldrich, USA)

Methanol (CH;OH) (Sigma-Aldrich, USA)

Sodium taurocholate NaTC (C.cH,,NO,SeNa) (2.386 mg/mL in CH;OH)
(Sigma-Aldrich, USA)

Sodium glycodeoxycholate NaGDOC (C.cH,.NNaOs) (2.094 mg/mL in CH;0H)
(Sigma-Aldrich, USA)

Pepsin from porcine gastric mucosa, 3300 u/mg (Sigma-Aldrich, USA)

Trypsin from porcine pancreas, 13500 u/mg (Sigma-Aldrich, USA)
a-Chymotrypsin from bovine pancreas, 40 u/mg (Sigma-Aldrich, USA)
Phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich, USA)

Milli Q H,O obtained with Barnstead Nanopure Diamond Uv Toc Di1951
(Thermo Scientific)

N, flux

Ar flux

3.17.2 Instrumentation

Digital scale U4600P Universal (Sartorius, Gemany)

Digital scale 1602 MP Analytical (Sartorius, Gemany)

CD 720 pH meter (WPA ltd, UK)

S2896 B & T Flatspin 12V magnetic stirrer

Millex Filter Units 0.22 pm (Millipore, USA)

10 mL disposable syringes

Vacuum oven OVL-570-010J (Weiss Gallenkamp, UK)

Digital Sonifier 250 (Branson Ultrasonics Corporation, USA)
Excella™ E24 benchtop incubator shaker (New Brunswick Scientific, USA)
Analytical Balance ME-30 (Mettler Electronics Corp, USA)

Rotary Evaporator R201B-III (Sunwain Co., Ltd, China)

TotalLab TL120 - 1D gel image analysis software (Shimadzu Ltd, UK)
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3.17.3 Procedure

1. Digestion solutions preparation

e Egg lecithin stock solution
A vial containing 10 mg of egg lecithin was poured in 50 mL round-bottom flask,
previously cleaned with ethanol and dried by N, flux. The content was made up to 10
mL with CH,CL.. Once prepared, it was flushed with Ar flux and stored at -20 °C.

e Simulated Gastric Fluid (SGF)
8.77g of NaCl were dissolved in 9oo mL of Milli Q H,O. The pH was adjusted to 2.5
using 1.0 M HCI and the volume was brought to 1000 mL. The solution was filtered
using a 0.22-um filter.

e Simulated Duodenal Fluid (SDF)
8.77g of NaCl were dissolved in 9oo mL of Milli Q H,O. The pH was adjusted to 6.5
using 0.01 M NaOH and the volume was brought to 1000 mL. The solution was
filtered using a 0.22-um filter.

e Simulated Duodenal Fluid (SDF) 15x
0.785 g of Bis-Tris base were dissolved in 15 mL of SDF. 187.5 uL of 1 M CaCl, were
added to give 7.5 mM in 25 mL. The pH was brought to 6.5 using 1.0 M HCl and more
SDF was added up to 25 mL. The solution was filtered using a 0.22-um filter and
stored at 4 °C.

e 0.5 M ammonium bicarbonate
3.95 g of NH,HCO, were dissolved in 100 mL of Milli Q H,O and filtered through a
0.22-um filter.

e Egg lecithin for gastric digestion phase
91.4 pL of egg lecithin stock solution were placed in a 50 mL round-bottom flask. 1
mL of dichloromethane was added and the solution was allowed to dry at the rotary
evaporator. After being flushed 4 times with air and three times with Ar, the lecithin
was allowed to dry in vacuum oven overnight.

e Egg lecithin for duodenal digestion phase
1 mL of each bile salts solution (NaTC and NaGDOC) were placed into a 20 mL round-
bottom flask and 30.8 uL of egg lecithin stock solution were added. The solution was
evaporated at the rotary evaporator and, after being flushed 4 times with air and three
times with Ar flux, it was dried in vacuum oven overnight.

e Pepsin stock solution preparation
Pepsin solution was prepared in order to be 6628 u/mL, that is 2.008 mg/mL when
using 3300 u/mg stock bottle. At least 10-15 mg of pepsin were weighed and made up
to 2.008 mg/mL with cold SGF pH 2.5, dissolved by stirring and added to digestion as
soon as possible.

e a-Chymotrypsin stock solution preparation
Chymotrypsin solution was prepared in order to be 38.61 u/mL, that is 0.97 mg/mL
when using 40 u/mg stock bottle. At least 10-15 mg of chymotrypsin were weighed
and made up to 0.978 mg/mL with cold SGF pH 2.5, dissolved by stirring and added
to digestion as soon as possible.

e Trypsin stock solution preparation
Trypsin solution was prepared in order to be 3330 u/mL, that is 0.247 mg/mL when
using 13500 u/mg stock bottle. At least 10-15 mg of trypsin were weighed and made
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up to 0.247 mg/mL with cold SGF pH 2.5, dissolved by stirring and added to digestion
as soon as possible.

ii. Gastric digestion phase
The egg lecithin prepared for gastric digestion phase was re-suspended in 10 mL of
pre-warmed SGF pH 2.5 for 20’ at 37 °C in incubator with 3-4 glass beads as
dispersing vehicle. Then the suspension was sonicated until it looked pretty clear,
using the following settings:
0.9” on — 0.1” off, for 2’, 40% power, repeated 3 times.
2 mg of purified protein were weighed in a 7 mL Sterilin tube with a magnetic flea; 1
mL of SGF pH 2.5 and 600 uL of egg lecithin for gastric digestion were added. After a
brief stir, the pH of the solution was adjusted to 2.5 with 1.0 M HCI and its volume
was noted. In order to make up 2 mL, a suitable volume of SGF pH 2.5 was added. 50
uL of sample were taken and added to a 0.5 mL eppendorf tube containing 10 pL of
0.5 M NH,HCO;, (time o of gastric digestion).
50 uL of pepsin stock solution were added to digestion mix and the sample was placed
in incubator at 37 °C for 1 h in agitation (120 r.p.m.).
At the end of gastric phase, 50 uL of digestum were collected and transferred to a 0.5
mL eppendorf tube containing 10 puL of 0.5 M NH,HCO; (time 60’). The pH of the
remaining solution was adjust to 7.5 with 1 M and 0.1 M NaOH in order to stop the
digestion by arresting pepsin activity.

iti. Duodenal digestion phase

1.08 mL of gastric digesta and 80 uL of SDF 15x were added to the lecithin/bile salt
mix in the 20 mL round-bottomed flask, flushing with Ar and mix in incubator for 5’.
1.06 mL of the emulsion were taken and added to 7 mL Sterilin tube with small
magnetic flea; its pH was adjusted to 6.5 with 1.0 M HCI or NaOH as necessary by
adding 1 pL at time using P20 pipette. In order to make up 2 mL, a suitable volume of
SDF pH 6.5 was added. After the stock solution of enzymes were prepared, 10 uL of
both chymotrypsin and trypsin stock solution were added to the digestion mix. 50 uL
of digesta were collected immediately after the addition of the enzymes (time o of
duodenal digestion) and placed into 0.5 mL eppendorf tube containing 4 uL of 0.1 M
PMSF, a proteinases inhibitor to halt the activity of the enzymes. The duodenal
digestion mix was placed in incubator at 37 °C in agitation (120 r.p.m.) and several
sampling (50 uL each) were taken after 1, 2, 5, 10, 15, 30, 60 and 120’ of incubation
and transferred to 0.5 mL eppendorf tube containing 4 pL of 0.1 M PMSF. Remaining
digestum was placed into a 1.5 mL eppendorf tube containing 40 pL of 0.1 M of PMSF
solution.

All the samples obtained after the digestion process were analyzed by SDS PAGE
under both denaturing and native conditions, as described in paragraph 3.6, and the
profile and the relative quantification of protein and peptides were outlined by
TotalLab TL120 software.
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3.18 Reduction and alkylation of digested samples for
MALDI-TOF analysis

3.18.1 Chemicals
e Ammonium bicarbonate (NH,HCO,) (Sigma-Aldrich, USA)
e Dithiothreitol DTT (HSCH.(CHOH),CH,SH) (Sigma-Aldrich, USA)
e 2-Todoacetamide IAA (CH,CONH,) (Sigma-Aldrich, USA)
e Milli Q H.O obtained with Barnstead Nanopure Diamond Uv Toc D11951
(Thermo Scientific)
e Digestion buffer: 5o0mM NH,HCO,in Milli Q H.O
¢ Reducing buffer: 5omM DTT in digestion buffer
e Alkylation buffer: 100mM IAA in digestion buffer

3.18.2 Instrumentation
e Digital scale U4600P Universal (Sartorius, Gemany)
e S2896 B & T Flatspin 12V magnetic stirrer
e Heating Block QBT1 (Grant, UK)

3.18.3 Procedure
Digested samples were further analyzed by MALDI-TOF. 65 uL of digestion buffer and
15 pL of reducing buffer were added to 15 pL of each digested sample. They were
incubated at 65 °C for 10’. Afterwards, 15 uL of alkylation buffer were added to each
reduced sample and were incubated at room temperature in a dark environment.
MALDI-TOF analyses were performed as already describe in paragraph 3.15.

4. Experimental part — Part I1

4.1 Protein extraction from tomato peel, pulp and seeds

Protein extractions from tomato peel, pulp and seeds were performed using Piccadilly
variety and following the protocol already described in paragraph 3.2, Chapter III -
Section I, slightly modified as follows:

Peel: tissues were removed from frozen berries and they were scraped out by a spatula
from the inside. A total of 10 g of peel were used for the homogenization in 100 mL of
cold acetone, rather than 50 mL, in order to allow the blades of the Ultraturrax to
homogenize properly the cellulose tissues.

Seeds: after being removed from the locular cavities of the tomato berries, seeds were
placed into a colander and rinsed with Milli Q H,O to eliminate any residue of pulp
tissue. 7 g of whole seeds were reduced to a fine powder by milling in liquid nitrogen
before being homogenized in cold acetone.

4.2 Protein fractionation in the range 30-3kDa

4.2.1 Chemicals
e Milli Q H,O obtained with Millipore Alpha Q system
e Methanol (CH;0H) (Sigma-Aldrich, USA)
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4.2.2 Instrumentation

e Digital Scale BCE 62 PT (Orma, Italy)

e Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 3 KDa device — 3.000
NMWL (Nominal Molecular Weight Limit) (Millipore, Italy)

e Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 30 KDa device —
30.000 NMWL (Nominal Molecular Weight Limit) (Millipore, Italy)

e Centrifuge Universal 320 R (Hettich, Germany)

e Rotor 1620A (97 mm radius) (Hettich, Germany)

e Adapters 1451 (Hettich, Germany)

4.2.3 Procedure
Pre-rinsing: the ultra-filtration membranes in Amicon Ultra devices contained trace
amounts of Polyethylene glycol (PEG) which could interfere with further analyses. For
this reason, the devices were pre-rinsed 5 times. Each wash was performed with 4 mL
of CH;0H:H.0 (1:1) solution, at 6500 RCF and at room temperature, for 45’ for 3 kDa
devices, or for 15’ for 30 kDa devices. In order to avoid the breaking of the
membranes due to the drying, devices were stocked in CH;0H:H,O (5:95) solution, at
4 °C until use.
Fractionation below 30 kDa: 3.5 mL of each tissue protein extract were loaded onto a
30 kDa device and centrifuged at 6500 RCF, 4 °C for 30’. The analyses were
performed in duplicate for each tomato tissue, in order to allow the characterization
of proteins both in the native and in the denatured conformation. The filtered
solutions (about 3.2 mL) were recovered and stored in 15 mL Falcon tubes. In order to
obtain a major recovery, membranes were washed twice with 3.5 mL of Milli Q H,O,
under the same conditions, and the filtered solutions were recovered again and
pooled to the previous ones.
Fractionation above 3 kDa: each solution containing proteins below 30 kDa was
loaded onto a 3 kDa device and centrifuged at 6500 RCF, 4 °C for 45°, until the
depletion of the whole recovered solution. Two washes with 3.5 mL each of Milli Q
H.O of the retentates (the upper part of the device) were performed using the same
centrifugation settings. In this case, the retentate (about 250 pL) was recovered using
250 uL of Milli Q H.0O, placed into a 1.5 mL eppendorf tube and stored at -20 °C.

4.3 Reduction and alkylation of native proteins

4.3.1 Chemicals
e Milli Q H,O obtained with Millipore Alpha Q system
e Urea (NH.CONH,) (Sigma-Aldrich, USA)
e Ammonium bicarbonate (NH,HCO,) (Sigma-Aldrich, USA)
¢ Dithiothreitol DTT (HSCH.(CHOH),CH,SH) (Sigma-Aldrich, USA)
e 2-Todoacetamide IAA (CH,CONH.,) (Sigma-Aldrich, USA)
e Solution A: 25 mM NH,HCO, in Milli Q H.O
e Solution B: 8 M NH,CONH, in solution A
e Solution C: 50 mM DTT in solution A
e Solution D: 50 mM IAA in solution A
e N, flux
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4.3.2 Instrumentation
e Digital Scale BCE 62 PT (Orma, Italy)
e Hotplate Stirrer F 8o (Falc)
e Digital scale E42 S Analytical (Gibertini, Italy)
e Autovortex SA6 (Stuart Scientific, UK)

4.3.3 Procedure

The volume of all recovered retentates was measured, the same amount of solution B
was added and the mixture was briefly vortex. A volume of the solution C was added
so that the final concentration of DTT in the sample was 5 M. The mix was stirred and
it was incubate at 60 °C for 30’. After cooling down at room temperature, a volume of
solution D was added so that the final concentration of IAA in the sample was 15 mM.
The mixture was stirred again and allowed to incubate at room temperature for 45’ in
the dark. In the end, a volume of the solution C was added so that DTT concentration
was about 3.33 mM in order to block the activity of IAA. After a brief shake, samples
were transferred to 1.5 mL vials and were dried under N, stream.

4.4 UPLC/MS analysis of fractionated proteins

4.4.1 Chemicals
e Milli Q H,O obtained with Millipore Alpha Q system
e Formic Acid FA (HCOOH) (0.1% solution in Milli Q H,O) (Acros Organics,
Belgium)
e Acetonitrile ACN (CH;CN) (Sigma-Aldrich, USA)
e Eluent A: Milli Q H.O + 0.1% FA + 0.2% ACN
e Eluent B: ACN + 0.1% FA

4.4.2 Instrumentation
e Autovortex SA6 (Stuart Scientific, UK)
e Acquity Ultra Performance LC (Waters, Italy)
e Acquity UPLC BEH 300, C18 1.7 um, 2.1 mmD x 150 mmL (Waters, Italy)
e Acquity UPLC BEH 300, C8 1.7 um, 2.1 mmD x 150 mmL (Waters, Italy)
e Acquity SQ Detector with ESI interface (Waters, Italy)
e Software Mass Lynx 4.1 (Waters, Italy)

4.4.3 Procedure
Protein extracts from tomato peel, pulp and seeds, further fractionated in the range of
30-3 kDa, were characterized by UPLC/MS analysis, which was performed both with
the samples containing native proteins and with the samples whose proteins were
reduced and alkylated.
Dried samples were re-suspended in 200 pL of 0.1% FA in Milli Q H,O and briefly
mixed by autovortex.
The chromatographic separation of protein extracts and fractions was performed
using both a C18 and a C8 column as stationary phase, in order to develop a method
which was more effective in performing the separation of small-medium size proteins.
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As concerns the chromatographic conditions, they were set as follows:

5 pL of each sample were injected each time, at a 0.20 mL/min flow rate, for C18
column, and at a 0.15 mL/min flow rate for C8 column, because of the higher back
pressure. The column oven was kept at 35 °C. Gradient:

7’ isocratic elution with 100% A, 43’ linear gradient from 0% to 50% of B, 2.60’
isocratic elution with 50% A and 50% B, 0.4’ linear gradient to reach 100% B, 5.20’
isocratic elution with 100% B, 0.8’ linear gradient from 100% to 0% of B and 13’ of
reconditioning with 100% of eluent A.

ESI-MS spectrometer conditions were the following: positive ion mode, capillary
voltage 1.93 kV, cone voltage 150 V, source temperature 100 °C, desolvation
temperature 200 °C, spraying gas (N,) 100 L/h, desolvation gas (N,) 650 L/h, full
scan acquisition from 100 to 2000 m/z in continuum mode and 1 sec of scan time.

5. Results and Discussion — Part I

5.1 LTP purification from tomato peel

i. Extraction step

Different protocols were tested to set up the best conditions for the extraction of LTP
from tomato peel. The most suitable one was found to be an extraction with a buffer
containing 4-Morpholineethanesulfonic acid (MES), a compound having a pK, around
6, maximum water solubility and minimum solubility in all other solvents, minimal
salt effects, minimal change in pK, with temperature, chemically and enzymatically
stable. The buffer was added of polyvinylpirrolidone (PVP) and
polyvinylpolypirrolidone (PVPP), polymers which are, respectively, partly soluble in
water and Tween 20, a surfactant. The combination of these chemicals allowed
soluble proteins to be easily extracted in the buffer, by removing protein-polyphenolic
complexes or preventing their formation, and solubilizing membrane proteins. In
order to reduce the purification time, the extraction time was reduced from 90’ to 30’,
and also the LTP enriching step by flash HPLC was performed by packing the resin
into a funnel and performing a vacuum filtration, thus allowing the crude preparation
to transit through the resin faster because of the vacuum. The resin was then
transferred to a streamline column and the sample was allowed to elute. The pH of
the crude extract and of the MES buffer was about 6, that is lower than the pI of the
LTP (~ 9). In this way, basic proteins were positively charged and able to interact with
the negatively charged residues of the stationary phase. Then, Na+ contained in the
elution buffer acted as a strong counterion, suitable to elute the proteins linked to the
resin.

At the end of the elution, 33 fractions were obtained, 10 mL each. The UV absorbance
values of each fraction at 280 nm are plotted in Fig 2.
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Fig 2. Graphical representation of UV absorbance values of protein fractions off the flash HPLC step of
purification.

Fractions from 13 to 33 were pooled together and the whole sample was concentrated
about 5 times by diafiltration system, reducing the volume from 220 mL to 46 mL
through a 1 kDa nominal molecular weight limit (NMWL) membrane.

ii. Size Exclusion Chromatography
Size exclusion chromatography, also called gel filtration, allows the separation of
proteins with differences in molecular size, under mild conditions. Separation is
based on differences in the size and/or shape of the analyte molecules, which
determines the analytes’ access to the pore volume inside the column packing
particles. According to their size, smaller analytes have partial to complete access to
the pore volume. Among the analytes that partially or fully enter the pore volume,
larger molecules with less access to the pore volume elute first, while the smallest
molecules elute last.
Thus, protein molecular weight determination by gel filtration can be made by
comparing the elution volume of the substance of interest with the ones obtained for
several known calibration standards run in the same buffer.
Following this principles, a preparative gel filtration analysis was performed on the
LTP enriched extract using a Superdex™ 75 column (16 mmL x 600 mmD). Since the
sample does not have to be in exactly the same buffer as that used to equilibrate and
run through the column, a low concentration of salt (25 mM phosphate and 150 mM
NaCl) was including in the buffer composition, also to avoid nonspecific ionic
interactions with the matrix which can be seen as delays in peak elution.
Both samples and buffer were 0.22-um filtered before being applied to the column, to
avoid the risk of blockage due to small particles. A super-loop was loaded with 46 mL
of sample and 11 runs of 4 mL each were performed.
The graph showed in Fig 3a represents the overlapped chromatograms related to each
run, compared to the chromatogram obtained for the molecular standards in the same
conditions.
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Fig 3. a, chromatogram related to the size exclusion chromatography of the LTP enriched extract.
Molecular weight standards were: 4, Bovine thyroglobulin (M: 670 kDa); ®, Bovine gamma globulin (M:
158 kDa); ¢, Chicken ovalbumin (M: 44 kDa); A, Horse myoglobin (M: 17 kDa); o, Aprotinin (M: 6.5 kDa);
A, Vitamin Bi2 (M: 1.35 kDa). b, SDS PAGE analysis of fractions containing proteins with molecular
weight ranging between 17 kDa and 6.5 kDa. Lane marked ‘M’ corresponds to molecular weight markers
and their relative molecular masses are reported on the right side.

As it can observed from the chromatogram, several peaks were obtained, indicating
the presence of several proteins. In order to identify fractions containing LTP, an SDS
PAGE analysis was performed on those containing proteins with molecular weight
ranging from 17 kDa to 6.5 kDa.

These fractions (Fig 3b) showed a protein band with a relative molecular mass of 6
kDa, which could be an LTP, together with other high molecular weight proteins.

In order to purify the potential LTP, a further chromatographic step was performed,
exploiting another chemical features of proteins: the charge.

iii. Ion exchange chromatography

Ion exchange chromatography separates proteins with differences in surface charge to
give high-resolution separation. The partition is based on the reversible interaction
between a charged protein and an oppositely charged chromatography medium.
Typically, when below their isoeletric points, as in this case, proteins will bind to a
negatively charged, cation exchanger. Proteins bind as they are loaded onto the
column at low ionic strength (20 mM MES buffer pH 6.0). The conditions are then
altered so that bound substances are desorbed differentially. Elution is usually
performed by increasing salt concentration (from o to 0.4 M of 1 M NaCl), so that the
presence of Na+ions competes with the bound proteins for the binding to the column.
In this way, unbound molecules are eluted before the gradient begins, while tightly
bound molecules are eluted in a high-salt wash. All the other proteins will elute
according to the ion strength during the gradient.

Since the proteins have to be loaded onto the POROS® 20 HS column (4.6 mmD x 100
mmlL) at low ionic strength, a dialysis of pooled fractions off the gel filtration was
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carried out. After 2 hours of dialysis in 20 mM MES buffer, the conductivity of the
sample lowered to 5.86 mS/cm, low enough to be analyzed by a cation exchange
chromatography.

5 mL of dialyzed sample were injected onto the column and the injections were
repeated until the whole volume (150 mL) was depleted.

Since LTPs are low abundant in aromatic amino acid residues, the eluent was

monitored also following the absorbance at 220 nm, in order to detect peptide
bounds.
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Fig 4. Ion exchange chromatogram of pooled fractions off the gel filtration containing the protein of
interest. Stars indicate the range of fractions which were further analyzed by SDS PAGE.

After ion exchange chromatography (Fig 4), peaks eluting during the linear gradient
of salt were further investigated by SDS PAGE, in order to understand whether the
protein with the expected molecular weight had been purified.
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Fig 5. SDS PAGE of fractions off ion exchange chromatography. Stars indicate fractions as referred to in

Fig 4. The lane marked as ‘M’ represents the molecular weight standards and their relative molecular
masses are reported on the right side.

As showed by the electrophoresis analysis reported in Fig 5, fractions constituting the
peak indicated with “**’ revealed the presence of an unique protein band with the
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expected molecular weight. So they were pooled and used for purified protein
characterization.

Also fractions referred to “*’ showed the protein of interest but some other bands, with
both higher and lower molecular weights, were also present. Due to their different
behavior during the ion exchange chromatography, it was supposed that different
tomato LTP isoforms had been detected but, because of their different interactions
with the stationary phase, one of them couldn’t be purified, since it still co-eluted with
other proteins.

iv. Purified protein quantitation
Purified protein was quantified by the bicinchoninic acid (BCA) assay. The principle is
similar to the Lowry procedure, since both rely on the formation of a Cu2+-protein
complex under alkaline conditions, followed by reduction of the Cu2+ to Cut!+. The
amount of reduction is proportional to the protein present. It has been shown that
cysteine, tryptophan, tyrosine, and the peptide bond are able to reduce Cu2* to Cut*.
BCA forms a purple-blue complex with Cu'+* in alkaline environments, thus providing
a basis to monitor the reduction of alkaline Cu2+ by proteins at absorbance maximum
562 nm.
A calibration curve was obtained by using Bovine Serum Albumine (BSA) standard at
increasing concentration, from 0 pg/mL to 1000 pg/mL. The net absorbance at 562
nm was calculated as mean between the three repeats for each standard and sample. A
standard curve (Fig 6) was obtained by plotting the net absorbance at 562 nm versus
the protein standard concentrations.
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Fig 6. Standard curve obtained by plotting the absorbance values versus the protein standard
concentration. The calculated R2 was 0.99.

Interpolating the values of absorbance obtained for the sample non diluted and
diluted 1:1 in Phosphate Buffer Saline (PBS), the protein concentrations were found to
be 0.13 mg/mL and 0.065 mg/mL respectively. Accounting for the dilution factor,
also the diluted sample gave a value of 0.13 mg/mL for the protein concentration.
Considering that the volume of the pooled fraction containing purified proteins was
91 mL, 9.1 mg of pure protein were thus purified. As referred to the amount of
starting material (3 kg of whole tomatoes), it can be estimated that the isolation
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strategy developed here allowed to obtain a yield for the purified proteins around 3
mg/kg of whole tomatoes.

v. Assessing protein purity
The bands obtained after a SDS PAGE analysis may contain more than a protein, if
their molecular weights differ for few Daltons, since they can not be discriminated by
gel electrophoresis.
Although a separation according to pH had already been performed, since only basic
proteins could have interacted with the stationary phase during the ion exchange
chromatography, further analytical checks were carried out in order to value the
purity of the isolated protein.
400 puL of the solution containing the purified protein were then applied to a
Superdex™ 75 analytical column (10 mmD x 300 mmL) and the run was performed as
described in paragraph 3.11.
As shown in Fig 7a, the analytical size exclusion chromatography revealed the
presence of two peaks: besides the expected one, between 17 kDa and 6.5 kDa, which
was related to the protein of interest, another one was observed whose molecular
weight ranged between 6.5 kDa and 1.35 kDa. The last one was proved to belong to the
MES buffer by a blank run. So, the analytical gel filtration analysis confirmed the
presence of only one protein.
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Fig 7. Analytical gel filtration analysis. a, chromatogram of purified protein, the arrow indicates the peak
related to the protein of interest; b, chromatogram of 20 mM MES buffer. Molecular weight standards
were: 4, Bovine thyroglobulin (Mr 670 kDa); ®, Bovine gamma globulin (Mr 158 kDa); ¢, Chicken
ovalbumin (Mr 44 kDa); A, Horse myoglobin (Mr 17 kDa); o, Aprotinin (Mr 6.5 kDa); A, Vitamin B12 (Mr
1.35 kDa).

To further check the purity of the isolated protein, the highest resolution
chromatography technique available was applied: reversed phase chromatography.

In this chromatography, the separation of proteins depends on a reversible
hydrophobic interaction between sample molecules in the eluent and the medium.
Initial conditions are primarily aqueous, favoring a high degree of organized water
structure surrounding the sample molecule. Frequently, a small percentage of organic
modifier, is present in order to achieve a “wetted” surface. As sample binds to the
medium, the hydrophobic area exposed to the eluent is minimized. Separation relies
on sample molecules existing in an equilibrium between the eluent and the surface of
the medium. Initially, conditions favor an extreme equilibrium state where essentially
100% of the sample is bound. To bring about elution the amount of organic solvent is
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increased so that conditions become more hydrophobic. Binding and elution occur
continuously as sample moves through the column. The process of moving through
the column is slower for those samples that are more hydrophobic. Consequently,
samples are eluted in order of increasing hydrophobicity.

To test the efficiency of the method and of the column, a preliminary separation was
performed using a B-lactoglobulin mixture, containing both A and B B-lactoglobulin
genetic variants, which differ for two substitutions: 64th (Asp (A)— Gly (b)) and 118th
(Val(A) — Ala(B) (Fig 8a).

The presence of two resolved peaks, indicating the two isoforms of B-lactoglobulin
which differ for 86.04 Da, indicated the efficiency of the developed method.
Afterwards, the same method was applied to the purified protein. As shown in Fig 8b,
only a peak was obtained, again confirming the purity of the isolated protein.

00 B-lasteglobulin

Fig 8. chromatograms of a, B-lactoglobulin A and B variants and of b, purified protein separated by
reversed phase chromatography.

5.2 Tomato peel LTP characterization

After the MES buffer was replaced with Milli Q H.O and the concentrating procedure
was exploited, the purified protein was freezer dried. The net weight of the lyophilized
protein was 5.2 mg.
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5.3 Identification of a novel LTP from tomato peel by mass

spectrometry analyses

In order to definitively identify the purified protein and to clarify its possible nature
as tomato LTP, a MALDI-TOF analysis was performed.
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Fig 9. MALDI-TOF spectra of the purified protein; a, MALDI-TOF spectrum of the native protein; b,
MALDI-TOF spectrum of the reduced and alkylated protein.

The spectrum related to the native protein revealed the presence of a main peak with
m/z value of 8945.8 (Fig 9a). The same analysis, carried out with the reduced and
alkylated purified protein, showed a peak whose m/z value was incremented of 464
Da (Fig 9b), which is the shift in the molecular mass expected for the typical structure
of LTPs containing 4 disulphide bridges whose 8 cysteine are linked by a
carboxamidomethyl group each to produce carboxymethyl cysteine (58 average mass
change).

A search of the UniProt database for this molecular weight didn’t find any already
characterized LTPs, neither in tomato or in any other plant species.

So, in order to obtain some sequence information, a bottom-up approach of the
purified protein was carried out. Spots relating to the purified protein (Fig 5) were in-
gel digested by trypsin and the peptides were analyzed by LTQ-Orbitrap, as previously
described.

Table 1. List of tryptic peptides derived from in gel-digestion of the spot relating to the purified protein
and analyzed by LTQ-Orbitrap analysis.

Sequence Expected molecular mass (Da) Observed molecular mass (Da)
GPLGGC*C*R 875,33 875,37
GLLGAAK 628.39 628.39
GLLGAAKTPADR 1168.66 1168.66
TPADRK 686.37 686.37
SAANAIKGLNLGK 1255,73 1255,72
GLNLGK 600,36 600,36
AAGIPSAC*GVSIPYK 1489.,76 1489.,76
ISPFTDC*SK 1053.48 1053.48

* indicates a carboxamidomethyl-cysteine
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Mascot software identified a tomato nonspecific lipid transfer protein (ExPASy
E2GLP6) whose intact molecular weight (9381 Da) was not consistent with the one
obtained by MALDI-TOF analysis. Besides, the peptide GLLGAAK couldn’t belong to
that protein, as shown in Fig 10b. Alternatively, the presence of the glutamic acid
residue replacing the lysine in position 38 wouldn’t allow the release of this peptide.
The same tryptic peptides (listed in Table 1) were used to perform a search in
‘Tomato-ESTs’ database (from John Innes Center facilities). In this case, the software
identified a tomato EST, gi|150438794, containing the sequences of the peptides from
the digestion, with a MOWSE (MOlecular Weight SEarch) score of 317 (Protein
MASCOT scores greater than 65 are significant).

The loss of amino acids residues observed in the MALDI-TOF spectrum of the protein
helped in fixing the C-terminus of the new LTP sequence, as reported in Fig 10a, while
the N- terminus was inferred by subtracting the N-terminal amino acids until the
expected weight was reached and it was confirmed by the alignment with the other
tomato LTPs, already annoted in databases (Fig 10b). The putative N-terminus of this
sequence was consistent with the signal peptide cleavage site predicted by SignalP 4.0
(http://www.cbs.dtu.dk/services/SignalP/).
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Fig 10. a, particular of MALDI-TOF spectrum of the purified protein showing the loss of amino acid
residues at the C-terminus; b, alignment of the detected tomato EST with all the already known tomato
LTPs.

The new identified LTP from tomato peel was proved to weigh 8944 (+1) Da and to be
constituted by 9o residues (Fig 11).

| LSCGQVESGL APCLPYLQGKPLGGCCRGVKGLLGAAKTPADRKTACTCLKSAANAIKGLNLGKAAGIPSACGVSIPYKISPFTDCSKVQ |

Fig 11. Sequence of the novel LTP purified from tomato peel.

Finally, in-gel digestion analysis was also performed with the other band of the gel in
Fig 5 which eluted with other proteins after both size exclusion and ion exchange
chromatography, in order to clarify its nature. LC/MS performed by Orbitrap
identified peptides corresponding to another tomato LTP isoform, already present in
database (ExPASy P27056) (data not shown). The differences in the primary structure
of the two detected sequences (see Fig 10b for the alignment) might be responsible of
their diverse interaction with the stationary phase in the ion exchange
chromatography, resulting in a different repartition of the two isoforms during the
elution step. Being already known in literature and not completely purified after a
multidimensional chromatography approach, we decided to focus our efforts only on
the characterization of the new tomato LTP isoform.
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5.4 Spectroscopy analysis of secondary structure

An assessment was made of the folded state of the purified LTP using CD
spectroscopy (Fig 12). The CD spectrum of the purified protein was entirely consistent
with the estabilished a-helical structure of LTP, with a positive maximum at around
192 nm and an intense negative double minimum at 210 and 224 nm, already

observed for LTPs from apple,5° peach,5t pear,29 and hazelnut.34
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Fig 12. Far-UV circular dichroism (CD) spectroscopy of purified LTP from tomato peel.

All together the high isoeletric point, the molecular weight, the high sequence
homology showed with other tomato LTPs, the presence of 4 disulphide bridges and
the a-helical structure confirmed the nature of the protein isolated from tomato peel
as a new isoform of lipid transfer protein.

5.5 Simulated in vitro gastrointestinal digestion of tomato
peel LTP

As already described, one of the feature that makes the LTP a ‘true’ allergen is the
high stability of its tertiary structure to proteolysis, which allows the allergen to
maintain its immunogenic and allergenic motifs and thus to interact with the immune
system associated with the gastrointestinal epithelia, thereby inducing both
sensitization and systemic symptoms after ingestion.

In order to value the stability of the new tomato LTP isoform to proteolysis, the effect
of the gastro-intestinal digestion on the purified protein in a model system were
studied by means of mass spectrometry.

Firstly, 2 mg of the purified LTP underwent to a gastric phase digestion, in which the
results of the activity of the pepsin on the protein were investigated after 1 hour of
digestion at 37 °C. As shown by MALDI-TOF analysis in Fig 13, protein was
completely resistant to gastric pepsinolysis at pH 2.5, since no differences were
noticed before and after the pepsin addition, confirming the marked resistance of the
LTP to pepsin digestion, as already reported for the peach.5253
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Fig 13. MALDI-TOF spectra of the (a) native pure protein before the addition of the pepsin and (b) after
60’ of digestion at 37 °C.

After gastric pepsinolysis, the digestion of tomato LTP by trypsin and chymotrypsin
under duodenal conditions was followed by MALDI-MS and SDS-PAGE, with the
masses determined for the proteolysis products being compared with those of
peptides predicted by in silico digestion with chymotrypsin and trypsin using
mMass.54
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Fig 14. Analysis of tomato LTP duodenal digestion by MALDI-TOF mass spectrometry, under native
conditions. The sampling points, expressed in minutes, are the numbers in the boxes; a, b, ¢, d indicate
peptides released through the duodenal digestion (see text).

As reported in Fig 14, after 2’ of duodenal digestion the peptide referred to as ‘a’ was
released from LTP structure. This peptide (m/z 7615) is consistent with the sequence
1-78 of the tomato LTP with still 4 cysteine residues bound by 2 disulphide bridges.
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Tyr,s represents a cleavage site for chymotrypsin; the analogous residue in peach LTP
(Tyr,,) has been showed to be highly mobile.3¢ For this reason it was the most
accessible to the proteolytic enzymes and thus the first to be cleaved among all the
potential ones. Other peptides, referred to as ‘b’, ‘c’ and ‘d’ were released through the
duodenal phase but, after 2 hours of digestion, the intact LTP was still present in all
digestion samples, corresponding to a mass of 8945.8 (+1) Da, indicating the high
resistance of its tridimensional structure to proteolysis, even under extreme
conditions.

The same digested samples also underwent to reduction and alkylation steps, before
MALDI-TOF analysis. Also in this case the gastric pepsinolysis did not affect the
structure of tomato LTP at all (Fig 15), remarking the already known resistance to
pepsin digestion.53
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Fig 15. MALDI-TOF spectra of the (a) reduced and alkylated pure protein before the addition of the
pepsin and (b) after 60’ of digestion at 37 °C.

On the contrary, an intense proteolysis was observed through the duodenal phase (Fig
16). Immediately after the addition of the enzymes (time point o), the peptide referred
to as ‘a*’ was released from tomato LTP. This peptide, which is represented in the
spectra with a m/z of 8018.3, corresponded to the peptide 1-78. Again the first
observed cleavage concerned the Tyr;s, which was confirmed to be the cleavage site
less tolerating the proteolysis. The relative abundance of this fragment also increased
up to 30’ and persisted as the predominant one till the end of digestion, while the
abundance of the intact protein decreased. After 30’ of duodenal digestion other two
peptides were revealed: peptide ‘b*’, corresponding to the sequence 1-60 with a m/z
of 6263.1 (expected 6263.1), was generated by the cleavage on the Leus, by
chymotrypsin; peptide ‘c*’, corresponding to the sequence 1-58 with a m/z of 6093
(expected 6092.97), was generated by the cleavage on Lysss by both trypsin or
chymotrypsin.
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Fig 16. Analysis of tomato LTP duodenal digestion by MALDI-TOF mass spectrometry, under reducing
conditions. The sampling points, expressed in minutes, are the numbers in the boxes; a*, b*, c*, indicate

peptides released through the duodenal digestion (see text).

For duodenal digestion under reducing conditions, results were consistent between
experimental methods, with quantitative analysis by SDS-PAGE (Fig 17, a and b)
showing that tomato LTP is rapidly digested after the addition of the intestinal
endoprotease and concentration of peptide 1-78 rises over 30’ where it drops, as
expected due to its further digestion into 1-60 and 1-58 fragments, even if fragments
1-60 and 1-58 are not discriminated by SDS-PAGE, possibly because the low

resolution of the gel electrophoresis.
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Fig 17. a, SDS PAGE performed on the digested and reduced samples at different times (‘D’ stands for
‘duodenal’ and the following numbers indicate the sampling times). The lane marked as ‘M’ represents the
molecular weight standards and their relative molecular masses are reported on the right side. The larger
bands on the bottom of the gel are the PMSF, while the ones higher than 14.4 kDa represent the
proteolytic enzymes; b, relative abundance of tomato LTP and digestion products over time as estimated
from densitometry of SDS-PAGE gels. Band intensities were calculated as a percentage of maximum
Gaussian volume by scanning of gel images and subsequent analysis using the TotalLab package.

6. Conclusions - Part I

The method described here allowed to purify and identify a novel LTP isoform from
tomato peel. The same method was also tested on tomato pulp but the gel filtration
analysis gave a very low signal for the peak containing the expected protein when
compared to the same one obtained from tomato peel. For this reason and according
to the literature, in which it is reported that the localization of LTPs is concentrated in
the peel of many plant species, we focused our efforts in purifying the protein from
tomato peel.

The resolving power of the multidimensional chromatography step, associated with
the high resolution of mass spectrometry techniques, allowed to identify a new tomato
LTP isoform, also assigning a function to the tomato EST clone present in database.
This novel tomato LTP was the only discernable isoform in our purified protein
fractions, and is therefore likely to be a major form in planta.

The simulated in vitro gastrointestinal digestion showed that this LTP isolated from
tomato peel was still resistant to gastric pepsinolysis, both in the native and in
reduced conformations. Concerning the duodenal phase, tomato LTP showed to be
still intact at the end of the digestion, even after the release of some peptides,
suggesting that most of the fragments remain associated by intramolecular disulfide
bridges. However, the presence of observable 1-78 peptide in the non-reduced
samples indicates either that some fragments are unassociated after duodenal
digestion or that the ionization used in the MALDI experiments partially fragments
associated peptides. On the contrary, the duodenal digestion of the reduced samples
resulted in an almost complete conversion of the tomato LTP in three types of
peptides 1-78, 1-58, 1-60, suggesting that the stability of this protein toward
simulated duodenal proteolysis at pH 6.5 is related to the fully folded conformation.
Finally, the retention of the overall three-dimensional structure of this protein
following simulated gastrointestinal digestion explains the fact that proteolysis does
not affect the ability of allergenic LTPs, such as grape,55 and peach,52 to bind IgE and
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elicit histamine release. The effect of the immunological properties of this new tomato
LTP isoform will be investigated further.

7. Results and Discussion — Part I1

7.1 LTPs isolation from tomato peel, pulp and seeds

As in the previous part of the work, where common grapevine tomatoes were
analyzed, in this second part tomatoes of Piccadilly variety, which is commonly
spread in Italian markets, were used. In this way the detected LTP, eventually, could
be representative of the main allergen LTP isoforms which are commonly present and
recognized by IgE of tomato allergic patients. The analyses were carried out on the
three main fractions of tomato fruit (peel, pulp and seeds), in order to know in which
of them the LTP is more concentrated.

Since in this part of the work the aim was not isolating a pure LTP, but rather setting
up a method to detect them in various vegetal tissues, the procedure for sample
preparation was highly simplified, as compared to the first part.

Protein extraction was performed by means of precipitation with cold acetone and
pellet extraction in a phosphate-buffered saline solution, as described elsewhere in
this manuscript, and slightly modified for the seeds, which were previously reduced to
a fine powder by milling in liquid nitrogen.

The quantification of protein extracts was performed by a bench fluorometer and the
values obtained for each tissue were related to the amount of the dry material, as
reported in Table 2.

Table 2. Quantification of protein extract from tomato peel, pulp and seed performed by Qubit®
fluorometer.

Tissue A;(g8) Agm (8) P (mg) Prot %

Pulp 50 0,9 20,48 2,27%
Peel 10 2,04 78,82 3,86%
Sead 6,37 2,07 04,67 3,08%

As= Amount of sample; Aam= Amount of dry sample; P= Amount of extracted proteins, obtained by Qubit®
fluorometer; Prot %= Percentage of proteins related to Aam.

As expected, the percentage of extracted proteins was higher for the seeds, if
comparing the amount of the starting material among all the other fractions. This
result was in line with the function fulfilled by seeds, that is storage organs.

Being known that LTPs are proteins with molecular weights ranging between 7-11
kDa, a simple and fast analytical method was developed here, in order to narrow
down the field of analysis to those proteins with appropriate masses, including LTPs.
For this reason, a double ultracentrifugation step was carried out with each protein
extract: the first one was performed by using centrifugal filter devices containing
membranes with a nominal molecular weight limit of 30 kDa; the filtrate solutions,
containing all the molecules with molecular weights lower than 30 kDa, were then
applied to centrifugal filter devices containing membranes with a nominal molecular
weight limit of 3 kDa. In this case the retentates (i.e. the upper part of devices) were

recovered, as they contained proteins with molecular weight higher than 3 kDa. In
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this way, theoretically, all the molecules with masses including the range 30-3 kDa
were isolated from the total protein extract of each tomato tissue. Although the
membranes were characterized by a nominal molecular weight limit (NMWL), since
these limits were very far from the supposed molecular mass of LTP proteins (7-11
kDa), the possibilities that LTPs could be lost were very low.

7.2 Identification and characterization of tomato LTPs by

UPLC/MS analysis

The Ultra Performance Liquid Chromatography (UPLC) takes advantage of
technological strides made in particle chemistry performance, system optimization,
detector design, and data processing and control. Using sub-2 um particles and
mobile phases at high linear velocities, and instrumentation that operates at higher
pressures than those used in HPLC, dramatic increases in resolution, sensitivity, and
speed of analysis can be obtained. This new category of analytical separation science
retains the practicality and principles of HPLC while creating a marked improvement
in chromatographic performance.

As for all the other chromatography system, UPLC allows the separation of molecules
in a complex mixture, by partitioning between a stationary phase and a mobile phase
on the basis of their relative affinity. Usually the most suitable stationary phases are
made up of alkyl chains bonded covalently to the support surface, which are able to
interact with apolar proteins. The elution is performed increasing organic solvent
concentration of the mobile phase. The detection of proteins is achieved by a mass
spectrometer: in this case, the separated molecules are conveyed to an ESI source
which provides for their ionization. The ion species are then separated by a
quadrupole analyzer, according to their m/z value, and are then revelead by a
detector. Currents generated by each ions are profiled in the Total Ion Current (TIC)
where each peak represents one or more eluted molecules which can be identified by
the interpretation of the relative mass spectrum.

The separation of extracted proteins was performed by using two different
chromatographic columns, C8 and C18, which differ in the number of carbons of the
alkyl chains bound to the support. Considering the small size of the alkyl chain, in the
first column dispersive interactions with the stationary phase are reduced than in the
second column. Generally, for proteins with a certain size, this leads to improved
chromatographic peak shapes. Being both used for the separation of small-medium
proteins, a parallel study was carried out, in order to find out which of them was more
appropriate in the separation of tomato LTP.
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Fig 18. UPLC chromatograms related to peel fraction proteins obtained with a C18 (panel above) and a C8

(panel below) column.
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Fig 19. UPLC chromatograms related to pulp fraction proteins obtained with a C18 (panel above) and a

C8 (panel below) column.
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Fig 20. UPLC chromatograms related to seed fraction obtained with a C18 (panel above) and a C8 (panel

below) column.
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As shown in chromatograms reported in Figg 18, 19 and 20, proteins seemed to be

more abundant in the fraction seeds. Besides, it is pretty clear that C8 column showed
higher and better resolved peaks. This could be due to the fact that many proteins
have hydrophobic residues that interact with the column. Consequently, shorter alkyl

chains are generally more appropriate for the separation of these proteins, in order to

avoid a prolonged retention leading to a broadening of the chromatographic peak. In

contrast, peptides are smaller and require longer hydrophobic chains to be efficiently

separated in reversed phase; in this case a C18 column would be ideal.

The search of proteins of interest was carried out for every tomato protein fraction by

investigating mass spectra relating to each chromatographic peak and identifying the

molecular mass through the multicharged clusters of ions.

In this way, four proteins with molecular weights similar to the ones of plant LTPs,
that is 7039 (+1) Da, 9354 (+1) Da, 9441 (+1) Da and 9724 (+1) Da, were detected only

in the seed fraction.
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Fig 21. ESI-Q mass spectrum of 7039 (+1) Da protein. Circles indicate multicharged ions.
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Fig 22. ESI-Q mass spectrum of 9354 (+1) Da protein. Circles indicate multicharged ions.
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Fig 23. ESI-Q mass spectrum of 9441 (+1) Da protein. Circles indicate multicharged ions.
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Fig 24. ESI-Q mass spectrum of 9724 (+1) Da protein. Circles indicate multicharged ions.

The retention times and the characteristic ions were summarized in Table 3.

As shown, all the four proteins had a molecular weight close to the one already found
for other plant LTPs, such as Pru P 3 from peach (9135 Da),56 LTPa and LTPb from
pear (9252 and 9250 Da),29 LTPa and LTPb from pomegranate (9342 and 9467),33
LTP from maize (9046 Da),57 and Mal d 3 from apple (9076 Da).5°

Table 3. Retention times and characteristic ions of potential identified LTP

Retention Time Average Mass ch MS Sp_e ctra
(min) (+1Da) aracteristic ions
n (m/z)

25.5 1760.5 (MH, +),

26 7039 1408,9 (MH,5+)

4 1174.1 (MHg 6+)

26.8 1560.1 (MH; 6+)

29' - 9354 1337.1 (MH, 7+)

: 1170.2 (MHz8+)

1889,2 (MH, )

26.6 1574,4 (MH, &)

29.9 9441 1349.6 (MH, 7+)

1181.1 (MHg 8+)

1945,9 (MH, )

1621,5 (MH; 6+)

3?? 9724 1390.1 (MH. 7+)

1216.5 (MHg 8+)

Extraction procedure of characteristic ions allowed to obtain the eXtract Ion

Chromatogram (XIC), giving a better understanding of the chromatographic

dynamics.
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Fig 25. Extracted ion chromatogram of 7039 (+1) Da protein.
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Fig 26. Extracted ion chromatogram of 9354 (+1) Da protein
Seeds 3-30kDa-C8 Scan ES+
Sum
108 1.24e8
Ea_
7 14.69
0 T dn r T y e e Time
10.00 20.00 30.00 40.00 50.00
Fig 27. Extracted ion chromatogram of 9441 (+1) Da protein.
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Fig 28. Extracted ion chromatogram of 9724 (+1) Da protein.

As we can infer from the extracted ion chromatograms, all the four potential tomato
LTP isoforms co-eluted in two chromatographic peaks, which showed the same mass
spectrum. This suggested that each isoform could undergo to a partition between a
folded conformation (or native) which is the first to elute, and a partially unfolded
conformation (partially denatured), which interacts more with the stationary phase.
Beside this feature, the retention time of the extracted peaks was pretty similar to the
one obtained for the pure peach LTP, suggesting a similar protein (Fig 29).
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Fig 29. Extracted ion chromatogram of pure Pru p 3 (LTP) from peach (9135 +1 Da).

As already underlined, these potential tomato LTPs were detected only in seed
fraction sharply, while some weak signals, and not for all four, were observed in pulp
fraction. By the way, none of the molecular weight of these proteins fit with the
masses of the tomato LTPs already known in literature (Table 4).

Table 4. List of all the tomato LTP isoforms annoted in Uniprot database.

Accession number

Organism

Average Mass (Da)

Mono isotopic Mass (Da)

Q3YMR2 - Non-specificlipid-transfer protein 2

Solanum chilense (Lycopersicon chilense)

9139.57

9133.47

024037 - Non-specificlipid-transfer protein 1 Solanum pennellii (Lycopersicon pennelli) 8o68.5 8ob2.50
024038 - Non-specificlipid -transfer protein 2 Solanum pennellii (Lycopersicon pennelli) 911456 o108.48
E2GLP6- Non-specificlipid-transfer protein Solanumlyeopersicum var, cerasiformas g300.08 g303.81
P27056 - Non-specific lipid-tran fer protein 1 Solanum Wycopersi (Ly esculentum) g025.58 go10.62
Pg3224 - Non-specific lipid-transfer protein 2 Solanum Iy (L esculentum) 88s50.27 885041
Q441 N0 - Non-zpecific lipid-transfer protein Solanum Iy (Ly earulentum) 8856.27 8850.41
0441M1 - Non-zpecificlipid-transfer protein Solanum lyeop (L esculentum) o308.84 g302.64

7.3 Structural characterization of identified proteins

As no weight match was observed in the databases for the detected potential tomato
LTP isoforms, in order to obtain more information about their nature another
investigation was carried out by exploiting the tertiary structure feature which is
preserved among all the plant LTPs, that is 4 disulphide bridges holding together 8
cysteine residues.

The reduction and alkylation of these proteins with dithiothreitol and 2-
iodoacetamide, in fact, would imply a shift in their molecular weight of 464 (+1) Da,
due to the link of a 58 Da carboxymethyl group to each cysteine residues. An
UPLC/MS analysis would detect these differences.

Fractionated protein extracts from tomato peel, pulp and seeds, prepared as described
in paragraph 4.2, were denatured by urea and then reduced by dithiothreitol, to break
the disulphide bridges, and alkylated by 2-iodoacetamide, to avoid a random refold.
Also in this case, the performance of both C18 and C8 column in separating whole
proteins was tested.
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As already observed before, the seed fraction seemed to be the most abundant in
proteins, comparing chromatograms from peel and pulp fractions. Also in this case,
C8 column was the most suitable in separating proteins.

For each protein of interest, characteristic ions were inferred, considering the shift of
mass due to reduction and alkylation; they were extracted from TICs and the multi-
charged pattern was investigated for each XIC.

In this way, and once again only in seed fraction, four proteins with molecular weights
corresponding to the previous ones with an increase of 464 Da (+1), were found. Mass
spectra with the characteristic ions are reported below.
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Fig 30. ESI-Q mass spectrum of 7052 (+1) Da protein (from 7039+464). Circles indicate multicharged
ions.
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Fig 31. ESI-Q mass spectrum of 9818 (+1) Da protein (from 9354+464). Circles indicate multicharged
ions.
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Fig 32. ESI-Q mass spectrum of 9904 (+1) Da protein (from 9441+464). Circles indicate multicharged
ions.
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Fig 33. ESI-Q mass spectrum of 10189 (+1) Da protein (from 9724+464). Circles indicate multicharged
ions.

The retention times and the characteristic ions were summarized in Table 5.

Table 5. Retention times and characteristic ions of reduced and alkylated potential LTPs

Retention Time Average Mass Ms Sp_eci_:rz_l
- T characteristic ions
(min) (*1Da) (m/2)
1501.1(MH 59),
28.1 7502 1251.5 (MHg %+)

1072.9 (MH.7+)

1403.7 (MH,7+)
2.3 9818 1228.2 (MHg8+)
1091.8 (MH,%+)

29.9 1415.8 (MH..7+)

32.3 9906 1239.1(MHg8+)
1699.4 (MH %)

5 10189 1456.5 (MH. 7+)
325 1274.7 (MHg 8+)

Observed retention times were delayed, if compared to the ones of native proteins.
This could be ascribed to the longer interaction between denatured and alkylated
proteins with the stationary phase of column.

Albeit not a certainty, the retention times and shape of the peaks similar to the one of
peach Pru p 3, the molecular weights ranging between 7-10 kDa and the presence of 4
disulphide bridges represent meaningful evidences of these proteins as tomato LTP
isoforms. Further investigations will be performed by MS» to obtain sequence
information and definitively assess their nature.

8. Conclusions — Part I1

The method of extraction and fractionation of proteins from the three main tomato
tissues (peel, pulp and seeds) and the UPLC/MS analysis, described in the second part
of this chapter, allowed to identify four proteins in the seed fraction, which could be
ascribed to tomato LTP isoforms. Despite the lack of information about the primary
structure, the retention time, the molecular weights and the proof of 4 disulphide
bridges in their tertiary structures are important clues which allowed us to assume
their nature as LTPs. Nevertheless, none of the molecular weight of these potential

LTPs were already present in the database or did fit with the one purified and
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characterized from tomato peel, as described in the first part of this chapter. The
presence of so many LTP isoforms could be due to the biological and physiological
roles of LTPs in the cell system. Considering their lipid binding capacity and their
antimicrobial activity, for example, the primary structure of LTPs may need some
arrangements, set by the evolutionary pressure.

Besides, in peel and pulp fractions no potential tomato LTP isoforms was detected.
This may sound in contrast with the most frequent localization of LTP in the peel of
many plant species, especially in the Rosaceae family,295¢ even if it has been found in
the seeds of pepper (Capsicum annum),58 and it is commonly concentrated in the
seeds of hazelnut.34 Considering that the localization of LTPs may be related to the
belonging family, in this case the finding of potential tomato LTPs has to be ascribed
to the method of protein extraction and analysis which could allow the detection of
proteins only in the tissue where they are most concentrated.

9. Conclusive remarks

The data presented in this chapter describe a very complex scenario, as yet not fully
understood, depicting the family of non-specific lipid transfer proteins (LTPs). As
described before, different tomato LTP isoforms were detected, besides the ones
already reported in the literature.4749 A new isoform was purified from the peel of a
common grapevine variety, whilst four proteins, which shared several features with
well-known plant LTPs, such as molecular weights, retention times and 8 cysteine
residues bound together by 4 disulphide bridges, were revealed in the seeds of the
Piccadilly variety.

First of all, it can be observed that the occurrence of so many tomato LTP isoforms is
not unusual across the plant kingdom. It is known, in fact, that in the three species for
which the full genome sequence is available (rice, Arabidopsis, and poplar)
approximately a dozen of the family LTP1 genes are present in each genome.’s The
reason for such a plethora of LTP isoforms is still unclear. Considering the amount of
functional properties which have been hypothesized for LTPs, by observing their
behaviour in vitro, it may be speculated that one, or more, isoform(s) may be involved
in the fulfilment of these functions. The ability to detect one isoform or another could
be related, instead, to several other aspects, which affect proteomic analysis, such as
the genetic characteristics and the phenological phase of the individual under
examination, as well as the efficiency of the protein extraction method and the
sensitivity of the analytical system employed. All these variables may allow the
preferential detection of one isoform over the others, making it difficult to gain a
whole and complete understanding of the expression pattern of such proteins.
Secondly, the LTP distribution across different tomato fruit tissues has been shown to
be very variable. Unlike what has been previously observed by Pravettoni and co-
workers,47 in this study tomato LTP isoforms have been found in peel or seeds of
different variety, and no LTP isoform was revealed in pulp tissue. Again, this
variability in LTP distribution may be related to the genotype, to the stage of ripening
of the fruit, as well as some technical issues, such as the experimental design, which
could just give a ‘snapshot’ of the protein expression pattern at a certain moment. LTP
spatial and temporal expression, in turn, may depend on the functional and biological

roles fulfilled by these proteins, which could be different according to the tissue, the
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developmental stages and the physiological conditions. Moreover, the fact that LTPs
are concentrated in the peel of many plant species, especially in the Rosaceae
family,2956.59 but they have been detected also in the seeds,58:34 and in the pulp,47 of
other plants, suggests a possible correlation of their distribution with the genus and
the species.

Thirdly, the structural stability of purified tomato LTP toward gastric pepsinolysis at
pH 2.5 and simulated gastroduodenal proteolysis at pH 6.5 was investigated. Despite
the presence in the protein of numerous predicted pepsin, trypsin, and chymotrypsin
cleavage sites, tomato LTP was only partially digested, since an amount of the intact
protein was still present at the end of the digestive process. The three-dimensional
structure of LTP is responsible for its resistance to gastric pH and peptic digestion,
making this protein an ideal food allergen, as confirmed by the digestion under
reducing conditions, which led to the complete proteolysis of the protein.

Finally, the characterization of tomato LTPs still represents a difficult challenge, since
these peptides comprise a multigenic family with different genes that are expressed in
different tissues, in different developmental stages of plants and that also react
differently to an array of stimuli. Studies investigating the presence of isoforms and
their temporal and spatial distribution within the plant may produce particularly
complicated results. The characterization and the purification of one isoform rather
than another, in turn, can affect the efficacy of these proteins for the screening of
LTP-allergic patients, whenever the tested protein is not the same one to which the
patient is sensitized. This would require the need to screen for every different LTP
isoform found, which could be time and cost ineffective.

10.References

1 de Oliveira Carvalho A, Moirera Gomes V. Role of plant lipid transfer proteins in
plant cell physiology — A concise review. Peptides, 2007, 28:1144-1153.
2Kader JC. Lipid-transfer proteins in plants. Annual Review of Plant Physiology and
Plant Molecular Biology, 1996, 47:627—654.
3Castro MS, Gerhardt IR, Orru S, Pucci P, Bloch JC. Purification and characterization
of a small (7.3 kDa) putative lipid transfer protein from maize seeds. Journal of
Chromatography B, 2003, 794:109—114.
4 Douliez JP, Pato C, Rabesona H, Molle D, Marion D. Disulfide bond assignment, lipid
transfer activity and secondary structure of a 7-kDa plant lipid transfer protein, LTP2.
European Journal of Biochemistry, 2001, 268:1400—1403.
5 Liu YJ, Samuel D, Lin CH, Lyu PC. Purification and characterization of a novel 7-kDa
non-specific lipid transfer protein-2 from rice (Oryza sativa). Biochemical and
Biophysical Research Communications, 2002, 294:535—540.
6 Arondel V, Tchang F, Baillet B, Vignols F, Grellet F, Delseny M, Kader JC,
Puigdomenech P. Multiple mRNA coding for phospholipid-transfer protein form Zea
mays arise from alternative splicing. Gene, 1991, 99:133—136.
7 Suelves M, Puigdomenech P. Different lipid transfer protein mRNA accumulates in
distinct parts of Prunus amygdalus flower. Plant Science, 1997, 129:49—56.
8 Vignols F, Lund G, Pammi S, Tremousaygue D, Grellet F, Kader JC, Puigdomenechc P,
Delseny M. Characterization of a rice gene coding for a lipid transfer protein. Gene, 1994,
142:265—270.

127



9 Garcia-Garrido JM, Menossi M, Puigdimenech P, Martinez-Izquierdo JA, Delseny M.
Characterization of a gene encoding an abscisic acid-inducible type-2 lipid transfer
protein from rice. FEBS Letters, 1998, 428:193—199.

10 Kalla R, Shimamoto K, Potter R, Nielsen PS, Linnestad C, Olsen OA. The promoter of
the barley aleurone-specific gene encoding a putative 7 kDa lipid transfer protein confers
aleurone cell-specific expression in transgenic rice. Plant Journal, 1994, 6:849—860.

1 Lee JY, Min K, Cha H, Hwang DHSKY, Suh SW. Rice nonspecific lipid transfer protein:
the 1.6A crystal structure in the unliganded state reveals a small hydrophobic cavity.
Journal of Molecular Biology, 1998, 276:437—448.

12 Shin DH, Lee JY, Hwang KY, Kim KK, Suh SW. High-resolution crystal structure of the
non-specific lipid transfer protein from maize seedlings. Structure, 1995, 3:189—199.

13 Samuel D, Liu YJ, Cheng CS, Lyu PC. Solution structure of plant nonspecific lipid
transfer protein-2 from rice (Oryza sativa). Journal of Biological Chemistry, 2002,
277:35267-35273.

14 Han GW, Lee JY, Song HK, Chang C, Min K, Moon J, Shin DH, Kopka ML, Sawaya MR,
Yuan HS, Kim TD, Choe J, Lim D, Moon HJ, Suh SW. Structural basis of non-specific
lipid binding in maize lipid transfer protein complexes revealed by high-resolution X-ray
crystallography. Journal of Molecular Biology, 2001, 308:263—278.

15 Yeats TH, Rose JKC. The biochemistry and biology of extracellular plant lipid-
transfer proteins (LTPs). Protein Science, 2008, 17:191-198.

16 Pelese-Siebenbourg F, Caelles C, Kader J-C, Delseny M, Puigdomeénech P. A pair of
genes coding for lipid-transfer proteins in Sorghum vulgare. Gene, 1994, 148:305—308.

17 Jung HW, Kim W, Hwang BK. Three pathogen-inducible genes encoding lipid transfer
protein from pepper are differentially activated by pathogens, abiotic and environmental
stresses. Plant, Cell and Environment, 2003, 26:915—928.

18 Arondel V, Vergnolle C, Cantre C, Kader JC. Lipid transfer proteins are encoded by a
small multigene family in Arabidopsis thaliana. Plant Science, 2000, 157:1—12.

19 Vignols F, Wigger M, Garcia-Garrido JM, Grellet F, Kader JC, Delseny M. Rice lipid
transfer protein (LTP) genes belong to a complex multigene family and are differently
regulated. Gene, 1997, 195:177—186.

20 Garcia-Olmedo F, Molina A, Segura A, Moreno M. The defensive role of nonspecific
lipid-transfer proteins in plants. Trends in Microbiology, 1995, 3:72—74.

21 Pyee J, Yu H, Kolattukudy PE. Identification of a lipid transfer protein as the major
protein in the surface wax of broccoli (Brassica oleracea) leaves. Archives of
Biochemistry and Biophysics, 1994, 311:460—468.

22 Thoma S, Hecht U, Kippers A, Botella J, De Vries S, Somerville C. Tissue-specific
expression of a gene encoding a cell wall-localized lipid transfer protein from Arabidopsis.
Plant Physiology, 1994, 105:35—45.

23 Jang CS, Lee HJ, Chang SJ, Seo YW. Expression and promoter analysis of the TaLTP1
gene induced by drought and salt stress in wheat (Triticum aestivum L). Plant Science,
2004, 167:995-1001.

24 Broekaert W F, Cammue BPA, De Bolle MFC, Thevissen K, De Samblanxa GW,
Osbornb RW, Nielsonc K. Antimicrobial peptides from plants. Critical Reviews in Plant
Sciences, 1997, 16:297 —323.

25 Hoffmann-Sommergruber K. Pathogenesis-related (PR)-proteins identified as
allergens. Biochemical Society Transactions, 2002, 30:930—935.

128



26 Diaz-Perales A, Garcia-Casado G, Sanchez-Monge R, Garcia-Salles FJ, Barber D,
Salcedo G. ¢cDNA cloning and heterologous expression of the major allergens from peach
and apple belonging to the lipid-transfer protein family. Clinical & Experimental
Allergy, 2002, 32:87-92.

27 Pastorello EA, Farioli L, Pravettoni V, Ortolani C, Ispano M, Monza M, Baroglio C,
Scibola E, Ansaloni R, Incorvaia C, Conti A. The major allergen of peach (Prunus
persica) is a lipid transfer protein. Journal of Allergy and Clinical Immunology,
1999, 103:520—526.

28 Pastorello EA, Farioli L, Pravettoni V, Giuffrida MG, Ortolani C, Fortunato D,
Trambaioli C, Scibola E, Calamaria AM, Robino AM, Conti A. Characterization of the
major allergen of plum as a lipid transfer protein. Journal of Chromatography B,
2001, 756:95—-103.

29 Ramazzina I, Amato S, Passera E, Sforza S, Mistrello G, Berni R, Folli C. Isoform
identification, recombinant production and characterization of the allergen lipid
transfer protein 1 from pear (Pyr ¢ 3). Gene, 2012, 491: 173-181.

30 Pastorello EA, Farioli L, Pravettoni V, Ortolani C, Fortunato D, Giuffrida MG,
Perono Garoffo L, Calamari AM, Brenna O, Conti A. Identification of grape and wine
allergens as an endochitinase 4, a lipid-transfer protein, and a thaumatin LTP cross-
reacting with the peach major allergen. Journal of Allergy and Clinical Immunology,
2003, 111:350—3509.

3t Pastorello EA, Farioli L, Pravettoni V, Ispano M, Scibola E, Trambaioli C, Giuffrida
MG, Ansaloni R, Godovac-Zimmermann J, Conti A, Fortunato D, Ortolani C. The
maize major allergen, which is responsible for food-induced allergic reactions, is a
lipid transfer protein. Journal of Allergy and Clinical Immunology, 2000, 106:744—
751.

32 Palacin A, Quirce S, MD, Armentia A, Fernandez-Nieto M, Pacios LF, Asensio T,
Sastre J, Diaz-Perales A, Salcedo G. Wheat lipid transfer protein is a major allergen
associated with baker’s asthma. Journal of Allergy and Clinical Immunology, 2007,
120:1132-1138.

33 Zoccatelli G, Dalla Pellegrina C, Consolini M, Fusi M, Sforza S, Aquino G, Dossena
A, Chignola R, Peruffo A, Olivieri M, Rizzi C. Isolation and identification of two lipid
transfer proteins in pomegranate (Punica granatum). Journal of Agricultural and
Food Chemistry, 2007, 55:11057—11062.

34 Rigby NM, Marsh J, Sancho AI, Wellner K, Akkerdaas J, van Ree R, Knulst A,
Fernandez-Rivas M, Brettlova V, Schilte PP, Summer C, Pumphrey R, Shewry PR,
Mills EN. The purification and characterisation of allergenic hazelnut seed proteins.
Molecular Nutrition & Food Research, 2008, 52:251-261.

35 Bernardi ML, Giangrieco I, Camardella L, Panico MR, Zennaro D, Ferrara R,
Palazzo P, Tuppo L, Tamburrini M, Carratore V, Santoro M, Ciardiello MA, Mari A.
Biochemical and immunological characterisation of Act d 10 a lipid transfer proteins
from green kiwifruit. Clinical and Translational Allergy, 2011, 1:023.

36 Wijesinha-Bettoni R, Alexeev Y, Johnson P, Marsh J, Sancho AI, Abdullah SU,
Mackie AR, Shewry PR, Smith LR, Mills ENC. The structural characteristics of
nonspecific lipid transfer proteins explain their resistance to gastroduodenal
proteolysis. Biochemistry, 2010, 49:2130—2139.

37 van Ree R. Clinical importance of non-specific lipid transfer proteins as food

allergens. Biochemical Society Transactions, 2002, 30:910—913.
129



38 Astwood JD, Leach JN, Fuchs RL. Stability to food allergens to digestion in vitro.
Nature Biotechnology, 1996, 14:1269—1273.

39 Asero R, Mistrello G, Roncarolo D, Amato S, van Ree R. A case of allergy to beer
showing cross-reactivity between lipid transfer proteins. Annals of Allergy, Asthma
and Immunology, 2001, 87:65-67.

40 Duffort OA, Polo F, Lombardero M, Diaz-Perales A, Sanchez-Monge R, Garcia-
Casado G, Salcedo G, Barber D. Immunoassay to quantify the major peach allergen
Pru p 3 in foodstuffs. Differential allergen release and stability under physiological
conditions. Journal of Agricultural and Food Chemistry, 2002, 50:7738-7741.

41 Pastorello EA, Pompei C, Pravettoni V, Farioli L, Calamari AM, Scibilia J, Robino AM,
Conti A, Tametti S, Fortunato D, Bonomi S, Ortolani C. Lipid-transfer protein is the major
maize allergen maintaining IgE-binding activity after cooking at 100 °C, as demonstrated
in anaphylactic patients with positive double-blind, placebo-controlled food challenge
results. Journal of Allergy and Clinical Immunology, 2003, 112:775-783.

42 Pastorello EA, Vieths S, Pravettoni V, Farioli L, Trambaioli C, Fortunato D, Liittkopf D,
Calamari M, Ansaloni R, Scibilia J, Ballmer-Weber BK, Poulsen LK, Wiitrich B,
Skamstrup Hansen K, Robino AM, Ortolani C, Conti A. Identification of hazelnut major
allergens in sensitive patients with double-blind, placebo-controlled food challenge
results. Journal of Allergy and Clinical Immunology, 2002, 109:563—570.

43 Asero R, Mistrello G, Roncarolo D, Amato S, Falagiani P. Analysis of the heat
stability of lipid transfer protein from apple. Journal of Allergy and Clinical
Immunology, 2003, 112:1009 —1011.

44 Ebner C, Birkner T, Valenta R, Rumpold H, Breitenbach M, Scheiner O, Kraft D.
Common epitopes of birch pollen and apples. Studies by Western and Northern blot.
Journal of Allergy and Clinical Immunology, 1991, 88:588—595.

45 Blanco C, Carrillo T, Castillo R, Quiralte J, Cuevas M. Latex allergy: clinical features
and crossreactivity with fruits. Annals of Allergy, Asthma & Immunology, 1994,
73:309—314.

46 Fernandez-Rivas M, van Ree R, Cuevas M. Allergy to Rosaceae fruits without
related pollinosis. Journal of Allergy and Clinical Immunology, 1997, 100:728—-733.
47 Pravettoni V, Primavesi L, Farioli L, Brenna OV, Pompei C, Conti A, Scibilia J,
Piantanida M, Mascheri A, Pastorello EA. Tomato Allergy: detection of IgE-binding
lipid transfer proteins in tomato derivatives and in fresh tomato peel, pulp, and seeds.
Journal of Agricultural and Food Chemistry, 2009, 57:10749—10754.

48 Asero R, Mistrello G, Amato S. Anaphylaxis caused by tomato lipid transfer protein.
European annals of allergy and clinical immunology, 2011, 43:125-126.

49 Le LQ, Lorenz Y, Scheurer S, Fotisch K, Enrique E, Bartra J, Biemelt S, Vieths S,
Sonnewald U. Design of tomato fruits with reduced allergenicity by dsRNAi-mediated
inhibition of ns-LTP (Lyc e 3) expression. Plant Biotechnology Journal, 2006, 4:231-
242.

50 Sancho AI, Rigby NM, Zuidmeer L, Asero R, Mistrello G, Amato S, Gonzalez-
Mancebo E, Fernandez-Rivas M, van Ree R, Mills EN. The effect of thermal
processing on the IgE reactivity of the non-specific lipid transfer protein from apple,
Mal d 3. Allergy, 2005, 60:1262-1268.

51 Gaier S, Marsh J, Oberhuber C, Rigby NM, Lovegrove AL, Alessandri S, Briza P,
Radauer C, Zuidmeer L, van Ree R, Hemmer W, Sancho AI, Mills C, Hoffmann-

Sommergruber K, Shewry PR. Purification and structural stability of the peach
130



allergens Pru p 1 and Pru p 3. Molecular Nutrition & Food Research, 2008, 52:S220-
S229.

52 Cavatorta V, Sforza S, Aquino G, Galaverna G, Dossena A, Pastorello EA, Marchelli
R. In vitro gastrointestinal digestion of the major peach allergen Pru p 3, a lipid
transfer protein: molecular characterization of the products and assessment of their
IgE binding abilities. Molecular Nutrition & Food Research, 2010, 54:1—6.

53 Asero R, Mistrello G, Roncarolo D, de Vries SC, Gautier MF, Ciurana CL, Verbeek E,
Mohammadi T, Knul-Brettlova V, Akkerdaas JH, Bulder I, Aalberse RC, van Ree R.
Lipid transfer protein: a pan-allergen in plant-derived foods that is highly resistant to
pepsin digestion. International Archives of Allergy and Immunology, 2000, 122:20—
32

54 Strohalm M, Kavan D, Novak P, Volny M, Havlicek V. mMass 3: a cross-platform
software environment for precise analysis of mass spectrometric data. Analytical
Chemistry, 2010, 82:4648-4651.

55 Vassilopoulou E, Rigby N, F. Moreno FJ, Zuidmeer L, Akkerdaas J, Tassios I,
Papadopoulos NG, Saxoni-Papageorgiou P, van Ree R, Mills C. Effect of in vitro
gastric and duodenal digestion on the allergenicity of grape lipid transfer protein.
Journal of Allergy and Clinical Immunology, 2006, 118:473-480.

56 Cavatorta V, Sforza S, Mastrobuoni G, Pieraccini G, Francese S, Moneti G, Dossena
A, Pastorello EA, Marchelli R. Unambiguous characterization and tissue localization
of Pru P 3 peach allergen by electrospraymass spectrometry and MALDI imaging.
Journal of Mass Spectrometry, 2009, 44:891-897.

57 Kuppannan K, Albers DR, Schafer BW, Dielman D, Young SA. Quantification and
characterization of maize lipid transfer protein, a food allergen, by liquid
chromatography with ultraviolet and mass spectrometric detection. Analytical
Chemistry, 2011, 83:516—524.

58 Cruz LP, Ribeiro SF, Carvalho AO, Vasconcelos IM, Rodrigues R, Da Cunha M,
Gomes VM. Isolation and partial characterization of a novel lipid transfer protein
(LTP) and antifungal activity of peptides from chilli pepper seeds. Protein & Peptide
Letters, 2010, 17:311-318.

59 Marzban G, Puehringer H, Deya R, Brynda S, Ma Y, Martinelli A, Zaccarini M, van
der Weg E, Housley Z, Kolarich D, Altmann F, Laimer M. Localisation and
distribution of the major allergens in apple fruits. Plant Science, 2005, 169: 387-394.

131



Chapter V - SECTION I1

Genomics in food analysis
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1. Food authenticity

Consumers worldwide, and European ones in particular, are showing an increasing
interest in issues related to food, diet and nutrition. The globalization of food markets
implies, in fact, that consumers come into contact with a great variety of foods and that
they are more and more concerned about the origin of the food they eat. There is a
growing enthusiasm among consumers for high quality food with a clear regional identity
as a consequence of patriotism, specific culinary, organoleptic qualities or purported
health benefits associated with regional products, a decreased confidence in the quality
and safety of foods produced outside their local region, country or the EU or concern
about animal welfare and ‘environmentally friendly’ production methods.: The
determination of food authenticity is, therefore, of paramount importance in food quality
control and safety.

Food authentication is the process by which a food is verified as complying with its label
description. Therefore, labelling and compositional regulations, which may differ from
country to country, have a fundamental place in determining which scientific tests are
appropriate for a particular issue. In general, food authenticity issues fall into one of the
following categories: economic adulteration of high value foods, misdescription of the
geographical, botanical or species origin, non-compliance with the established legislative
standards and implementation of non-acceptable process practices. Labelling legislation
is there to ensure that food is properly described and ensures that correctly described
products remain available to the consumer and that consumer confidence is maintained,
which in turn ensures a market place for these foods.!

The incorrect labelling of food represents a commercial fraud, considering the consumer
acquisition. It is very important to establish that species of high commercial value
declared are not substitute, partial or entirely, by other lower value species. The
misleading labelling might also have negative implications concerning health, especially
for sensitive consumers to non-declared potential allergens. The information given to
consumers is also essential for them choosing certain foods over others. That choice
might be the reflection of lifestyles, such as vegetarianism, or religious practices, such as
Jews and Muslims, where pork meat should be absent. The recent occurrence of several
food crises has emphasized food safety and protection of consumer’s health as main
objectives for the food labelling legislation.2

Most food legislation is harmonized throughout the European Union through a number
of European Commission (EC) Directives and Regulations. The labelling of food is
subject to the general rules laid down in Council Directive 2000/13/EC. The main
provision of such Directive is to require the following particulars in the labelling of food:
the name under which a product is sold, the list of ingredients, the quantity of certain
ingredients or categories of ingredients, the net weight, and for alcoholic drinks with
more than 1.2% alcohol by volume, the alcoholic strength by volume, the date of
minimum durability i.e. ‘use by’ for those highly perishable foods from a microbiological
point of view, or ‘best before’, any special storage conditions of use, the name of business
name and address of the manufacturer, packager, or seller established within the EU,
and instructions.” Other particulars need to be given where to omit them would be
misleading to the consumer. These include any physical process such as freezing, drying
or irradiation of ingredients, and the geographical origin of the food. There is also a
requirement to declare the presence of any approved GM ingredients above 0.9% (non-
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approved are prohibited), and warn consumers of certain allergens not named in the list
of ingredients. A quantitative ingredient declaration is also required for those
ingredients highlighted in the name of the food or which consumers would associate with
the food.!

The EC also adopted special provisions as regards the protection of geographical
indications and designations of origin for agricultural products and foodstuffs. The
Council Regulation (EC) 510/2006 of 20th March 2006 establishes, in fact, the rules for
protecting designations of origin and geographical indications for agricultural products
and foodstuffs intended for human consumption. The main provision of Council
Regulation (EC) 510/2006 is to ensure that only products genuinely originating in a
specific region are allowed in commerce as such, to make Protected Designation of
Origin (PDO) and Protected Geographical Indication (PGI) symbols or indications
obligatory and to enable an easier identification of these products on the market so as to
facilitate controls.”

Issues such as tradition and identity play an important role in the perception of food
authenticity, and the paradox might occur that a food might be safer if produced with
more modern methods although the traditional method of producing the food is what
makes it authentic. In the light of serious food safety incidents relating to food
adulterations and frauds, consumers think of authentic food as being safe, and food
safety and authenticity are undoubtedly linked. Also, food authenticity is often synonym
of a positive quality even if people in general are able to recognize that non-traditional
high quality foods exist as well (e.g. probiotic yoghurts, functional foods, etc.). In
conclusion, adulteration and food fraud are without any doubt interconnected with the
concept of food authenticity, even if a more appropriate definition describes food fraud
as ‘the deliberate and illegal mislabelling of food for economic gain’.

1.1 Authenticity issue

As showed elsewhere,5 there can be many different and indeed subtle issues concerning
labelling which it may be desirable to check by performing chemical tests. However, it is
possible to classify the issues into a number of similar topics.

A common authenticity problem is for the species from which a food was made to be
misdescribed. This may take the form of substitution of one species for another with a
less commercial value, or the mixing of one species with similar material from a cheaper
species. Thus, the use of soft wheat in the Italian traditional pasta manufactured,b the
replacement of Basmati rice with cheaper long grain-varieties,” the use of non-premium
olive cultivars in the production of olive oils with certificated geographical origin,8 the
employment of cheap fruit pulps (e.g. blackberry or apple) rather than more expensive
pulps (e.g. strawberry and raspberry) as ingredients of jams, yoghurts and fruit pies and
desserts,? are all examples of misdescription.

Claims concerning the species of origin are effectively claims which concern the genetic
of the ingredients.5 The application of recent developments in DNA technology
(described further below) for authenticity testing are thus being developed and used in
order to verify the match between labelling and the presence or the absence of certain
food materials.
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2. Food traceability

Food authenticity, in general terms, is perceived as an important aspect by consumers at
an emotional level because it involves their trust in what they buy. As a consequence, it is
well controlled by food manufacturers and legislators. For this reason, traceability within
food chains is gaining in importance to the European economy, especially because
consumers exert pressure by wanting to know the provenance and authenticity of raw
materials used for the production of foods, not just the nutritional value of those foods.
In this scenario, the traceability allows to protect the consumer from possible fraud and
to preserve individual food choices. In addition, the ability to check the origin of raw
materials by using objective and scientific tools increases the value of quality
certification (such as trademarks PGI, PDO). This encourages the development of
economic marginal areas through the enhancement of local and niche products and also
provides incentives to conserve and maintain the local ecotype biodiversity, through
increased protection for authentic products.

Nowadays, the development of organisational and management systems allows the food
chain to be completely accessible and unambiguous. The instrument to ensure the full
transparency of the food chain is the food traceability, i.e., the documented identification
of incoming materials and all of the operations that contribute to the formation of the
finished product as it is sold to the consumers. It is a system that allows the consumer to
know, as quickly and as well as possible, origin and methods of production, transfer and
commercialization of food. The main purpose is to protect consumers’ health and to
assign responsibilities to those who are involved in agricultural and agro-industry
productions.

This checking policy requires the ability to track raw materials at every stage and every
step of the food chain. This was established by the Regulation 178/2000 (EC):
‘traceability means the ability to trace and follow a food, feed, food-producing animal or
substance intended to be, or expected to be incorporated into a food or feed, through all
stages of production, processing and distribution’. In practice, tracking
materials/products through a food chain means collecting data that are generated along
the path from farm to table, every time a stage production has been completed anywhere
in the chain: seed or nursery industry, farm, first processing company, enterprise
transformation, distribution and consumer.

From 1 January 2005 the European Directive 2000/13/EC and the European Regulation
178/2002 came into effect, according to which and to ensure transparency, all
production and trading companies should adopt such procedures, exposed in the
directive, in order to pinpoint the source of all the elements used in a given agro-food
production process. This means that individual companies must provide data collected
along the chain, in various stages of processing, organizing them in order to make
available to the authorities all of the information concerning the whole production
process.

The benefits of adopting a system of traceability are multiple; primarily, they can affect
both consumers, who are protected from being sold an inferior product with a false
description, and honest traders, who are protected from unfair competition, thus
increasing competitiveness and facilitating their inclusion in the certification systems.
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3. Tools for assessing food authenticity

One of the crucial point of the food traceability systems relies on the availability of
simple, reliable and efficient tools allowing the immediate identification of ingredients in
processed or composite mixtures, during any step of the food chain.

Many different chemical and biochemical techniques have been developed for
determining the authenticity of food and in recent years methods based on DNA analysis
have become more important. This is because some techniques, such as immunoassays,
work well with raw foods but lose their discrimination when applied to cooked or highly
processed food. Also many techniques do not easily distinguish between closely related
materials at the chemical level. For example, olive and hazelnut oils are similar
chemically so the usual analytical methods cannot be applied to detect the adulteration
of olive oils with hazelnut oil. Conventional chemical methods are also not always able to
detect country or region of origin of olive oil.t°

DNA provides many advantages that make it especially attractive in studies of diversity
and relationships. These advantages include: freedom from environmental and
pleiotropic effects (molecular markers do not exhibit phenotypic plasticity, while
morphological and biochemical markers can vary in different environments and are
under polygenic control); a potentially unlimited number of independent markers are
available, unlike morphological or biochemical data; DNA characters can be more easily
scored as discrete states of alleles or DNA base pairs, while some morphological,
biochemical and field evaluation data must be scored as continuously variable characters
that are less amenable to robust analytical methods;* DNA is more resilient to
destruction by food processing (particularly cooking and sterilization) than other marker
substances; DNA analysis has discriminating power because ultimately the definition of a
variety or species is dependent on the sequence of the DNA in its genome.

These advantages do not imply that other more traditional data used to characterize
biodiversity are not valuable. On the contrary, morphological, ecological and other
“traditional” data will continue to provide practical and often critical information needed
to characterize genetic resources. DNA analysis has also the great disadvantage that,
given a genetically defined material, it can not assess where it has been cultivated or the
different environmental conditions in which it has been cultivated. The same specific
variety of tomato, just to name an example, cultivated in Italy or in China, will probably
be very different, given the different environmental conditions which in turn will result
in different phenotypes, but will yield the same results at the genetic analysis. At the
same time, nucleic acid-based technologies are developing rapidly and the informed
adoption of suitable methods by the food industry has the potential to greatly simplify
methods of authentication.

3.1 DNA hybridization techniques

Initial studies using DNA to detect specific species used relatively simple methods, in
which labelled DNA probes were hybridized to samples of amplified genomic DNA
covalently attached to nylon membranes in a slot- or dot-blot format.2 This most basic
regime lacked of specificity, due to the high cross-reactivity among the DNA sequences of
related species. The use of further species-specific DNA sequence probes has
subsequently been described and the successful discrimination of meat from different
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species, even closely related such as sheep and goat, has been accomplished, both in raw
materials and in processed, heated and canned meat.13:14

Being quite cumbersome, DNA testing by hybridization has been largely replaced by
other DNA-based approaches to species identification.

3.2 DNA sequencing

DNA sequencing based techniques provide better discrimination among the different
species/varieties than crude hybridization tests.

Currently, dye-terminator sequencing technique based on the Sanger method is the
standard method in automated sequencing analysis. The basic technique related with dye
terminator sequencing and phylogenetic analysis is illustrated in Fig 1. In dye-terminator
sequencing, the four dideoxynucleotide chain terminators are labelled with fluorescent
dyes, each with a different wavelength of fluorescence emission. The different
oligonucleotides having different length are then separated by capillary electrophoresis
with fluorescence detection. The main advantages of this technique are its robustness,
automation and high accuracy (>98%). On the other hand, the limitations of this
technique include dye effects due to differences in the incorporation of the dye-labeled
chain terminators into the DNA fragment. Such incorporation of dye can result in
unequal peak heights and shapes in the electronic DNA sequence trace chromatogram
after capillary electrophoresis. Another drawback is its inability to handle long
sequences.1s
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Fig 1. Schematic diagram summarizing the sequencing of a target DNA sequence. Adapted from reference 16.

A new generation of non-Sanger based sequencing technologies has been evolving on its
promise of sequencing DNA at unprecedented speed, thereby also enabling impressive
scientific achievements and novel biological applications. These techniques are based on
complete genomes rather than just short sequences of a single gene. Briefly, the
procedure works by first capturing billions of single molecules of sample DNA on an
application-specific proprietary surface within two flow cells. These captured strands
serve as templates for the sequencing-by-synthesis. Polymerase and one fluorescently
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labelled nucleotide (C/G/A/T) are added. The polymerase catalyzes the sequence-specific
incorporation of fluorescent nucleotides into nascent complementary strands on all the
templates. After a wash step, which removes all free nucleotides, the incorporated
nucleotides are imaged and their positions are recorded. The fluorescent group is
removed in a highly efficient cleavage process, leaving behind the incorporated
nucleotide. The process continues through each of the other three bases (Fig 2). DNA
sequencing data from next generation platforms typically present shorter read lengths,
higher coverage and different error profiles compared with Sanger sequencing data.
Several software packages have been created especially to cope with the next generation
sequencing data.1s
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Fig 2. Basic workflow of next generation sequencing technique. Adapted from reference 17.

Current interest is also in the DNA barcoding, especially if applied to plants with the aim
to classify unknown plants in known classification schemes. DNA barcoding is a
technique for characterizing species of organisms using a short DNA sequence from a
standard and agreed-upon position in the genome. DNA barcode sequences are very
short relative to the entire genome and they can be obtained reasonably quickly and
cheaply.18 The success of species-level assignment of plants using Basic Local Alignment
Search Tool (BLAST) with individual barcodes has already obtained with different
species, such as woody trees, shrubs and palms.’9 There are some limitations which
hamper the wide spread use of DNA barcode. First of all, a DNA sequencing- based
identification system can work only if every species to be identified has its own
sequences annotated in databases. An incomplete database, in fact, will allow to
determine if the unknown sequence is different from those already known, but it will not
imply the definitive identification of a species or its affiliation to a new species.2°
Secondly, in order that the molecular approach is fulfil, the discrimination between
intra- and inter-specific variability must be accomplished.

Limitations aside, DNA barcoding has many chances to be applied in the field of
biological systematic, as a tool in diagnosis and food traceability, and for the
phylogenesis analysis.
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3.3 DNA molecular markers

During the last few decades, the use of molecular markers, revealing polymorphisms at
the DNA level, has been playing an increasing part in the field of food identification, to
prevent the adulteration of target plant with other plant species. Due to the rapid
developments in the field of molecular genetics, varieties of different techniques are now
available, differing in genomic abundance, level of polymorphism detected, locus
specificity, reproducibility, technical requirements and financial investment.

A molecular marker is a DNA sequence that is readily detected and whose inheritance
can be easily monitored. The uses of molecular markers are based on the naturally
occurring DNA polymorphism, which forms basis for designing strategies to exploit for
applied purposes. A marker must be polymorphic, i.e. it must exit in different forms so
that chromosome carrying the mutant genes can be distinguished from the chromosomes
with the normal gene by a marker it also carries. Genetic polymorphism is defined as the
simultaneous occurrence of a trait in the same population of two discontinuous variants
or genotypes. DNA markers seem to be the best candidates for efficient evaluation and
selection of plant material. Unlike protein markers, DNA markers segregate as single
genes and they are not affected by the environment. DNA is easily extracted from plant
materials and its analysis can be cost and labour effective.1

An ideal molecular marker must have some desirable properties. For example, it must be
high polymorphic, as it is polymorphism that is measured for genetic diversity studies; it
should have a codominant inheritance, allowing the determination of homozygous and
heterozygous states of diploid organisms; an ideal marker should be evenly and
frequently distributed throughout the genome; it should be easy, fast and cheap to detect
by means of easy and fast assays, providing high reproducibility even between different
laboratories.

It is extremely difficult to find a molecular marker, which would meet all the above
criteria. A wide range of molecular techniques is available that detects polymorphism at
the DNA level. Various types of molecular markers are utilized to evaluate DNA
polymorphism and are generally classified as hybridization-based markers and
polymerase chain reaction (PCR)-based markers. In the former, DNA profiles are
visualized by hybridizing the restriction enzyme-digested DNA, to a labelled probe,
which is a DNA fragment of known origin or sequence. PCR-based markers involve in
vitro amplification of particular DNA sequences or loci, with the help of specifically or
arbitrarily chosen oligonucleotide sequences (primers) and a thermostable DNA
polymerase enzyme. The amplified fragments are separated electrophoretically and
banding patterns are detected by different methods such as staining and
autoradiography. This technique presents a high potential due to its fastness, simplicity
sensibility and specificity.:

There are several technical considerations specific to the use of PCR for amplifying DNA
derived from food. First, in many instances the test samples will be highly processed and
might have been heated to temperatures over than 100 °C to cook or sterilize them. This
results in DNA degradation and so PCR primers should be designed to amplify fragments
of 200 bp or less.2t Second, across the spectrum of foodstuffs to be examined, many
different food matrices will be encountered including those high in oils, fats, vegetable
material, animal tissue and various additives and fillers. The test sample might contain
only raw ingredients or some or all of the components might have been milled, boiled,
dried and so on. This means that DNA extraction procedures have to be optimized before
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analysis begins, in order to ensure that sufficient test DNA is extracted and that
inhibitors of the PCR are reduced or eliminated. To date, no single extraction method
has proved useful with all the different matrices encountered. This problem is made
more acute because quantification of the amounts of DNA from each species present
often is required.

3.3.1 Restriction Fragment Length Polymorphism (RFLP)

Restriction Fragment Length Polymorphism (RFLP) is a technique in which organisms
may be differentiated by analysis of patterns derived from cleavage of their DNA. If two
organisms differ in the distance between sites of cleavage of particular restriction
endonucleases, the length of the fragments produced will differ when the DNA is
digested with a restriction enzyme. Size fractionation is achieved by gel electrophoresis
and, after being transferred to a membrane by Southern blotting, fragments of interest
are identified by hybridization with radioactive labelled probe (Fig 3). The similarity of
the patterns generated can be used to differentiate species from one another. Such a
polymorphism can be used to distinguish plant species, genotypes and, in some cases,
individual plants.22 They have their origin in the DNA rearrangements that occur due to
evolutionary processes, point mutations within the restriction enzyme recognition site
sequences, insertions or deletions within the fragments, and unequal crossing over.23
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Fig 3. Schematic representation of RFLP technique.

RFLPs are generally found to be moderately polymorphic. In addition to their high
genomic abundance and their random distribution, RFLPs have the advantages of
showing codominant alleles and having high reproducibility. They are very reliable
markers in linkage analysis and breeding and can easily determine if a linked trait is
present in a homozygous or heterozygous state. On the other side, the utility of RFLPs
has been hampered due to the large quantities (1—10 pg) of purified, high molecular
weight DNA required for each DNA digestion and Southern blotting. The requirement of
radioactive isotope makes the analysis relatively expensive and hazardous. The assay is
time-consuming and labour-intensive and only one out of several markers may be
polymorphic. Despite these limitations, RFLPs have been applied in diversity and
phylogenetic studies ranging from individuals within populations or species, to closely
related species.!* RFLPs have been widely used in gene mapping studies because of their
high genomic abundance.24 They also have been used to investigate relationships in the
tomato genus Lycopersicon,?s as fingerprinting tool,26 and for diversity studies.2”
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3.3.2 Random Amplified Polymorphic DNA (RAPD)

RAPD is a PCR-based technology. The method is based on enzymatic amplification of
target or random DNA segments with arbitrary primers. In 1990 Welsh and McClelland
developed a new PCR-based genetic assay namely randomly amplified polymorphic DNA
(RAPD).28 This procedure detects nucleotide sequence polymorphisms in DNA by using a
single primer of arbitrary nucleotide sequence. In this reaction, a single species of primer
anneals to the genomic DNA at two different sites on complementary strands of DNA
template. If these priming sites are within an amplifiable range of each other, a discrete
DNA product is formed through thermo cyclic amplification. Amplified products are
separated on agarose gels in the presence of ethidium bromide and view under
ultraviolet light and presence and absence of band will be observed (Fig 4).
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Fig 4. The principle of RAPD-PCR technique. Arrows indicate primer annealing sites. Adapted from reference
29.

On an average, each primer directs amplification of several discrete loci in the genome,
making the assay useful for efficient screening of nucleotide sequence polymorphism
between individuals. These polymorphisms are considered to be primarily due to
variation in the primer annealing sites, but they can also be generated by length
differences in the amplified sequence between primer annealing sites. The main
advantage of RAPDs is that they are quick and easy to assay. Because PCR is involved,
only low quantities of template DNA are required. Since random primers are
commercially available, no sequence data for primer construction are needed. Moreover,
RAPDs have a very high genomic abundance and are randomly distributed throughout
the genome. They are dominant markers and hence have limitations in their use as
markers for mapping. The main drawback of RAPDs is their low reproducibility. Besides,
RAPD analyses generally require purified, high molecular weight DNA, and precautions
are needed to avoid contamination of DNA samples because short random primers are
used that are able to amplify DNA fragments in a variety of organisms. Finally, RAPD
markers are not locus-specific, and band profiles can not be interpreted in terms of loci
and alleles (dominance of markers).r RAPD markers have been employed for the
construction of intra-specific tomato genetic map,3° and for the assessment of
phylogenetic diversity and relationships of some tomato varieties.3!
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3.3.3 Amplified Fragment Length Polymorphism (AFLP)

AFLP is a DNA fingerprinting technique, which detects DNA restriction fragments by
means of PCR amplification. It involves the restriction of genomic DNA, followed by
ligation of adaptors complementary to the restriction sites and selective PCR
amplification of a subset of the adapted restriction fragments. These fragments are
viewed on denaturing polyacrylamide gels either through autoradiographic or
fluorescence methodologies.32 The PCR primers consist of a core sequence (part of the
adapter), and a restriction enzyme specific sequence and 1—5 selective nucleotides (the
higher the number of selective nucleotides, the lower the number of bands obtained per
profile). The AFLP banding profiles are the result of variations in the restriction sites or
in the intervening region (Fig 5).
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Fig 5. A schematic flow chart showing the principle of the AFLP method. Adapted from reference 33.

The strengths of AFLPs lie in their high genomic abundance, considerable reproducibility
and automatism, the generation of many informative bands per reaction, their wide
range of applications, and the fact that no sequence data for primer construction are
required. On the other side, AFLP method suffers from the need for purified, high
molecular weight DNA and the dominance of alleles, which does not allow the
discrimination between the homozygous and the heterozygous genotype.!* AFLPs have
been applied in studies involving the construction of an intraspecific map of the tomato
genome,34 and for the identification of markers linked to a tomato gene resistance.35

3.3.4 Minisatellites (VNTRs and HVRs)
The term minisatellites was introduced by Jeffrey in 1985. These loci contain tandem
repeats that vary in the number of repeat units between genotypes and are referred to as
variable number of tandem repeats (VNTRs) (i.e. a single locus that contains variable
number of tandem repeats between individuals) or hypervariable regions (HVRs) (i.e.
numerous loci containing tandem repeats within a genome generating high levels of
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polymorphism between individuals).3¢ They consist of chromosomal regions containing
tandem repeat units of a 10—50 base motif, flanked by conserved DNA restriction sites.
Locus specific probes can be developed by molecular cloning of DNA restriction
fragments, subsequent screening with a multilocus minisatellite probe and isolation of
specific fragments (Fig 6). Variation in the number of repeat units, due to unequal
crossing over or gene conversion, is considered to be the main cause of length
polymorphisms. Due to the high mutation rate of minisatellites, the level of
polymorphism is substantial, generally resulting in unique multilocus profiles for
different individuals within a population.
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Fig 6. The principle of VNTR technique. Arrows indicate restriction recognition sites.

The main advantages of minisatellites are their high level of polymorphism and high
reproducibility while they hold the disadvantages of RFLPs, due to the high similarity in
methodological procedures. Moreover, highly informative profiles are generally observed
due to the generation of many informative bands per reaction. In that case, band profiles
can not be interpreted in terms of loci and alleles.

Concerning the application of VNTR markers for the characterization of tomato genome,
several studies showed the (GATA), motif as the one with the high polymorphic
power,37:38 although it is not uniformly spread all along the genome. Other polymorphic
motives along the tomato genome have been found, such as (GGAT),, (CCTA), and
(CA)s.38 The origin and the function of these motives have not been disclosed, yet,
although they can contribute to the polymorphisms. Recent experiments of FISH
(Fluorescent In Situ Hybridization) showed that they are mainly placed in the
pericentromeric heterochromatin and in the NOR regions.39

3.3.5 Microsatellites or Simple Sequence Repeat (SSR)
They are sections of DNA, consisting of repeating mono-, di-, tri-, tetra- or penta-
nucleotide units in tandem that are arranged throughout the genomes of most eukaryotic
species.4© Microsatellite markers, developed from genomic libraries, can belong to either
the transcribed region or the non transcribed region of the genome, and rarely is there
information available regarding their functions. Microsatellites, like minisatellites,
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represent tandem repeats, but their repeat motifs, or core, are shorter (1—6 base pairs). If
nucleotide sequences in the flanking regions of the microsatellite are known, specific
primers (generally 20—25 bp) can be designed to amplify the microsatellite by PCR (Fig

7).
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Fig 7. Representation of a CTT (tri-nucleotide) microsatellite and flanking region and the detection method.
Arrows indicate positions of PCR primers. Two length variants are shown (A and B). Adapted from reference
41.

Polymerase slippage during DNA replication, or slipped strand mispairing, is considered
to be the main cause of variation in the number of repeat units of a microsatellite,
resulting in length polymorphisms that can be detected by gel electrophoresis or
capillary electrophoresis.

The strengths of microsatellites include the codominance of alleles, their high genomic
abundance in eukaryotes and their random distribution throughout the genome. Because
the technique is PCR-based, only low quantities of template DNA (10-100 ng per
reaction) are required. Due to the use of long PCR primers, the reproducibility of
microsatellites is high and analyses do not require high quality DNA. One of the main
drawbacks of microsatellites is that high development costs are involved if adequate
primer sequences for the species of interest are unavailable. Although microsatellites are
in principle codominant markers, mutations in the primer annealing sites may result in
the occurrence of null alleles (no amplification of the intended PCR product), which may
lead to errors in genotype scoring. A very common observation in microsatellite analysis
is the appearance of stutter bands that are artefacts in the technique that occur by DNA
slippage during PCR amplification. These can complicate the interpretation of the band
profiles because size determination of the fragments is more difficult and heterozygotes
may be confused with homozygotes.

Microsatellite sequences are especially suited to distinguish closely related genotypes;
because of their high degree of variability, they are, therefore, favoured in population
studies and for the identification of closely related cultivars.

Concerning tomato, despite its low level of genetic diversity, SSRs can be highly
informative and represent a powerful tool for variety discrimination.4243.44 Moreover,
several studies have found that genic SSRs are useful for estimating genetic diversity
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within tomato collection,4546 and a very useful tool to trace tomato cultivars in tomato
food chains.47

3.3.6 Cleaved Amplified Polymorphic Sequence (CAPS)
CAPS are DNA fragments amplified by PCR using specific 20—25 bp primers, followed by
digestion of the PCR products with a restriction enzyme. Subsequently, length
polymorphisms resulting from variation in the occurrence of restriction sites are
identified by gel electrophoresis of the digested products (Fig 8). CAPS have also been
referred to as PCR-Restriction Fragment Length Polymorphism (PCR-RFLP).

T :

*

AB
—
— «—
-+ * -+

*

Fig 8. A schematic representation showing the principle of the CAPS method. Arrows indicate positions of
PCR primers.

Advantages of CAPS include the involvement of PCR requiring only low quantities of
template DNA (50-100 ng per reaction), the codominance of alleles and the high
reproducibility. Compared to RFLPs, CAPS analysis does not include the laborious and
technically demanding steps of Southern blot hybridization and radioactive detection
procedures. In comparison with RFLP analysis, CAPS polymorphisms are more difficult
to find because of the limited size of the amplified fragments (300—-1800 bp vs 0.5-3.0 kb
in size of RFLPs).ut

Due to their suitability, CAPS markers have been deeply employed in tomato for gene
mapping studies,4849 especially those associated to resistance factors,5°:5t for breeding
purpose,52 and for the distinction of closely related tomato accessions.43

3.3.7 Sequence Characterized Amplified Region (SCAR)

SCARs are DNA fragments amplified by the PCR using specific 15-30 bp primers,
designed from nucleotide sequences established from cloned RAPD fragments linked to a
trait of interest (Fig 9). By using longer PCR primers, SCARs do not face the problem of
low reproducibility generally encountered with RAPDs. Length polymorphisms are
detected by gel electrophoresis.s3

The main advantage of SCARs is that they are quick and easy to use. In addition, SCARs
have a high reproducibility and are locus-specific. Due to the use of PCR, only low
quantities of template DNA are required (10—100 ng per reaction). The main drawback
includes the need for sequence data to design the PCR primers and the need to clone the
sequence to be amplified, which can be cost and time-dispending.
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Fig 9. A schematic representation showing the principle of the SCAR method.

As for the CAPS markers, SCARs are locus specific and have been applied in tomato gene
mapping,5455 and for marker assisted selection.5¢

3.4 Single Nucleotide Polymorphism (SNP)

In recent years, there has been emphasis on the development of newer and more efficient
molecular marker systems involving inexpensive non gel-based assays with high
throughput detection systems. Availability of single nucleotide polymorphism is one such
development that will be addressed in this paragraph.

Single nucleotide polymorphism (SNP) is a DNA sequence variation occurring when a
single nucleotide (A, T, G or C) differs among members of a species. SNP is the most
abundant marker system both in animal and plant genomes.

The extraordinary abundance of SNPs largely makes them the most attractive molecular
marker system developed so far. In plant systems, the SNPs seem to be more abundant
than even those in the human genome, so that in preliminary studies conducted in
wheat, one SNP per 20 bp,57 and in the maize genome, one SNP per 70 bp,58 have been
recorded in certain regions of these genomes. SNPs may be found both in the non-
repetitive coding or regulatory sequences and in the repetitive non-coding sequences.
When present in the coding sequences, they may or may not determine the mutant
phenotype, but will show 100% association with the trait and will therefore, be very
useful, both for MAS (Marker-Assisted Selection) and for gene isolation. In tomato, the
frequency of SNP has been estimated to be relatively lower, one SNP per 4000-8500 bp
in coding regions:59 the paucity of SNPs in tomato ESTs may due to the low level of
polymorphism, well know in tomato species, and to a limited genotype sampling in the
databases. On the other side, tomato genetic variability has been showed to be higher in
non-coding sequences (non translated regions and introns), where polymorphisms are
better tolerated than in coding regions.s9 This implies that the analysis of non coding
regions may be a precious tool for the detection of diversity among tomato varieties.

3.4.1 Methods used for discovery and identification of new SNPs
RFLPs, RAPDs and SSRs which were the markers of choice during the last two decades,
need gel-based assays and are, therefore, time consuming and expensive. Therefore,
emphasis is now shifting towards the development of SNP molecular markers, which can
be detected through non gel-based assays and which allow a high-throughput in the
amount of data.
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Locus specific-PCR amplification

In this approach, locus specific PCR primers are synthesized from the available genomic
sequences and PCR amplification is undertaken using DNA samples from several
individuals. PCR amplified products are sequenced and sequence differences are used for
discovery of new SNPs. Since prior sequence information is necessary, the method can be
used only for genomic regions with known sequences.®

Alignment among available genomic sequences

The development of SNPs involving non gel-based assays has recently been facilitated by
the availability of genome-wide sequences and EST databases. Alignment of genomic and
EST sequences is the most convenient method for discovery of SNPs, if genomic/EST
sequences from a heterozygote or from more than one individuals of the same species are
available in the databases. The alignment of sequences is automated through computer
software, and will allow detection of SNPs in a cost-effective manner. However, a
comparison of genomic sequences will detect SNPs, both in coding and non-coding
regions, while that of ESTs will detect SNPs only in the coding region. Sequences
experimentally obtained from a shotgun library may also be aligned to available genomic
sequences to discover new SNPs.60

Whole genome shotgun sequences

In this approach, random clones from the genomic library prepared from a mixture of
DNA from several individuals are sequenced. This should require several fold coverage of
the whole genome before SNPs can be detected by alignment of sequences belonging to
the same locus.®

Overlapping regions in BACs and PACs

This is one of the common methods for the detection of SNPs in organisms that have
been used for genome sequencing (e.g. Arabidopsis, rice). Since the overlapping
sequences from BACs/PACs (bacterial/P1 artificial chromosomes) may be derived from
genomes of different individuals, an SNP in the overlapping region can be detected by a
mismatch.6!

3.4.2 Methods used for genotyping individuals at SNP loci
A number of methods for SNP genotyping are now available, relying on the ability to
distinguish a perfect match from a single base mismatch. The instrumentation and the
techniques which recently became available, are allowing accurate genotyping of
individual plants. The assays used for SNP genotyping can be broadly classified into two
groups, the gel-based assays and the non gel-based assays, the latter being preferred in
most laboratories to economize on time and money.

Gel-based assays for SNP detection

RFLP, AFLP and CAPS-based assay: the presence of SNPs can be detected by RFLP,
AFLP or CAPS conducted on PCR products, whenever such SNP generates or destroys a
specific restriction site for an enzyme. The PCR product in this method is subjected to
restriction digestion with individual enzymes to detect differences in patterns, which will
be due to changes in the restriction sites.¢°
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Single-strand conformation polymorphism: single-strand conformation polymorphism
(SSCP) technology allows detection of polymorphism due to differences of one or more
base pairs in the PCR products and is therefore suitable for SNP detection. The technique
relies on the secondary structure being different for single strands derived from PCR
products that differ by one or more nucleotides at an internal site. In order to detect
SNPs by this method, PCR product carrying the SNP site is denatured and
electrophoretically separated in neutral acrylamide gel (Fig 10).62 Any difference between
the wild strain and a mutant genotype will suggest the presence of SNP.
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Fig 10. A schematic representation showing the principle of the SSCP method.

Allele-specific amplification for SNP genotyping: SNPs can also be detected by designing
allele-specific primers for individual SNP sites. Different fluorochromes are attached at
the 5° ends and the polymorphic nucleotides are attached at the 3’ ends of the two
primers. These allele-specific primers, when used for PCR with pre-amplified DNA as the
template, the amplified product will be allele-specific and could be identified either on
polyacryamide gel or on an automatic sequencer (Fig 11).%

QOrganisml1. 5-AAGG TCTT AACC TATT AAC GGA-3 |
3 TTCCAGAA TTGG ATAA TTG CCT-%
8NP

Organism 2. 5-AAGG TCTT AACC TATT AAC [T| GGA-3
3- TTCCAGAA TTGG ATAA TTG |A|] CCT-5

Primeranneal
[GG ATAA TTG
5-AAGG TCTT AACC TATT AAC CFEGAG —
ddGTP T snp

ddCTP Extention of the primer by one nucleotide

dduTe (addition of a single ddNTP to its 3" end)
ddATP

Fluorescently
labeled ddNTPs

TTGG ATAA TTG G
5-AAGG TCTT AACC TATT AAC C GGA-¥

! Electrophoresis

Fig 11. A flow-chart showing the basic principle of allele-specific amplification for SNP genotyping. Adapted
from reference 64.

Mismatch at 3’ end leading to failure in PCR reaction: if SNP is present at the 3’ end of
an amplicon template, it can be detected simply by the failure of amplification due to
mismatch between the primer sequence and the binding site in the template, although it
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may be difficult to distinguish this failure of PCR due to SNP from PCR failure due to
other reasons.®

Non gel-based assays for SNP detection

TagMan assay: in an assay described as TagMan, an oligonucleotide TagMan probe is
labelled with a fluorescent reporter molecule (e.g. FAM or VIC) at the 5’ end and a
quencher (e.g. TAMRA) at the 3’ end. The probe on hybridization to the template DNA is
degraded at its 5” end due to exonuclease activity of Taq polymerase (TagMan), so that
the reporter is released leading to a rise in fluorescence signal (Fig 12).
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Fig 12. A schematic representation showing the principle of the TagMan method.

However, when due to the presence of an SNP, the probe mismatches with the template
leading to failure in duplex formation, no such degradation at the 5’ end of the probe is
possible and there is no rise in fluorescence signal.®’

Molecular beacons: molecular beacons are allele-specific hairpin-shaped oligonucleotide
hybridization probes that become fluorescent upon target binding.66

The probe (molecular beacon) will be specific for the target SNP sequence, and the
sequences at its two ends will be complementary to each other. The two ends of the
oligonucleotide are labelled just like the oligonucleotide probe used in TagMan assay.
The probe in isolation (when not forming a duplex with the target DNA) generates a
hairpin structure due to self-annealing of its two ends, thus quenching the reporter. But
when the probe anneals with the template, it gets linearized, thus separating the reporter
from the quencher and permitting fluorescence signal (Fig 13).
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Fig 13. Diagrammatic representation of the operation of molecular beacons. Adapted from reference 67.
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Several molecular beacons, each designed to use a different target and labelled with a
different fluorophore, can be used to distinguish multiple targets in the same reaction
mix.67

Oligonucleotide ligation assay: in this approach, two independent probes (one is 5
biotinylated and the other 3’ fluorescent-labelled) are used for hybridization with PCR
product, so that when the probe matches the product, the two probes anneal with the
PCR product and undergo ligation resulting in an oligonucleotide which is biotinylated at
the 5° end and fluorescent-labelled at the 3’ end.6® The ligation product, which is
fluorescent labelled at the 3’ end, is captured on a solid streptavidin-coated matrix due to
biotinylation at its 5° end, and the signal is detected by autoradiography (Fig 14).
However, when there is a mismatch due to the presence of SNP, fluorescent-labelled and
biotinylated oligonucleotides are unable to ligate, so that the oligonucleotides captured
by streptavidin, carry no signal.
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Fig 14. Diagrammatic representation of the oligonucleotide ligation assay depicting gene detection through
ligation of hybridized oligonucleotide probes. Adapted from reference 68.

DNA chips and microarrays: DNA chips and microarrays of immobilized
oligonucleotides of known sequences, which differ at specific sites of individual
nucleotides (at the site of SNP), can also be used for detection of SNPs. The technique is
actually suitable to score several SNPs in parallel from each sample in a multiplexed
fashion. Four oligonucleotides in a column of an array will differ only at the SNP site and
only one will be fully homologous. When such an array is hybridized with biotinylated
PCR product, the perfect match will allow binding and mismatched products will be
washed away. The perfect match in each case can be detected through a detection
system.69

Nowadays, the development of new high performance probes, analogues of DNA, has
allowed the improvement of such a method. Such a probe, named Peptide Nucleic Acid
(PNA) has several advantages which bypass many problems often encountered when
using oligonucleotide probes: higher affinity and selectivity towards the complementary
DNA sequences, outstanding chemical and biological stability, higher independence of
hybridization from environment conditions (pH, ionic strength), easiness of
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functionalization in order to obtain the desired chemical, physical or biological
characteristics.7°

The selectivity of the probes can be further increased by using modified PNA
monomers.”? One of the most efficient modifications was the introduction of PNA
monomers derived from chiral amino acids with positively charged side chains (chiral
PNAs),7273 which were shown to be selective in recognition of single point mutations
with different techniques.74.75

Dynamic allele-specific hybridization: this technique is based on the differences in
melting temperatures between duplexes resulting due to perfect match and mismatch
between the PCR product and an allele-specific oligonucleotide, 15—21 bases long.7¢ The
differences in the melting temperatures are detected by the use of a dye, which
intercalates in a duplex DNA molecule and emits fluorescence. For PCR amplification,
two primers are used, one of which is biotinylated to allow immobilization of the PCR
product on a solid support. The immobilized PCR product is denatured, so that only
biotinylated single-stranded DNA is retained on the solid support and the other strand is
washed away. The biotinylated single-stranded DNA on the solid support is then
hybridized to allele-specific oligonucleotide probe containing the SNP site. The duplex
formed with the probe is detected by a low-cost fluorescent intercalating dye specific for
double-stranded DNA (Fig 15). The dye emits fluorescence proportionate to the amount
of double stranded DNA produced due to probe—target hybridization. When this hybrid
duplex is denatured steadily by increasing temperature, the melting can be followed by
the reduction in the above fluorescence. A rapid and sudden fall in fluorescence indicates
the melting temperature (T7) of the duplex. A single base mismatch results in a dramatic
lowering of this melting temperature, thus permitting detection of SNP.

solid support probe hybridization
probe ¥ intercalating dye

T

fluorescence emitted by the dye

read fluorescence for Tm, while heating

denatured duplex with reduced fluorescence
(observed Tms distinguish target sequences)

Fig 15. Diagrammatic representation of the dynamic allele-specific hybridization, used for SNP genotyping.
Adapted from reference 76.

Temperature modulated heteroduplex analysis usin dHPLC WAVE™ system: SNP
detection sometimes requires screening for a sequence variant without any a priori
knowledge of the exact location of a mutation in a given sequence. This will be possible if
the wild type DNA sample is available for comparison with SNP mutant. For this

purpose, denaturing high pressure liquid chromatography (dHPLC) has been used,
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where each SNP yields a unique chromatography pattern with temperature modulated
heteroduplex analysis or chromatography. The characteristic chromatography pattern
can be used not only to identify a novel sequence variant, but also as a diagnostic tool, if
an SNP is already characterized. It has been shown that this approach has extraordinary
sensitivity to distinguish heteroduplexes from homoduplexes with perfect accuracy, and
it is this property which has been utilized for SNP detection.t°

Individuals which are heterozygotes for SNP will have 1:1 ratio of wild type and variant
DNA, so that the PCR products will also have 1:1 ratio of wild type and variant sequence.
In case of homozygous mutant, the DNA will have to be mixed with wild type PCR
amplified DNA. In either case, the mixture of wild type and variant DNA is heated and
cooled again, so that the sample will then have a mixture of homo- and heteroduplexes.
The heteroduplexes partially denature due to single base pair mismatch and can then be
distinguished from corresponding homoduplexes by ion-pair reversed phase liquid
chromatography (Fig 16).
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Fig 16. Diagrammatic representation of the principle involved in temperature modulated heteroduplex
analysis using dHPLC.

Pyrosequencing for SNP genotyping: Pyrosequencing is actually a new sequencing
method for obtaining sequences of short DNA segments (up to ~20 nucleotides). The
method relies on step-wise addition of individual ANTP (with simultaneous release of
pyrophosphates, i.e. PPi) and monitoring their template guided incorporation into the
growing DNA chain via chemiluminescent detection of the formation of
pyrophosphate.”7.78 Incorporation of a nucleotide into DNA will be possible, only if it is
complementary to the next base in the template strand and the quantity incorporated
will depend on the number of one or more consecutive complementary bases.
Unincorporated dNTP is degraded using the enzyme apyrase. Pyrophosphate released is
utilized to convert 5° amino phosphosulfurate (APS) into ATP with the help of the

enzyme ATP sulfurylase, and the ATP produced drives luciferase mediated conversion of
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luciferin into oxyleciferin, generating light. The light produced is proportionate to ATP
produced, which in its turn will be directly proportionate to the ANTP consumed. The
emitted light is detected by a CCD camera and seen in a program as a peak, whose height
will tell us about the number of molecules of ANTP incorporated (Fig 17).
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Fig 17. A schematic representation showing the principle of the Pyrosequencing method.

Invasive cleavage assay — A non-PCR assay: PCR does have significant limitations,
when used in a high throughput approach, so that approaches involving simpler and
more direct analysis of DNA without prior PCR amplification have been developed. One
such approach employs ‘invasive cleavage assay’ for nucleic acids and a MALDI-TOF-MS
detection system.”9 The invasive cleavage assay involves hybridization of genomic DNA
with two sequence-specific oligonucleotides, one termed the invader oligonucleotide, and
the other termed the probe oligonucleotide. The invader oligonucleotide has a sequence
homology with a segment of genomic DNA upstream of the SNP site. The probe
oligonucleotide, on the other hand, has a segment at its 3’ end that is homologous to the
target DNA, and another segment at its 5° end, that has no homology with the target
DNA. On hybridization, a duplex is formed between the homologous segment of the
probe oligonucleotide and the target DNA. The invader oligonucleotide now invades into
the duplex for at least one nucleotide, thus forming an overlap at this point of invasion.
The flap endonucleases cleave the unpaired region (including the overlap) available on
the 5’ end of the probe, resulting in a 3’-hydroxyl DNA cleavage product (Fig 18).
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Fig 18. A schematic representation showing the principle of the Invader assay. Adapted from reference 80.
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4. Conclusive remarks

Food authenticity is presently a subject of great concern to food authorities, as the
incorrect labelling of foodstuff can represent a commercial fraud. Among many labelling
declarations which claim ‘quality’ characteristic of a given food most concern varieties of
vegetables used as ingredients. Their identity in processed or composite mixtures is not
always readily apparent and verification that the components are authentic and from
sources acceptable to the consumer may be required. In this scenario, DNA molecular
markers have been proved to be indispensable tools for traceability purpose, due to the
high stability of DNA compared with proteins, even in the hostile environments applied
during many processing steps used for food production, and also to their presence in
most biological tissue.8* Nowadays, a variety of DNA-based methods is potentially
available for use in food authentication, varying in their complexity and cost. Among
these, SNPs have emerged as the new generation of molecular markers, which have
already been developed in a large number of crop plant genome, not only for studies
involving associations with a number of traits of economic value, but also for the study of
genetic diversity and variety identification. Enormous genomic and cDNA sequence data
that are accumulating in the databases will be extremely useful in future for discovery of
new SNPs. A number of gel-based and non gel-based methods will also be used for
detection of already characterized SNPs and for genotyping of populations at these SNP
sites.®” The genetic variation due to the alternation of single nucleotide allows easy
comparisons between the results collected by different laboratories using different
chemicals and technologies, without the needs of extensive controls. Finally, the
availability of emergent technologies, such as microarrays, coupled to the development
of new high performance probes, such as PNA, represents a high potential due, not only
to their easiness, speed and specificity, but also to their miniaturised and automated
nature, which makes them suitable for a great number of targets. Thus, these new
technologies are promising tools for multiple species identification in complex matrices,
answering to the constant needs for food fraud detection and quality assessment.
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genotyping: evaluation of ‘chiral box’

PNA affinity and selectivity in solution

and on microarrays
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1. Introduction

In the field of the molecular probes concerning food analysis, Peptide Nucleic Acids
(PNAs) can be considered very promising tools in DNA detection, due to their unique
properties.

PNAs are synthetic DNA analogues in which the phosphodiester backbone is replaced by
a flexible pseudopeptide, made of repetitive units of N-(2-aminoethyl) glycine to which
the purine and pyrimidine bases are attached via a methyl carbonyl linker.* Since in the
PNA structure the backbone length and the distance of the nucleobases from the
backbone are the same as in natural DNA, PNAs can bind complementary DNA or RNA
sequences, following standard Watson-Crick rules.z2

Unlike DNA and RNA, the PNA backbone is not charged. Consequently, there is no
electrostatic repulsion when PNA hybridizes to its target nucleic acid sequences, giving a
higher stability to the PNA-DNA or PNA-RNA duplexes than the natural homo- and
heteroduplexes. This great stability also results in a higher thermal melting temperature
(T},) values as compared to DNA-DNA and DNA-RNA duplexes.3

N-terminus 3.end

Hy

C-terminus Protein

Fig 1. Chemical structures of PNA as compared to DNA and protein. The backbone of PNA displays 2-
aminoethyl glycine linkages in place of the regular phosphodiester backbone of DNA, and the nucleotides
bases are attached to this backbone at the amino-nitrogens through methylene carbonyl linkages. The amide
bond characteristic for both PNA and protein is boxed in. By convention, PNAs are depicted like peptides,
with the N-terminus at the left (or at the top) position and the c-terminus at the right (or at the bottom)
position. PNAs hybridize to complementary DNA or RNA sequences in a sequence-dependant manner,
following the Watson—Crick hydrogen bonding scheme. PNAs can bind to complementary nucleic acids in
both parallel and anti-parallel orientation, which is illustrated in this figure. The Watson—Crick hydrogen

« »

bonds are indicated by “...”. Adapted from reference 4.

An additional consequence of the neutral polyamide backbone is that PNAs hybridize
independently of the presence of salts, which are necessary to attenuate electrostatic
repulsions in DNA duplex. Indeed, PNA-DNA binding can be efficiently achieved even
under very low salt concentrations, a condition that promotes the destabilization of RNA
and DNA secondary structures, improving access to target sequences and facilitating the
hybridization with the PNAs.5 The unnatural backbone of PNAs also means that PNAs
are particularly resistant to protease and nuclease degradation.® Because of this
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resistance to the enzymatic degradation, the lifetime of PNAs is extended in biological
fluids, both in vivo and in vitro.

As already said, PNAs hybridize to complementary DNA or RNA in a sequence dependant
manner but, in contrast to DNA, PNA can bind in either parallel (N-terminus of PNA
facing the 5°-end of DNA) or anti-parallel (N-terminus of PNA facing the 3’-end of DNA)
fashion, both adducts being formed at room temperature, with the anti-parallel
orientation showing higher stability.” These data indicate that PNA backbone is more
flexible than native nucleic acid backbone. Actually, the ability of PNAs to strongly bind
DNA has been interpreted as a result of the “constrained flexibility” in its structure, since
too flexible, as well as too rigid, analogs showed very poor binding properties.

Also, PNA-DNA hybridization is significantly more affected by base mismatches than
DNA-DNA hybridization. It has been shown that a single mismatch in a mixed PNA—
DNA 15-mer duplex decreases the T, by up to 15 °C, whereas in the corresponding DNA—
DNA complex, a single mismatch decreases the T}, by only 11 °C.8 Due to this selectivity
and specificity which allow a high level of discrimination at single base level, PNA probes
represent a reliable tool for an easy detection of single mutations and single nucleotide
polymorphisms.9

Introduction of different functional groups with different charges/polarity/flexibility has
been described, giving rise to modified PNAs. In particular, the role of chirality in these
compounds has been deeply investigated by using modified PNAs with stereogenic center
either in the C2 or in the C5 carbon position of the backbone or in both, by inserting
aminoacid-derived side chains (Fig 2).t0-12

ase Base
0 0
(8] 0
N * N
R T N
H H
PNA Chiral PNA

Fig 2. Achiral PNA (left) and chiral PNA substituted at C2 carbon (right). The latter is obtained by inserting a
monomer based on a chiral amino acid. Adapted from reference 13.

The main effect of the addition of substituents at C2 or C5 carbon is to shift the PNA
preference towards a right-handed or left-handed helical conformation, according to the
configuration of the new stereogenic centers, in turn affecting the stability of PNA-DNA
duplex through a control of the helix handedness. In particular, when using PNAs with
an amino acid derived stereogenic centre at the C2 position, the intrastrand steric
hindrance of the amino acid chain influences the PNA helical structure, which thus
imparts a preference for right-handed (when D-amino acids are used) or a left-handed
(for L-amino acids) helicity. On the contrary, the use of C5-modified monomers derived
from L-amino acids were shown to induce a preferential right-handedness.14 As DNA is a
right-handed helix (in the common B-form), it preferentially bound to 2D- or 5L-PNAs,
which showed the same preferred handedness. 2L- or 5D-PNAs, which favour the “wrong”
left-handed helix, were found to bind to DNA more weakly as were forced to assume an
unfavourable conformation. As a result, C2 and C5-modified PNAs were found to bind
very effectively to DNA when the stereochemistry was 2D, 5L.12 Chiral PNAs were
generally found to form slightly less stable PNA-DNA duplexes than their achiral
analogues,’s the effect being more pronounced for backbone containing negatively
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charged monomers (derived from aspartic and glutamic acid), probably because of their
repulsive interactions with the DNA negatively charged phosphate group.:6 On the other
side, the introduction of positively charged monomers (derived from lysine,’3s and
arginine,'7) improved the stability of PNA-DNA duplexes. It has also been noted that the
stereogenic centre was more efficient in effecting selectivity when it was positioned in
the middle of the PNA strand.:8

Since high sequence selectivity is one of the properties for which PNAs are considered
excellent probes, in order to achieve a specific recognition of complementary antiparallel
DNA sequences and to improve the selectivity in the recognition of single base mismatch
or single point mutation, a series of three adjacent C2-modified chiral monomers,
termed “chiral box”, were introduced in the middle of the PNA backbone, resulting in
PNA probes showing very high direction control (antiparallel vs. parallel binding) and
exceptional sequence selectivity (Fig 3).13:17
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Fig 3. Example of chiral box PNA, incorporating three chiral adjacent monomers of C2-D-lysine in the middle of
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the strand. Adapted from reference 13.

Therefore, it appears from the literature data that PNAs can usefully replace DNA probes
in the revelation of specific gene sequences, being exploitable both on surface and in
solution technologies, as already demonstrated in the detection of DNA from GMOs,9
and from hidden allergens,2°-21 or in the revelation of SNPs in the human genome.”

2. Aim of the work

In this chapter several PNA structures were tested in order to value which one could
provide the best performance in terms of specificity, in binding complementary DNA
sequences, and selectivity, in mismatch recognition, both in solution and on surface. For
this aim, a PNA probe, designed to recognize a specific SNP placed along tomato genome,
was first synthesized, both in the standard format, fully achiral, and as two different
chirally modified variants, bearing a “chiral box” composed of three C2- or three Cs-
modified arginine monomers in the middle of the sequence. Their binding affinity and
mismatch recognition were tested both in solution and in microarray technology, using
synthetic DNA oligomers mimicking the sequence containing the mutation.

3. Experimental Part

3.1 PNA design and synthesis

Complementary reverse sequences of DNA strand to be detected were obtained using on
line available FastPCR v 6.0 software.22 For the DNA sequence to be recognized, several
PNA probes were tested by on line PNA designer support,23 designed by keeping the
mismatch nucleotides in the central position of the strand and extending the ends of the
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probes to reduce the difference in their 7', by balancing the purine/pirimidine ratio.
Afterwards each of them was first checked to minimize any secondary structure due to
self- or hetero-annealing, in order to avoid a loss of hybridization efficiency, by using the
on line program IDT — Integrated DNA Technologies.24 The sequence specificity was
then evaluated for each probe using NCBI-BLAST homology tool, to avoid any possible
hybridization on other non-target regions. PNA probes have been obtained by the
laboratories of the Department of Organic and Industrial Chemistry, after having being
synthesized by solid phase methodologies.

3.2 PNA spotting on microarray slides

3.2.1 Chemicals
e Sodium carbonate (Na,CO;) (Carlo Erba, Italy)
e Sodium bicarbonate (NaHCO,) (Carlo Erba, Italy)
e Carbonate buffer 100 mM (pH 9)
e Sodium dodecyl Sulphate SDS (0.1% and 10% solutions in Milli Q H.O) (Sigma-
Aldrich, USA)
e Printing solution:
— PNA probes (30 and 50 uM)
— 100 mM Carbonate buffer
— 0.001% SDS
e Ammonia (NH;) (1% aqueous solution) (Carlo Erba, Italy)
e Milli Q H,O obtained with Millipore Alpha Q system
e Control probe ((AC):;-Cy5)) (Thermo Scientific, Italy)

3.2.2 Instrumentation
e Genoramae SAL Enhanced Slides (25 x 75 x 1 mm) (Asper Biotech Ltd, Estonia)
e SpotArray™ 24 Microarray Printing System (PerkinElmer™ Life Sciences, Inc,
USA)
e Express™ Microarray Scanner (PerkinElmer™ Life Sciences, Inc, USA)
e Reciprocating shaker SSL3 (Stuart Scientific, UK)
e ALC PK110 Centrifuge (Thermo Electron, USA)

3.2.3 Procedure
The manufacturer’s instructions for the deposition protocol were slightly changed to
comply with the special requirement of the chemical structures of PNAs: in particular a
100 mM carbonate buffer (pH 9.0) containing 0.001% SDS was used as printing solution
for 30 or 50 uM of PNA probe. Moreover, after every deposition, the pin printing system
was washed in three solutions containing 100 mM carbonate buffer (pH 9.0) and SDS at
different concentrations (0.2%, 1%, 0.001%), to avoid carry-over of the probes in
subsequent depositions. The probes were coupled to the surface by leaving the slides in a
humid chamber (relative humidity 75%) at room temperature for 12 hours, and the
remaining reactive sites were blocked by immersion in a 1% aqueous solution of NH; at
room temperature for 15° under gently shaking. The slides were slowly shaken for 15’
with 0.1% SDS solution pre-warmed at 40 °C and then washed twice with Milli Q H,O for
5’ each at room temperature. Each slide was spin-dried twice in a plastic tube at 1200
r.p.m. for 5, to remove the remaining washing solution. The efficiency of the deposition
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step was then checked by acquiring slides at Aex=633 nm and Aem=670 nm and displaying
the fluorescent control probe ((AC),;-Cys5). The slides were then ready to undergo the
hybridization protocol or could be stored under dried atmosphere for future use. All the
previously described operations were carried out away from direct light in order to
prevent degradation of the Cys fluorophore.

3.3 Hybridization on microarray

3.3.1 Chemicals
e Sodium chloride (NaCl) (AnalaR Normapur®, Italy)
¢ Sodium citrate (CcH,NaO,) (Carlo Erba, Italy)
e Chloridric acid (HCI) (Sigma-Aldrich, USA)
e Saline-Sodium Citrate buffer (SSC 20 x):
- 17.5 g NaCl (3 M)
- 10.3 g CeH,NaO, (0.35 M)
— Adjust the pH to 7.0 with a solution of HCL.
— Add Milli Q H,O to 100 mL
e Cys-labeled DNA oligonucleotides full match (FM) and mismatch (MM)
(Thermo Scientific, Italy)
e Sodium dodecyl Sulphate SDS (10% solution) (Sigma-Aldrich, USA)
e Hybridization solution:
— 0.1 uM DNA Oligonucleotides
— 2 x SSC buffer
— 0.1% SDS solution

3.3.2 Instrumentation
e Array hybridation cassette 1 x 16 (Arrayit Corporation, USA)
e Gasket array hybridation cassette 1 x16 (Arrayit Corporation, USA)
e Reciprocating shaker SSL3 (Stuart Scientific, UK)
e ALC PK110 Centrifuge (Thermo Electron, USA)
e Express™ Microarray Scanner (PerkinElmer™ Life Sciences, Inc, USA)

3.3.3 Procedure
The Cys-labeled DNA-FM and DNA-MM oligonucleotides were used at a final
concentration of 0.1 uM in 2 x saline-sodium citrate (SSC) solution and 0.1% SDS buffer.
Hybridization was performed by loading 65 uL of each hybridization solution to array
hybridization cassett, using a silicone gasket to avoid cross contamination, and leaving
the slides under slow shaking for 2.5 hours at 40 °C. After the hybridization step, the
slides were washed under slow shaking for 5’ at 40 °C with a 2 x SSC, 0.1% SDS buffer
pre-warmed at 40 °C, followed by treatment for 1 with 0.2 x SSC and for 1’ with 0.1 x
SSC at room temperature. The slides were then spin-dried twice at 1200 r.p.m. for 5°. All
post-hybridization steps were performed in a dark environment to prevent degradation
of the Cys fluorophore used to label the oligonucleotides. The fluorescent signal deriving
from the hybridization was acquired using an Express™ Microarray Scanner at Aex=633
nm and Aem=670 nm. To correctly compare the hybridization data, all the images
reported were acquired with laser power set at 100 and photomultiplier gain set at 70.
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Images were analyzed using the ScanArray program with integration of 170 um diameter
circular area entirely containing the fluorescent spots.

4. Results and Discussion

4.1 Trial PNA design and synthesis

In order to elucidate which PNA structure could be the more appropriate in terms of
DNA binding and mismatch recognition, both in solution and on surface, a trial
experiment was carried out with a PNA probe designed on the tomato sequence LeOH
31.3 (see the following chapter for further details), containing the mismatch G/A, as
illustrated in Fig 4a.

The trial PNA probe was first designed by using PNA-T}, calculator software,23 as shown
in Fig 4b.

LECH 31.3

57 -RAGCTCTCCTTTCACTGRACTTCCATTGCAATGGCTTCTCTCCTCARCACTETGCCRATCT
ATTARACTATCARACTTCAACTACARACRACCCACTTCGCTCTTCACRRATTTCATTCTCC
CTCTCTCGARGARGACTCGTTGT TAGAGCARCAGAGACTGARARAGAAGCTAARGCAGRG

GCACCG/AGATAAGGCACCAGCTGCTGGTGGCTCAAGTTTAAATCAGATTCTTGGAATC
ARAGGAGCCRAGCARCGARACGGACARAGTGGRAGATTCGGETTCAGCTTACRRARCCTGTT
ACTTGGCCTCCCCTTATCTGGGETGTGGTCTGTGGAGCTGCTGCTTCTGGGRACTTCCAC
TGEACTCCAGRGGATGTGGCCARATCAAT TG TTGTATGTTGATGTCTGETCCATTTCTA
ACTGECTATACTCAGACTATTAATGATTGGTATGATAGAGRRATCGATGCTATARARCGRAR
CCTTACCGTCCARTTCCTTCAGGGGCGATAGC TGRAACARGAGGTCATTACTC TATGE
GTGCTTCTTTTAGGAGGCCTTGGGTTAGCTGGTATTT TAGATGTTTGGGCAGGGGCATGR
CTTTCTGETATATTTTACCTTGCACTTGETEEGATCCTGCTCTCCTACATCTACTCAGCT
b CCCCACATTRAAGCTCCRAACRAGRACGGA-3

PNA Sequence (H-NH:) GTGCCTTATCCGG GCCTTATCCGGTG CTTATCCGGTGCC TATCCGGTGCCTC TCC GGTGCCICTG

Ty c=[1pM] [1pM] = 67 °C [1uM] = 67 °C [1uM] = 65 °C [1pM] = 67 °C [1puM] =71°C
Molecular Weight 3527.9 3527.9 3487.9 3487.9 3503.9
Length Residues: 13 Residues: 13 Residues: 13 Residues: 13 Residues: 13
Purine % 38.5% 38.5% 30.8% 30.8% 30.8%
Polymorphic SNP GTGCCTTATCCGG GCCTTATCCGGTIG CTTATCCGGTGCC TATCCGGTGCCTC TCCGGTGCCICTG
Complementarity High High High High High

Fig 4. a, genomic sequence of locus LeOH 31.3, with the polymorphic bases in bold red; b, results from
calculator software of the possible PNA probes, the underlined nucleotide is the one implying in the SNP
recognition.

Five different PNA probes, all recognizing the polymorphic base ‘G’ of tomato LeOH 31.3
sequence, were used for T;, calculation: they were designed by shifting 2 and 4 bases
toward 5’ end, first, and toward 3’ end, then, in order to have the nucleotide to be
recognize along all the sequence. All the tested PNA probes had a percentage of purine
content below the 60%, since purine-rich PNA oligomers tend to aggregate and have low
solubility in aqueous solutions. Since these types of probes are prone to interact, as
PNA/PNA interactions are even stronger than PNA/DNA interactions, self-
complementary sequences with inverse repeats, hairpins and palindromes should be
avoided. Unfortunately, all the tested probes showed a high self-complementary, due to
the motif ‘CCGG’ containing the polymorphic nucleotide and, for its own geometry, the
self-complementarity of the probes could not be avoided. Moreover, the lowest Ty,
belonged to the PNA probe with the polymorphic SNP placed in the central position of
the strand. Since previous studies showed that the presence of ‘chiral box’ in the middle
of the strand overcomes the lack of binding selectivity and displayed very good single-
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point mismatch recognition,!317 finally a PNA probe containing the polymorphic
nucleotide in the central position of the strand was chosen to be synthesized.

All the PNA probes used in this work were synthesised at the Department of Organic and
Industrial Chemistry at University of Parma using different strategies.

The synthesis of the achiral PNA was performed using Fmoc-based chemistry and
standard protocols, which take the name from the N-terminal amine protecting group (9-
fluorenylmethoxycarbonyl, Fmoc). PNA synthesis proceeded from C-terminal to N-
terminal ends and it started from the first monomer loaded on the resin by a peptide
bound formation between carboxylic acid group of the monomer and amino group of the
resin. The resin used in this experiment was the Rink-Amide, a polystyrene resin with a
linker which is protected on the N-terminal amine by Fmoc group. A solution containing
piperidine/NMP (N-Methyl-2-pyrrolidone) allowed the removal of the protecting group

Fmoc from the resin and the insertion of the first monomer.

A coupling agent, named

tetramethyluronium Hexafluoro-
phosphate/DilsopropylEthylAmine), helped the
formation of the peptide bound, by the production
of an active ester site in situ. After the first
monomer has been introduced, protocol required
the introduction of subsequent monomers (Fig 5),
as follows:

v' removal of protecting group Fmoc from the
last monomer loaded on the resin;

v' coupling reaction with the following
monomer;

v/ capping reaction with acetic anhydride in
order to block all the amino groups which did
not react

Each step was preceded by some washes with
dichloromethane and N- methylpyrrolidone in
order to clean the resin off from impurities and
excess reagents, increasing the yield. In this case,
PNA was synthesized by an automatic ABI 433A
Synthesizer, except for the first monomer loading
step on the resin, which was hand-made. At the
of the 2-(2-

aminoetoxy)etoxyacetyl spacers were inserted, to

end sequence, two
anchor PNA to the solid surface, keeping it at the
right distance. As the synthesis was terminated,
PNA was

trifluoroacetic

resin with a
(9:1)
Trifluoroacetic acid is a strong acid which breaks
the bound between PNA and the resin. After being
treating with trifluoroacetic acid, PNA was

cleaved from the

acid:m-cresol solution.

precipitated with ethyl alcohol and, afterwards, it
was air-dried for further characterizations.
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The synthesis of 2D-chiral-box PNA was carried out by using the submonomeric
synthesis previously described for other chiral-box.13 Briefly, the synthesis was carried
out on an MBHA (4-Methylbenzhydrylamine) resin; the chiral monomers were directly
assembled onto the resin into the middle of the PNA strand by coupling the protected
backbone and then, after deprotection, inserting on the backbone the nucleobase, always
on resin. The final cleavage was carried out with trifluoromethanesulfonic acid (TFMSA).
Unlike the already reported method, D-lysine monomers were substituted by D-argine
monomers.

The 5L-chiral box PNA was synthesized by a Boc (butyloxycarbonyl)-based solid phase
peptide synthesis using a polystyrene resin bearing MBHA group derivatized with Boc-L-
arginine. The coupling reaction was carried out with two preformed chiral monomers,26
and commercially available Boc-PNA monomers. Boc-deprotection was performed with
trifluoroacetic acid and final cleavage was carried out in TFMSA.

All crude PNAs were purified by RP-HPLC with UV detection at 260 nm using a
semipreparative column C18 and the resulting pure PNA oligomers were characterized by
ESI-MS-RP-HPLC.26

H-AEEA-AEEA-CTTATCCGGTGCC-NH, Achiral
H-AEEA-AEEA-CTTATC0a,gCo0argC20arg G TGCC-NH, 2D Chiral box
H-AEEA-AEEA-CTTATCg; argCsiargCsLargGTGCC-NH, 5L Chiral box
“Chiral box"
™
Base "
o o H=N H
Et\"’ o
- Base
Xopag= X5 ag= i%o o
H. ., hiH - N N\/u
H’N—— pH .
H

Fig 6. Achiral PNA, 2D-chiral-box PNA, 5L-chiral box PNA, and sequences used in this study. AEEA refers to
the 2-(2-aminoetoxy) etoxyacetyl spacer. Adapted from reference 26.

4.2 PNA recognition and binding properties in solution

After synthesis and quantification by UV absorbance have been carried out,2¢ the PNA
probes complexation properties in solution were investigated by determining the T}, in
order to evaluate the PNA ability in binding a DNA complementary sequence and in
recognizing a mismatch. The determination of T}, indeed, allowed to assess PNA:DNA
interaction by recording the absorbance in a temperature range between 18-90 °C and
subsequent cooling down. The experiments were performed using synthetic DNA
oligonucleotides having full complementary (FM) or a single-mismatch (MM) sequence,
corresponding to the polymorphic SNPs observed at locus LeOH 31.3 (Fig 4a and Fig 7).

Full-match DNA-FM: 5-GGCACCGGATAAG-3’
Mismatch DNA-MM: S-GGCACCAGATAAG-3’

Fig 7. DNA full matched (DNA-FM) and mismatched (DNA-MM) sequences used in this study.
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The UV melting curves of the two chiral PNA probes are reported in Fig 8, and the
corresponding melting temperatures are reported in Table 1 and compared with those of
the achiral PNA.
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Fig 8. UV melting curves (260 nm) for the DNA-FM with 2D-chiral box PNA (thin line), 5L-chiral box PNA
(thick line) and achiral PNA (dashed line) performed in PBS buffer, pH 7; concentration of each strand was 5
um. Data are expressed as variation of absorbance (AA). Adapted from reference 26.

Concerning the binding affinity, the 2D-chiral box PNA-DNA-FM duplex was found to
have similar melting temperature as compared to the achiral PNA:DNA-FM, similarly to
what observed previously for lysine-based 2D-chiral box PNAs with different sequences,'3
indicating the formation of highly stable duplexes. On the other hand, the melting
temperature for 5L-chiral box PNA was significantly higher than in the achiral PNA:DNA
and 2D-chiral box PNA-DNA duplexes, thus confirming that this modification is the most
suited for obtaining PNA with high affinity for complementary DNA. Besides, the huge
steric hindrance, due to the three adjacent arginine monomers in the chiral box, seemed
not to interfere in the PNA:DNA-FM binding.!3

Table 1. UV melting temperature of the duplexes of PNA probes with full match and mismatch DNA.
Adapted from reference 26.

PNA DNA UVT,2>(°C) AT,P(°C)

Fullmatch 67

Achiral PNA 22
Mismatch 45
Fullmatch 66

2D-chiral box PNA 26
Mismatch 40
Fullmatch 75

5L-chiral box PINA 20
Mismatch 55

aPNA:DNA melting temperature measured in PBS buffer, pH 7, concentration of 5 um for each strand
b Ty, (Fullmatch) — T (Mismatch).

The recognition of a single mismatch (A instead of G) was also evaluated by the decrease
in the melting temperatures. In this case, the 2D-chiral box PNA-DNA-MS was found to
have the lowest melting temperature, with a ATy, of 26 °C, greater than that observed for
the achiral PNA (22 °C), whereas the 5L-chiral box PNA gave a stable duplex also in the
presence of the mismatch, with ATy, of only 20 °C, comparable to that of achiral PNA.

The higher recognition properties of the 2D-chiral box model could be due to the
different position of the substituent in the PNA backbone, which is attached to a carbon
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atom between two rigid amidic groups for the 2D-derivative, whereas in the case of 5L-
derivative, the substituent is located on the aminoethyl moiety, which allows a higher
conformational freedom (Fig 6). The presence of a mismatch in the central base of the
2D-chiral box could induce a conformational change which then affects the proper
conformation of the monomer and of adjacent residues. In this way the overall
conformation of the “chiral box” segment would be highly distorted and would give rise
to a less stable PNA:DNA duplex. This effect is less pronounced in the case of 5L
monomers, due to the possibility for the flanking monomers to better adapt to the
distorted conformation, therefore preserving the positive electrostatic interactions which
stabilize the duplex.2¢ Therefore, while the 5L-chiral box PNA was superior in terms of
binding, the 2D-chiral box was found to be the best model for the recognition of single
mismatch in solution.

4.3 PNA recognition and binding properties on microarrays

PNA probes recognition properties on solid surface were investigated using the
microarray technology.

The  surface of glass slides were coated with aminosilane (3-
aminopropyltrimethoxysilane + 1,4-phenylenediisothiocyanate). The reaction between
the amino ends of PNAs and the surface implies the formation of a very stable thiourea
bond, which ensures the anchoring of PNAs to the slide (Fig 9).
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Fig 9. Exemplificative mechanism of PNA deposition on slide array.

PNAs were spotted using solutions of two different concentrations (30 and 50 uM), both
producing similar results (Fig. 10) suggesting that the concentration was sufficient in
both cases to saturate the active sites of the slide. A set of the achiral, 2b-chiral box, and
the 5L-chiral box PNA was spotted in duplicate on the same slide, together with a Cys-
labeled oligonucleotide as a control of deposition. Deposition steps were alternated with
SDS and H,O washes, in order to clean the pin of the array spotter and avoid ‘carry-over’
contaminations.

Using a multichamber silicone gasket, one set of spots was then hybridized with the full-
match oligonucleotide, and the other with the mismatched one, each bearing Cys-
labeling, as described in paragraph 3.3, and using a temperature of hybridization of 40
°C in order to discourage the formation of secondary structure or self- and hetero-dimer
among the oligonucleotides, which could decrease hybridization efficiency.
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a) Cy5-DNA-FM b) Cy5-DNA-MM

Achiral PNA {

2D-chiral box PNA {

SL-chiral box PNA

Deposition control

Fig 10. Microarray analysis of Cy-5 labeled DNA oligonucleotides: a, full-match DNA-FM and b, single-
mismatch DNA-MM sequences. Hybridization was performed as described in Experimental part. Adapted
from reference 26.

As shown in Fig 10a the achiral PNA gave rise to the more intense signal with the full-
match DNA. The 2Dp-chiral box gave a stronger signal than 5L-chiral box PNA, which
showed very weak hybridization. Therefore, the stability of the PNA:DNA-FM duplexes
under these conditions were in a different order than those observed in solution,
suggesting that electrostatic interactions which stabilize the duplex in solution can be
affected by the matrix effect of the activated slide surface and by the additives normally
used for hybridization.

The hybridization with the mismatched oligonucleotide gave the results reported in
Figure 10b, which were supplemented by a quantitative analysis comparing full match
and mismatch spot intensities: these underlined best recognition properties for the 2D-
chiral box PNA than with the two other cases (Fig 11).26 This is in line with the results of
sequence selectivity observed in solution. Therefore, for the recognition of a single
nucleotide mismatch on the array, the 2D-chiral box model was also in this case found to
be the best overall performing in terms of sequence selectivity.
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I 18-
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Fig 11. a, Quantitative analysis of microarray signals obtained with achiral PNA, 2D-chiral box PNA and 5L-
chiral box PNA with full match (DNA-FM, white bars) and mismatched DNA (DNA-MM, gray bars); vertical
bars indicate standard deviations. b, Selectivity (I full match/I mismatch) observed in the microarray
hybridization for the various PNA. Adapted from reference 26.
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4.4 Performance of PNA probes in solution and on surface: a

comparison

As shown in described experiments, the behaviour of tested PNA models deeply differs
between the binding properties in solution and on surface. 5L-chiral box PNA seemed to
be the best model for the DNA binding in solution, followed by fully achiral PNA and 2D-
chiral box PNA (Table 1). This situation is diametrically opposed to the PNA behavior on
surface. Here, the best binding properties seemed to belong to the achiral PNA while the
5L-chiral box PNA gave very less intense signals (Figg 10a and 11a). On the other side,
the high stability of achiral PNA showed on surface was detrimental for the mismatch
recognition. Indeed, while in solution all the three PNA structures showed similar good
SNP discrimination properties, with 2D-chiral box PNA slightly better performing, the
hybridization on array revealed 2D-chiral box PNA as the best structure in terms of
selectivity in mismatch recognition, while the achiral PNA still gave a strong signal when
the hybridization with mismatch DNA was performed. These results suggest that the
surface could play a meaningful role during the hybridization step. It may be speculated
that the nature of the solid support and the presence of positive charges on chiral PNA
probes are more likely responsible for the reduced binding properties on surface, since
they could promote the aggregation of the PNA, lowering the efficiency of the
hybridization. Concerning the mismatch recognition properties, it has be noted that
there is a major difference between the two types of modifications in chiral PNAs: while
the side chains in the 2D model are pointing toward the major groove, in the 5L model
they are directed toward the minor groove.it The higher sequence selectivity observed in
the case of 2D chiral box can be due to the position of the side chain, which is attached to
the a-carbon of the more rigid glycine moiety of the PNA backbone, whereas the side
chain in the 5L derivative is placed in the more flexible aminoethyl group. Distortion of
the former will likely generate a conformation in which the side chains collide with each
other, whereas in the case of the 5L derivative, they can be rearranged and the eventual
repulsive interactions are compensated by the electrostatic interactions with the negative
potential of the minor groove. Since the side chains in the 5L model are closer to the DNA
backbone, however, eventual surface-PNA interactions on this side will strongly hamper
the interaction with DNA, while the same effect occurring on the major groove side
would be better tolerated, thus leading to a better performance on the microarray
system.26

5. Conclusions

Since several works had showed the importance of chirality of PNAs in affecting in a
positive way DNA recognition and enhancing sequence selectivity, in this chapter the
performance of three different PNA probes, fully achiral PNA, 2p-arginine-based chiral
PNA and 5L- arginine-based chiral PNA, has been investigated, in terms of DNA binding
affinity and mismatch recognition, both in solution and on solid surface.

The results showed that the 5L-chiral box PNA was superior in binding affinity in
solution, whereas the 2D-chiral box PNA model was superior in performances when
recognition of single nucleotides was considered both in solution and in the microarray
format. These differences could be mainly addressed to the displacement of the chiral
monomers in the PNA-DNA duplex three-dimensional structure and, therefore, to their
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interaction with the solid surface. This interfacing, in turns, highly differs according to
the chemistry of the stereogenic centres and is enhanced by the presence of several chiral
monomers used to form chiral-box PNAs.

The information achieved here can be very precious in the design of a PNA-based
microarray for the recognition of single nucleotide polymorphisms in food analysis.
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1. Introduction

The development of systems able to guarantee the identification of food material from
farm to fork is deemed more and more necessary, due to the consumers’ demand for
high quality products. As any quality ingredient is in danger of being counterfeit, the
possibility of univocally identify the ingredients in any step of the food chain
represents also a means of protecting both high-quality brand names and consumers.
For many cultivated plant species the most frequent fraudulent adulteration consists
in the replacement of the declared cultivar with others of lower commercial value.
Besides damaging the companies that legitimately employ and exploit a specific brand
or product characteristic, the improper use of a denomination can cause confusion
among consumers, who can not distinguish in the purchased product its distinctive
properties. Nowadays molecular markers represent the most reliable tool for varietal
identification in plants. As, in principle, DNA can be found in any food product,
application of DNA analyses can be a valuable source of information on the identity of
food and feed ingredients.! In the past years molecular diversity of plant species has
been characterized by the development of a high number of molecular markers, which
revealed very useful polymorphisms. Concerning tomato, genetic variability among
cultivated varieties showed to be far lower than that observed in other self-compatible
species.2 Besides the strict autogamy of this species, the low rate of polymorphism
may be due to the overexploitation of a limited genetic pool in breeding and selection
programs. Among the different DNA markers with a high discriminatory power,3:4.5
single nucleotide polymorphisms (SNPs), which consist in single nucleobase changes
within the genome, can be successfully used to identify a specific tomato variety,57
even in processed matrices. A wide range of bioassays for the recognition of SNPs has
been developed in the last few years, either in solution or on surface,8 all aimed at the
development of fast, cheap, robust and high-throughput methods. Among these,
surface techniques, and in particular microarray-based platforms,9::° turned out to be
extremely interesting. Such methods usually rely on the recognition of a DNA target
by hybridization with a single strand oligonucleotide probe immobilized onto a
surface. The quality and efficiency of these methods can be seriously affected by the
nature of the probes used to recognize complementary sequences; in particular,
oligonucleotide probes may be replaced with modified molecules with an improved
affinity and improved specificity in DNA binding, leading to improved recognition
properties.it12 Peptide nucleic acids (PNAs) are among the most promising probes,
showing improved binding properties, if compared to DNA probes, as well as higher
chemical and enzymatic resistance. The development of PNA-based surface systems
allowed to obtain more efficient assays, in terms of selectivity in the recognition of
point mutation, robustness and sensitivity. In food analysis, although still not
exploited routinely, several promising applications of PNAs have been published in
the last few years. In particular PNA-microarrays were successfully used for the
detection of GMOs, hidden allergens and ingredient authentication.!3

As already described in the previous chapter, PNA-microarrays properties in terms of
specificity of recognition, can be further improved by introducing new chemical
modifications in the PNA structure, able to allow a straightforward -clear-cut
discrimination, even in the case of single mismatch recognition (SNP). The synthesis

and the binding properties of PNAs containing arginine-based monomers have been
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recently reported,4 demonstrating their enhanced recognition properties, in terms of
binding affinity and mismatch recognition, in solution and on microarray
platforms.415 Such PNAs might constitute an advancement in SNP recognition as
compared to traditional DNA-based systems, characterized by poor selectivity, and
therefore could be successfully exploited for gaining information on the identity of
raw ingredients in foodstuff.

2. Aim of the work

Using argine-based 2D-chiral box PNA (Arg-PNA), whose enhanced recognition
properties in terms of binding affinity and mismatch recognition, both in solution and
on microarray platforms, have been demonstrated in the previous chapter, a model
Arg-PNA microarray for the simultaneous identification of SNPs characteristic of
seven different tomato varieties was designed and developed. Highly selective Arg-
PNAs were designed, synthesized and their binding properties in solution were
assessed. PNA-microarrays based on these probes were prepared and applied to SNP
discrimination, at first in model experiments, using oligonucleotide mixtures
simulating the different sequences of the seven tomato varieties, and then by using
amplified DNA extracted from real food samples. The strength and the limitations of
such a system for SNP recognition will be thoroughly discussed.

3. Experimental part

3.1 PNA design
See paragraph 3.1, Chapter VI — Section II

3.2 Hybridization on microarray

See paragraph 3.3, Chapter VI — Section II

3.3 Plant materials and food matrices

Among the tomato varieties, which in 2007 were the most represented in the Italian
seed market, seven were chosen for this study (Table 1). We also analysed seven
commercially available tomato products, two chopped, three peeled and two cherry
canned tomatoes. They corresponded to the mono-varietal sauces made of the same
listed tomato varieties. All these materials were obtained from the tomato food
products producer “Annalisa” Lodato S.p.A (Salerno, Italy).
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Table 1. Tomato varieties used in this study.

Variety Fruit Shape Destination
Leader Rounded Chopped tomatoes
Ercole Elongated Peeled tomatoes
Talent Elongated Peeled tomatoes
PS 1296 Rounded Chopped tomatoes
Tomito Cherry Cherry tomatoes

Minidor Cherry Cherrvtomatoes
Cirio 3 Elongated Peeled tomatoes

3.4 DNA extraction from fresh and canned tomato

3.4.1 Chemicals
e D-Sorbitol (CsH,406) (Fluka, Sigma-Aldrich, USA)
e Tris base (Sigma-Aldrich, USA)
e Ethylenediaminetetraacetic acid (C;0H:sN.Og) (EDTA) (Fluka, Sigma-Aldrich,
USA)
¢ Sodium chloride (NaCl) (AnalaR Normapur®, Italy)
e Cetrimonium bromide ((C,¢H33)N(CH;);Br) (CTAB) (Sigma-Aldrich, USA)
e Chloridric acid (HCI) (Carlo Erba, Italy)
e Milli Q H,O obtained with Millipore Alpha Q system
¢ Sodium dodecyl sulfate (SDS) (5% solution) (Fluka, Sigma-Aldrich, USA)
e DNA extraction buffer 1:
- 6.37g Ce¢H1406 (0.35 M)
— 1.21 g Tris base (0.1 M)
— 0.14 g EDTA (5 mM)
— Adjust the pH to 7.0 with HCI solution
— Add Milli Q H,O to 100 mL
e DNA extraction buffer 2:
— 2.42 g Tris base (0.2 M)
— 1.46 g EDTA (0.05 M)
— 11.68 g NaCl (2 M)
— 2gCTAB (2%)
— Add Milli Q H,O to 100 mL
e DNA Microprep Buffer (10 mL for each sample):
—2.5 mL DNA extraction buffer 1
—2.5 mL DNA extraction buffer 2
—1mL 5% SDS solution
e Chloroform (CHCIl;) (AnalaR Normapur®, Italy)
e Isopropanol (CH;CH(OH)CH,) (Carlo Erba, Italy)
e Ethanol (EtOH) (70% solution in Milli Q H.O) (Sigma-Aldrich, USA)

LJ N2 ﬂuX
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e Sterile H,O

3.4.2 Instrumentation
e Digital Scale BCE 62 PT (Orma, Italy)
e Homogenizer Ultraturrax T50 basic (IKA Werke, Germany)
e pH meter 212 (Hanna Instruments, Italy)
e Centrifuge Universal 320 R (Hettich, Germany)
e Hotplate Stirrer F 8o (Falc)
e Autovortex SA6 (Stuart Scientific, UK)
e Qubit fluorometer 1.0 (Invitrogen, UK)

3.4.3 Procedure

40 g of fresh (whole fruit) or canned tomato were weighed in a beaker and
homogenized. 10 g of blended sample were transferred to a 50 mL plastic tube and an
equal volume of DNA Microprep buffer (10 mL) was added. The solution was mixed
and it was incubated at 65 °C for 1 h, under gently shaking. Afterwards, the sample
was centrifuged at 9000 r.p.m. for 15" at 4 °C and the supernatant was recovered and
moved to another 50 mL plastic tube. An equal volume (~ 10 mL) of chloroform was
added and the two phases were mixed by inverting the tube gently. After a
centrifugation step at 8000 r.p.m. for 15” at 4 °C, the aqueous phase was recovered
and transferred to a clean tube. The separation step with chloroform was repeated
whenever the supernatant wasn’t clear enough. An equal volume (~ 10 mL) of cold
isopropanol (-20 °C) was added to the supernatant and the sample was mixed gently
by inverting, in order to allow DNA precipitation. The pellet was separated by
centrifugation at 9000 r.p.m. for 45 at 4 °C. The supernatant was discarded and the
pellet was washed with 70% EtOH and moved to 1.5 mL eppendorf tube. After another
step of 10’ in centrifuge, the EtOH was evaporated under N, flux and the pellet was re-
suspended in 500 pL sterile H,O. The concentration of extracted DNA was
determined using the Qubit® fluorometer (Invitrogen) according to the instructions
by the manufacturer. The extracts were frozen at —20 °C until the analysis time.

3.5 DNA purification

3.5.1 Chemicals
e Isopropanol (CH;CH(OH)CH;) (80% solution) (Sigma-Aldrich, USA)
e Sterile and apyrogenic H,O pre-warmed at 80 °C (Salf SPA, Italy)
e Wizard DNA Clean Up System (Promega Corporation, USA)
— Wizard® DNA Clean-Up Resin
— Wizard® Minicolumns
— 100 Syringe Barrels (3 cc)

3.5.2 Instrumentation
e Vacuum Manifold Visiprep™ DL (Supelco, Sigma-Aldrich, USA)
e Centrifuge 1-13 (Sigma Laboratory Centrifuges, Germany)
e Hotplate Stirrer F 8o (Falc)
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3.5.3 Procedure

One Wizard® Minicolumn was used for each sample. The provided Syringe Barrel was
attached to the Luer-Lok® extension of each minicolumn. The tip of the
Minicolumn/Syringe Barrel assembly was inserted into the vacuum manifold. The
Wizard® DNA Clean-Up resin was thoroughly mixed before removing an aliquot. If
crystals or aggregates were present, they were dissolved by warming the resin to 37 °C
for 10’. 1 mL of Wizard® DNA Clean-Up Resin was added to a 1.5 mL microcentrifuge
tube containing 500 pL of sample and the solution was mixed by inverting several
times.

The resin/DNA mix were pipetted into the syringe barrel. The vacuum was applied to
draw the solution through the minicolumn and it was broken before the minicolumn
dried up. To wash the column, 2 mL of 80% CH;CH(OH)CH; were added to the
syringe barrel, and the vacuum was re-applied to draw the solution through the
minicolumn. The resin was completely dried by continuing to draw a vacuum for 30”
after the solution has been pulled through the column. The syringe barrel was
removed and the minicolumn was transferred to a 1.5 mL centrifuge tube. After a
centrifuge step at 10000 r.p.m. for 7’ to remove any residual CH;CH(OH)CH,, the
minicolumn was transferred to a new centrifuge tube. 50 uL of pre-warmed H,O were
applied to the minicolumn and incubated for 1’. The centrifuge tube was centrifuged
for 5 at 10000 r.p.m. to elute the bound DNA. The minicolumn was removed and
discarded and the purified DNA was stored in the microcentrifuge tube at —20 °C.

3.6 Oligonucleotide primers design

On the basis of the selected tomato sequences containing SNPs (LeOH 8.4, LeOH
23.1, LeOH 31.3 and LeOH 63, see Results and Discussion section for details), which
allowed the discrimination of the tomato analyzed hybrids, different primer pairs
were designed to univocally amplify target DNA regions. The primer design was
entirely performed using on-line available resources (Primer3 software v 0.9).:6 All
the primer pairs that successfully amplified their targets were then tested using the
FastPCR software v 6.0,'7 to control their suitability to be used in a multiplex system.

3.7 PCR setting

3.7.1 Chemicals

e Phire” Hot Start II DNA Polymerase 5 U/uL (Finnzymes, Thermo Scientific,
Finland)

e Phire Reaction Buffer 5 x containing 7.5 mM MgCl, (Finnzymes, Thermo
Scientific, Finland)

» Deoxynucleotides 100 mM (dATP, dCTP, dGTP and dTTP) (10 mM solution for
each dNTPs) (Euroclone, Italy)

¢ Oligonucleotide primers desalted and lyophilized (20 uM solution in sterile and
apyrogenic H,O) (Thermo Scientific, Italy)

e Sterile and apyrogenic H,O (Salf SPA, Italy)
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3.7.2 Instrumentation
e Aura PCR workstation (BioAir Instruments s.r.l., Italy)
e PCR Sprint Thermal Cycler (Thermo Hybaid, UK)

3.7.3 Procedure
i. Simplex PCR

First of all the efficiency of the primers in amplifying the target sequences were tested
by performing PCRs using each primer pair with DNA extracted from both fresh and
canned tomatoes.

All PCR procedures were performed in a final volume of 50 yL with the following
reagent concentrations: genomic DNA 30 ug, Phire Reaction Buffer 1 x, MgCl, 1.5 mM,
dNTPs 0.2 mM each, primer 0.4 uM each (forward and reverse), Phire® Hot Start II
DNA Polymerase 0.15 U/uL. Thermal cycle conditions were as follows: pre-incubation
at 95 °C for 5°; 40 cycles consisting of dsDNA denaturation at 95 °C for 40”, primer
annealing at 58 °C for 40”, primer extension at 72 °C for 40”; and final elongation at
72 °C for 5'.

ii. Multiplex PCR

In the multiplex PCR a simultaneous amplification of 4 target sequences of tomato
genomic DNA was performed, containing all the primer pairs. Considering the primer
pairs/target response observed in the simplex PCR, the concentration of each primer
pairs was set as follows: 0.5 uM for LeOH 8.4, LeOH 23.1 and LeOH 63 primer pairs,
0,8 uM for LeOH 31.3 primer pair. Besides dNTPs concentration was slightly
increased to 0.3 mM each. Thermal cycle conditions were the same as described
above.

iii. Unbalanced PCR

In this case a double amplification was performed. The first amplification consisted of
a duplex PCR performed as described above. During the second amplification 3 uL of
amplified material was used as template for an unbalanced PCR in which the primer
of each pair copying the target sequence, that is the forward primer, was labelled with
a Cys group; the concentration of labelled and unlabelled primers were 0.5 and 0.05
uM respectively. The PCR procedures were performed in a final volume of 100 pL and
the same thermal cycle conditions already described were applied.

v. PCR for Single-Stranded Products
The procedure used was the same above-reported for the double-stranded products
except that the PCR primers which wouldn’t incorporate in the single DNA strands to
be hybridized with the PNA array (reverse primers) were 5-phosphorylated, while the
primer of each pair copying the target sequence was labelled with a Cys group. The
PCR products obtained were digested with A-exonuclease (see paragraph 3.9).

3.8 Agarose gel electrophoresis

3.8.1 Chemicals
¢ TBE buffer 10 X (Euroclone, Italy):

— 0.89 M Tris pH 8
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— 0.89 M boric acid
- 0.02MEDTA
¢ GellyPhor®LM agarose (Euroclone, Italy)
e Ethidium bromide (EtBr) 5 mg/mL (Euroclone, Italy)
e Milli Q H,O obtained with Millipore Alpha Q system
e Orange G dye (Sigma-Aldrich, USA)
e Glicerol (50% solution) (Fluka, Sigma-Aldrich, USA)
e Ethylenediaminetetraacetic acid C;ocH:6N.Os (EDTA) (0.5 M solution in H.O,
pH 8) (Fluka, Sigma-Aldrich, USA)
e Orange G loading dye 5 x:
— 0.01 g Orange G Dye
— 3 mL Glicerol (30%)
— 0.6 mL EDTA (0.06 M)
— Add Milli Q H,O to 5 mL
e EZ Load™ 20 bp Molecular Ruler (Bio-Rad, Germany)

3.8.2 Instrumentation
e HU10 Mini Plus Horizontal Gel Unit (Scie-Plas, UK)
o Photo UV 20 trans-illuminator (Euroclone, Italy)
e« MPSU-200/100 Mini Power Supply Unit (Euroclone, Italy)
» Digital camera Coolpix 2000 (Nikon Corporation, Japan)

3.8.3 Procedure

PCR products were analyzed using agarose gel electrophoresis. The gel was prepared
with 4% or 2% of agarose in Tris-Borate EDTA 0.5 x with 0.5 pg/mL of EtBr. The
samples to be analyzed were prepared as follows: 16 uL of amplified DNA and 4 uL of
loading dye. The running conditions were constant voltage at 120 V for 1 h in TBE 0.5
x. The amplified fragments were displayed by placed the gel on a UV trans-illuminator
and comparing their molecular weight to the one of molecular standards. Gel image
were then acquired by a camera.

3.9 Enzymatic digestion by A-exonuclease

3.9.1 Chemicals
e A-exonuclease reaction buffer 10 x (Euroclone, Italy)
e JA-exonuclease enzyme 5 U/uL (Euroclone, Italy)

3.9.2 Instrumentation
e PCR Sprint Thermal Cycler (Thermo Hybaid, UK)

3.9.3 Procedure
The amplified fragments underwent an enzymatic digestion by A-exonuclease which
recognized and selectively digested the 5’-phosporilated DNA strand in a double-
stranded DNA. The reaction mix concentrations were as follows: A-exonuclease
reaction buffer 1 x, 10 enzyme units, 500 ng double-stranded PCR product in a final
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volume of 100 pL. The digestion was carried out in a thermal cycler for 45’ at 37 °C.
The reaction was stopped by deactiving the enzyme for 10’ at 75 °C.

3.10 PCR purification protocol

3.10.1 Chemicals
e Ethanol (EtOH) (Sigma-Aldrich, USA)
¢ EUROGOLD Cycle-Pure Kit protocol (Euroclone, Italy)
— PerfectBind DNA columns
— 2 mL Collection Tubes
— SPW wash buffer
—  XP1 buffer
—  Elution buffer (10 mM Tris-HCI, pH 9,0)

3.10.2 Instrumentation
¢ Centrifuge 1-13 (Sigma Laboratory Centrifuges, Germany)
e Autovortex SA6 (Stuart Scientific, UK)

3.10.3 Procedures

After the reaction volume has been determinated, an equal volume of XP1 buffer was
added and the solution was mixed. The sample was applied to a PerfectBind DNA
column assembled in a clean 2 mL collection tube and centrifuged at 10000 r.p.m for
1" at room temperature. The liquid was discard and the collection tube was re-used in
the following steps. The PerfectBind DNA column was washed by adding 650 pL of
SPW wash buffer diluted with absolute ethanol, according to the manufacturer’s
instructions. A centrifuge step was repeated at 10000 r.p.m. for 1° at room
temperature. The liquid was discarded and this step was repeated once. The liquid
was discarded and the empty column was centrifuge for 1 at 10000 r.p.m. to dry the
column matrix. This step was essential for good DNA yields. The PerfectBind DNA
column was placed into a clean 1.5 mL microcentrifuge tube and 30 — 50 pL of elution
buffer were added (depending on desired concentration of final product) directly onto
the column matrix and centrifuged for 1’ at 5000 r.p.m. to elute DNA.

This represented approximately 80 — 90 % of bound DNA. An optional second elution
will yield any residual DNA, though at a lower concentration.

4. Results and Discussion

4.1 Choice of tomato DNA sequences containing SNPs

Tomato hybrids used for the analysis have been described in the experimental part. A
set of 20 EST-SNPs, as discussed in the literature,’® and characterized by high
probability to be polymorphic in cultivated tomatoes, were selected and assayed as
CAPS on genomic DNA of these tomato hybrids, characterized by different fruit
shapes. SNP identity was verified by sequencing the PCR-amplified products, as
described elsewhere.34 The identified SNPs were illustrated below (Table 2).
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Table 2. List of SNPs detected in tomato hybrids, as described in the text.

SNP loei Tomato hybrids

Leader Ercole Talent PS1206 Tomito  Minidor Ciriog

LECH2 A*fax AFfA* A%fax AF/A* A%fax A¥/Ax A%A*
LECHS.4 C*T Cc*'T C*T T/T C*'T c*/c* c*c
LEOH11.1 T/T uc/uc uc/uc uc/uc uc/uc uc/uc uc/uc
LECHi12.2 T*/T* T*/T* T*/T* T*/T* T*/T* T*/T* T*/T*
LECH16.2 C¥T Cc*'T cx/cx c=/c* c*/c* c*/c* c*c
LEOH16.3 T/C* T/C* c*/c* c=/c* c*/c* c=/c* c*c*
LEOH20.1 G*/G* G*G* GG G*/G* G*/G* G*/G* GG
LEOH23.1 G*fuc G*/uc del/del G*fuc G*/uc G*/G* G*/G*
LEOH25.1 uc/uc uc/uc C*luc uc/uc C*luc C*fuc uc/uc
LECOH28 T/T uc/uc uc/uc uc/uc uc/uc uc/uc uc/uc
LEOH3z0.1

LEOH31.3 AfA AfA GHA uc/uc G*/uc G*uc AfA
LECOHz1.4 uc/uc AfA TH/A uc/uc T#*/uc T*/uc uc/uc
LEOH3z2.1 T/T T/T C*T uc/uc C*/uc C*fuc uc/uc
LEOH35.5 uc/uc uc/uc AlG* uc/uc G*/uc G*uc uc/uc
LEOH39 uc/uc T/T uc/uc uc/uc uc/uc uc/uc uc/uc
LEOHz1.6 T/T T/T Cc*T uc/uc C*/uc C*fuc uc/uc
LEOH31.7 T*/T* T*/T* T*/uc T*/T* T*/uc T*uc T*/T*
LEOH31.10 T/T T/T G*/uc T/T G*/uc G*/uc T/T
LEOH®6z T/T Cc*T Cc*T Cc*T C*T T/T cr/c

(base)*: observed cut on expected polymorphic nucleotide recognized by CAPS system

uc: no observed cut by CAPS system (no polymorphism); no sequencing

(base): no observed cut by CAPS system (no polymorphism); base confirmed by sequencing
del: nucleotide deletion

-: no observed amplification

Among the detected SNPs, 4 loci were selected, according to their discriminating
power among the seven tomato varieties, as reported in Table 3.

As illustrated below, the combination of polymorphisms observed at the loci LeOH
8.4, LeOH 23.1, LeOH 31.1 and LeOH 63 could allow the univocal identification of
each tomato variety. For example, at the locus LeOH 8.4 the genetic asset of ‘PS1296’
is different from all the others at the same locus, allowing to differentiate this variety
from all the others. ‘Talent’ and ‘Cirio’ present univocal genetic asset at the loci LeOH
23.1 and LeOH 63, respectively. ‘Ercole’ differentiates from ‘Leader’ at the locus LeOH
63; from ‘Tomito’ at the locus LeOH 31.3 and presents a different polymorphism
combination from ‘Minidor’ for all the chosen loci. ‘Leader’ is discriminated from
‘Tomito’ at the loci LeOH 31.3 and LeOH 63 and from ‘Minidor’ at all the other loci,
but LeOH 63. ‘Tomito’ and ‘Minidor’ could be discriminated at each locus, but LeOH
31.3, where they show the identical G/A genetic asset.
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Table 3. Selected SNPs for variety discrimination. ‘Cirio3’, ‘Talent’ and ‘PS1296’ are marked by coloured
boxes since they are discriminated from all the others by one locus, directly. All the other varieties are
distinguished by a combination of polymorphisms at the selected loci, which is indicated by symbols.

Varieties Loei LeOHS8.4 LeOH 231 LeOH 313 LeOH 63
Eriole /T G/del A/A C/T
Ciriog c/c G/G A/A c/c
et o - o o
Leader | T/T

N c/T G/del AJA "
e - ol e o
Tomito G/A C/T

. C/T G/del oA .

.. c/c G/G G/A T/T
Minidor Aee Aeoe Ae A

The knowledge of these polymorphisms was therefore exploited to design argine-
based 2D-chiral box PNAs, able to recognize the single nucleotide mutations during
the formation of PNA-DNA duplexes in microarray format, suitable for the
discrimination of tomato varieties.

4.2 PNA design

After the preliminary studies presented in the previous chapter had showed that the
argine-based 2D-chiral box PNA was superior in performances when recognition of
single nucleotides was considered, both in solution and in the microarray format (see
chapter VI - section II), the design of other 2D-chiral box PNAs was performed, on the
basis of the other three tomato DNA sequences (Table 3 and Fig 3) to allow the
development of a microarray for the simultaneous discrimination of tomato varieties.
The PNA sequences were chosen using as basis the 2D-chiral box model, with the
polymorphic base to detect in the middle of the strand. Moreover, PNAs were chosen
to maximize their hybridization efficiency with their target strand and to minimize
any unspecific hybridization with any other non-target sequence. For these reasons,
the PNA probes were first checked to minimize any secondary structure or self- and
hetero-dimer, which would result in a loss of hybridization efficiency, using the online
available program IDT — Integrated DNA Technologies (http://eu.idtdna.com/
analyzer/ Applications/OligoAnalyzer). The sequence specificity of the designed
probes was then evaluated to avoid any possible hybridization on other non target
regions, by aligning each PNA sequence to the whole genomic sequences by NCBI
BLAST.

The characteristics of the selected PNA probes for the simultaneous recognition of
tomato SNPs were reported in Table 4.
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Table 4. List of the more suitable PNA probes for the simultaneous discrimination of seven tomato
varieties. The bold underlined nucleotides are the ones implied in the SNP recognition, red nucleobases
represent the ‘chiral box’.

Locus Name LeOHS8.4 LeQOHz23.1 LeCOH 313 LeQOHéz

PNA Name PNA4 PNA1 PNA2 PNA7 PNAs PNAG PNA3
PNA Sequence (H-NH.) |AAAGGCCGA AAAGACCGA | TTTTCCGGTGG  TITTCGGTGG | CTTATCCGGTGCC | TGTGTCGAAAG — TGTGTCAAAAG

6o°C

Tm e=[1pM] 66 °C 6o °C 61°C 56°C 65°C 64 °C

Molecular Weight 2404.7 2478.7 3016.3 2765 3487.9 3058.3 3042.3
Length Residues:o Residues:o | Residues:ii Residues: 10 Residues: 13 Residues: 11 Residues: 11
Purine % 77-8% 77-8% 36.4% 40.0% 30.8% 63.6% 63.6%

Polymorphic SNP AAAGGCCGA AAAGACCGA | TTTTCCGGTGG TTTI-CGETGG |CTTATCCGGTGCC | TGTGTCGAAAG — TGTGTCAAAAG

Complementarity High Low High Low High Moderate Low
H means free N-terminus, NH. means carboxamide C-terminus. ‘-’ in PNA 7 indicates a nucleobase
deletion.

As shown in Table 4, a PNA probe was designed for each SNP to be detected, except
for the locus LeOH 31.3, in order to better exploit the discrimination power of the
whole system. Since containing different percentage of purine, PNA probes were
designed with different lengths to maintain the same purine/pyrimidine ratio and
consequently the same theoretical T, at the proper concentration. For example, in the
case of locus LeOH 8.4, the more suitable length of PNA probes was of 9 residues: due
to their high content in purine nucleotides (above 75%) their theoretical T, were
comparable to the ones of longer probes with a lower percentage of purine content
(that is PNA 3, PNA 5 and PNA 6).

In the case of PNA 2 and PNA 7, recognizing SNPs at the locus LeOH 23.1, the central
position did not actually correspond to a SNP, but to a nucleobase deletion (C is
missed in PNA 7).

The PNA synthesis was performed as described before, using the 2D-chiral-box
chemistry. Afterwards, synthetic probes were purified by RP-HPLC, characterized by
ESI-MS-RP-HPLC and quantified by UV absorbance.9

4.3 PNA binding properties in solution

As already performed for the trial PNA in the previous chapter, the PNA probe affinity
towards complementary DNA oligonucleotide sequences, mimicking tomato genomic
strands, and selectivity for mismatch recognition were initially investigated in
solution, by measuring the T,, of both full match and mismatch PNA-DNA duplexes
(Table 5).19

Experiments were performed in phosphate buffer (10 mM, pH = 7), at a strand
concentration of 5 uM. Melting temperatures were evaluated as the first derivatives of
the UV absorption curves at 260 nm in a temperature range from 20 to 9o °C.

The values (Table 5) showed that full match oligonucleotides were recognized and
bound with a high affinity, with T\, ranging in a quite close range, from 54 to 66 °C.
PNAs 1, 3, 4, 5 and 6 were also shown to be able to perform mismatch recognition,
with an efficiency which turned out to be quite variable, ranging from good (10 °C
drop in T, for PNA 6) to exceptional (36 °C drop for PNA 1). Very likely,
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unpredictable conformational changes due to the sterical hindrance of the arginine
side chains and the chiral constrain affected duplex formation, thus affecting the final
duplex stability.

Table 5. PNA sequences and T of the PNA:DNA full match/mismatch duplexes in PBS buffer 10 mM (pH
7.0) at a 5 uM concentration for each strand. Adapted from reference 19.

PNA (target DNA accession T/ 'C PNA DNA Tw/"C PNA-DNA
number-SNP nucleobase) Sequence” fullmatch® mismatch®
1 (LeOH 8.4-T) HAAEEARAAAGACCGA NH> 54 (with 17) 18 (with 4")
2 (LeOH 23.1-G) HAAEEARTTTTCCGGTGG-NH: 56 (with 2') 35 (with 8")
3 (LeOH 63-T) H(AEEARTGTGTCAAAAG-—NH- 56 (with 3') 41 (with 7
4 (LeOH 8.4-C) H-(AEE AAAGGCCGA-—NH, 60 (with 4°) 45 (with 1)
5 (LeOH 21.3-G) HAAEEA)RCTTATCCGGTGOC - NH, 66 (with 57) 40 {(with 6")
6 (LeOH 63-C) H-(AE STGTGTCGAAAG - NH 61 (with 7°) 51 (with 3)
7 (LeOH 23 1-del) HAAEEARLTTITCGGTGG NH, 56 (with 8" 54 (with 2)

aPNA monomers are indicated with the symbol of the corresponding nucleobase; chiral monomers based
on 2D-Arg are reported in bold, the base corresponding to the SNP position is underlined; AEEA =
aminoethoxyethoxyacetyl: spacer. » Oligonucleotide sequences (SNP base is bold underlined): 1: 5’-
TCGGTCTTT-3’, 2: 5-CCACCGGAAAA-3’, 3: 5-CTTTTGACACA-3’, 4: 5-TCGGCCTTT-3°, 5: 5-
GGCACCGGATAAG-3, 6’: 5-GGCACCAGATAAG-3’, 7": 5-CTTTCGACACA-3’,8’: 5'-CCACC-GAAAA-3’.

PNA 2 and PNA 7 are to be considered aside, since they were designed to recognize
not a mismatch, but a base deletion. PNA 2, the one complementary to the full
sequence, showed a consistent drop in affinity towards the oligonucleotide sequence
bearing a deletion in the middle (AT, = -21 °C), indicating that a protruding
nucleobase in the PNA strand (in this case a C) was poorly tolerated from the duplex.
Quite interestingly, PNA 7, complementary to the sequence with the deletion, showed
almost the same affinity towards the oligonucleotide sequence bearing an extra
nucleobase in the middle, indicating that a protruding nucleobase in the DNA strand
(in this case an A) can be very well tolerated, with almost no effect on the duplex
stability.

4.4 PNA microarray simulation for tomato SNPs detection

After that PNA binding properties have been tested in solution, the preparation of the
PNA microarray platform with the seven synthesized PNAs was then performed. The
theoretical signal pattern expected by using the seven designed PNA probes targeted
against the corresponding DNA sequences in the microarray is reported in Fig 1.

PNA FNA FNA PNA PNA PNA PNA
LeOH LeOH LeOH LeOH LeOH LeOH LeOH
84-T 23.1-G 63-T 84-C 31.3-G 63-C 23.1-del

‘Ercole’

(oblung) L L L L4 LJ

*Cirio3"

(ohlung) [ ] L d L]

“Talent’

(oblung) [ ] o ® L ] ® [ ]

‘Leader’

{round) L L L] L4

“Ps119%°

{roumnd) [ L L [ ]

‘Tomito’

(cherry) L] [ J [ ] [ ] L ] [ ]

“Minidor

(cherry) L L] L] ]

Fig 1. Simulation of the recognition of the seven tomato varieties by the seven designed PNA probes. For
each cultivated variety the fruit shape is reported in brackets. Adapted from reference 19.
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PNA deposition was carried out by MICROCRIBI Microarray Service-CRIBI
(University of Padova, Italy), as previously reported.'4 The devices were tested by
hybridizing them with solutions containing Cys-labelled synthetic oligonucleotides,
mimicking the DNA sequences to be recognized (Table 5). The hybridization
conditions were optimized for each probe, both with full complementary and
mismatched oligonucleotides, in order to define the best parameters allowing
simultaneous hybridization of all PNAs and to ensure that no false-positives with no
complementary or mismatch sequences would take place. As reported previously,4 in
order to increase the hybridization efficiency and to refine the spot shapes, an
incubation—hydration step in SDS 0.1%, saline sodium citrate (SSC) buffer (0.3 M
NaCl, 0.03 M sodium citrate, pH = 7), at 40 °C for 30" was introduced before
hybridization with the oligonucleotide solutions. This step was particularly required
when using the slides several days after PNA spotting. The hybridization solutions
were prepared in SSC buffer, 0.1% SDS by mixing Cys labelled oligonucleotides at 1
uM concentration. After optimization of the hybridization conditions, the array was
tested by simulating the different tomato varieties, each characterized by its own
combination of the different SNP-deletion, by mixing the different oligonucleotide
sequences, in order to imitate the real samples, as shown in Table 6.

Table 6. Tomato genotypes related to different SNPs. Adapted from reference 19.

Variety Oligonucleotide sequences simulation®
*Ercole’ '+ 2 +3 +4 + 7

“Cirio 3 2 4+ 4+ 7

“Talent ' +3 44 +5 +7 + &
‘Leader’ '+ 2 + 3 + 4

‘PS1296° 1"+ 2" + 3 + 7 + &

‘Tomito’ 1+ 2+ 3 4+ 4+ 54+ 7F
‘Minidor” 2+ 3+ 4+ 5§

a Oligonucleotide sequences are reported in Table 5.

The solutions were poured on the slides just after mixing at room temperature, in
order to avoid unspecific interactions. Hybridizations were performed in seven
independent experiments, one for each variety at room temperature. The results
obtained in optimal conditions are shown in Fig 2. By comparing the experimental
results reported in Fig 2 with the theoretical ones in Fig 1, it was possible to outline
the performance of the PNA probes on the surface. PNA 1 (LeOH 8.4-T), 4 (LeOH 8.4-
C), 5 (LeOH 31.3-G), 3 (LeOH 63-T) and 6 (LeOH 63-C) behaved perfectly, showing
signals only in the presence of their fullmatch oligonucleotide counterparts, and not
giving any signals in the presence of oligonucleotides bearing a single mismatch
simulating the SNP. Thus, even in the presence of small differences in stability shown
in solution, all these PNA probes were perfectly able to discriminate point mutations
on a surface system. PNA 2 (LeOH 23.1-G) and 7 (LeOH 23.1-del), aimed at
recognizing the deletion, on the other side, failed to perform a specific recognition,
showing positive signals for all oligonucleotides, with or without the deletion. If this
result was somehow expected in the case of PNA 7, for which in solution there was
practically no difference in Ty, between the target and non-target DNA, the result was
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somehow surprising for PNA 2, which in solution had shown a quite consistent
difference in affinity towards the two DNA sequences.

1 z 3 4 6 7
o =
‘ = = =] < o =
PNA T 3 . - 3 & 1
oo = w o =
< = = = = < =
Tomato Z E E E E = =
= o o o o == ==

varieties

Ercole

Cirios

Talent

Leader

PSi206

Tomito

Minidor

Fig 2. PNA microarray analysis with Cys-oligonucleotides in different combinations (see Table 6) in order
to simulate the seven tomato varieties. Adapted from reference 19.

These results seem to indicate that on the surface, differently than in solution, the
recognition of the deletion is somehow difficult, indicating that protruding bases in
either strand (PNA or DNA) can be very well tolerated and therefore might not be a
good target for PNA probes on a surface system. In any case, the experiment clearly
indicated that the seven varieties, except for ‘Talent’ and ‘Tomito’, could be
discriminated by the microarray here presented.

4.5 DNA extraction from tomato fruits and derivatives

After that the simulation of PNA microarray for tomato variety discrimination has
been developed, an investigation of the PNA microarray performance with amplified
DNA extracted from real food was undertaken. For this reason, genomic DNA was
extracted from both tomato fruits and canned products.

The protocol for DNA extraction described here has been developed elsewhere,2° and
it was previously used for DNA isolation from tomato leaves. It was then applied for
genomic DNA extraction from tomato fruits and processed derivatives, in order to
check its efficiency and suitability also with these food matrixes.

After extraction, genomic DNA was purified by Wizard® DNA Clean Up System
(Promega), in order to purify DNA from digesting enzymes, such as exonucleases and
endonucleases, which could degrade DNA after the extraction procedure, or from
salts, proteins and organic molecules, which could interfere during the amplification
step. Purified DNA was then quantified by Qubit® fluorometer and the concentration
for each tomato variety, both for fresh fruits and canned products, was reported in
Table 7. It appeared clear that the concentration of DNA extracted from processed
tomatoes was drastically reduced. The low amount of detected DNA could obviously
ascribed to the heat treatments to which tomatoes were subjected during canned

processing and to the prolonged staying in acid conditions during products shelf-life.
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Table 7. DNA concentration of tomato fruits and canned products for each variety.

T DNA from TomatoFruit DNA from Canned Tomato
Tomato Varieties

(ng/pL) (ng/pL)
Leader 398 3
Ercole 451 6
Talent 248 10
PS 1206 467 5
Tomito 444 25
Minidor 249 12
Ciro 3 210 8

These rigid handlings can also affect the integrity of DNA molecules, resulting in
high-fragmentised regions difficult to be amplified during PCR. For this reason, a trial
amplification was performed using a primer pair targeting a tomato-specific gene,
Lat52,21in order to check the integrity of DNA molecules after processing (Table 8).

Table 8. Primers used for amplificability test for the extracted DNA.

Sequence Target Primer Pair Sequence (5'-3") Arnphig;)]_e ght T (°C)
Latsa AGACCACGAGAACGATATTTGC-for - 54.8
5 TICTIGCCTTTTCATATCCAGACA-rev g 541

The amplification was carried out on DNA extracted from both tomato fruits and
processed products and in all cases a fragment of ~ 92 bp was observed. These results
suggested that the DNA isolation and purification systems here applied were
appropriate to obtain amplifiable DNA sequences, even from tomato derivatives.

4.6 Development of a multiplex PCR for the simultaneous
amplification of tomato polymorphic regions

4.6.1 Primer design
For the development of a multiplex PCR, whose products would allow the
discrimination of the seven tomato varieties after PNA array hybridization, a set of
four primer pairs was designed, targeting the tomato DNA sequences (Fig 3), chosen
among all the others as the high polymorphic ones (Table 3). First of all, several
primers were designed and individually tested in silico for their selectivity and
efficiency in amplifying their targets. The design of primers and the setting of each
single PCR were performed using the Prime3 software,¢ following classical criteria,
i.e.length ranging between 18-24 bp, T, differing of maximum 5 °C among the primer
pairs, G-C content lower than 60% and absence of complementary regions, in order to
avoid intra- and inter-nonspecific annealing. Since a previous work showed that there
is a limit in amplicon size when the DNA template is isolated from processed tomato
products,4 the length of the amplified fragments was also included among the
parameters, in order to obtain amplicons smaller than 200 bp. Besides, primer
specificity in amplifying their target region was evaluated by aligning each primer to
other genomic sequences by NCBI BLAST, in order to avoid their possible
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hybridization on any another non-target region among those amplified by the
multiplex PCR.

LeOH 8.4

5 ~CTCAAATCACARAATTAACCTATTCTTTATCTTTCTTTTTGGT GTACAATACAAATGGCA
! TATGCACC GATTACCARAGACCCACCTCCRAGCA

e TGGTCATTTTRCAGRAGCTATRATTGCTGRR
TTCATAGCTACTCTGTTATTTCTCTACATAACTGT CCTTACTGTTATTGGCTACAARAGC
CAGAGCTCCACTGATCAATGTGGT TTGGAATCGCTTGGECATTTGSE
GGTATGATCTTTGTACTTGTTTACTGTACTGC TGGTEGACACATTAACCCT

foul

GeTerTACRTTCGGC / T CTTT TC T TAGCT CGAARAGTATCGTTGG TTCGAGCTATCATS

LeOH 23.1

5 - ACAAG TCCATTAGICTACACTTTTICTC
ACCTTTGRATTCTTCTT TGTTTGCTTGCTARGCGARATCGARGARRACCCACAARACCAG
ATCGGCGATCCACCGE/ ~ARAAGCAAGRARTCGGTTGTARATGGGTCAACAGAAGGCTT
TGATCTATGCGTTTGTCGGTCGT Ly GATTTCAGTG
GTAACTTCAACTCCATAGCTTATCAGTGTCTTCAGAAGCTACCTACTICCAATAACAAGT
TCACCTATAACTGTGATGETCATACCTTCAACTACCTTGTTGATAATGEATTCACGTACT
[el TTCCARTAG GCATTA

TACATTGTAGCTCAATGTTTAGGAGCCATTTGTGGTT TTTTC,
AAGCTTATTATGT! CRATACGTTGAAC!

TGG

ATGT! TGCGACAGCTCCTCCTAATAGCC

J—— o7 TATGC, TGAACACCCTG

ole}

RACTT: AT TGGGTTTTGGGTATTTATGGGAGTTC

CATATATTGTGIGGCAGCTARAGCAGAGECACCE / AGATARGGCACCAGCTGCIGETG

TA( GGAGAT T-37 AGGAAATT, ul T CAGGTTT
LeOH 31.3 LeOH 63
5 ~GTNNNAACTATCAATTTCACTACACAACCCACTTCGCTCTTCACAAATATCATTCTCCCT
CTCTCGTARGCARATTCATACATGCARTTARCTTCARTTTATTTGTTTATTTGATGCATT 57 TEGTET TATEH e TELCTTERICTTIEET
TCGTTGTT GAGACT! GT GAGATGCCGAACATATGGAGCTTAACGACCTTTATTCTTIC/ TGACACAACTACCRACA

AATGGACCTTATTGT!
GACTGCTGATGATCGGAGGAT-3"

GATGACCCTCCTCATCGGAGCTACCACTCGAT

GCTCAAGTTTAAATCARATTCTTGGAATCAAAGGAGCCARGCGAGARACGGACAAGAARAR-3

Fig 3. Genomic sequences of the loci LeOH 8.4, LeOH 23.1 and LeOH 63 with the polymorphic bases in
bold red. The blue sequences represent primer position. ‘-’ in LeOH 23.1 indicates a nucleobase deletion.

The possibility of combining all the primer pairs together without generating primer-
dimers was evaluated by means of the FastPCR Software,”” and the results were
further screened in order to minimize the difference in the melting temperature (),
thus allowing the simultaneous amplification of the four target regions. The primers
chosen for the multiplex PCR analysis, their sequences and melting temperatures
(T), and the amplicon lengths are reported in Table 9.

Table 9. Primers used for the Multiplex PCR and their characteristics.

Amplicon Lenght

Sequence Target Primer Pair Sequence (5™-3") (bp) T (°C)
LeQH S CCACTGATCAATGTGGTGGAfor 208 60.38
4 CAACCACAAATGGCTCCTAAA-rev 50.08
LeOH 271 GCTTGCTAAGCGAAATCGAAfor s 60.61
3 ACGACCGACAAACGCATAGrev 59.73
LeOH 1 TGGGTTTTGGGTATTTATGG-for 0 57.23
33 TTTCTCGCTIGGCTCCTT T-rev 3 60.08
LeOH6 TATGGCCACTGTAGGGGAGA-for o 60.47
3 CATCAGCAGTCATCGA GTGG-rev 7 60.43

4.6.2 PCR setting

First of all the efficiency of the primers in amplifying the target sequences were
separately tested by performing PCRs using each primer pair corresponding to target
genomic DNA (Fig 4): as expected, all the primer pairs successfully amplified the
DNA sequences of interest, extracted from tomato leaves, fruits and canned products,
giving amplicons with the expected molecular weight, without nonspecific amplified
fragments. Particularly, it has to be noticed that the DNA extracted from processed
products was still amplified, even when the amplified fragment was bigger than 200
bp (LeOH 8.4), indicating both the quality of the processed tomato DNA and the
suitability of the extraction method. It is well-known, indeed, that the proceeding
conditions can heavily affect the DNA integrity, making very hard the amplification
step.
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Fig 4. Single PCR amplification of each tomato locus performed on DNA extracted from fruit, leaf and

>

processed tomatoes, using its specific primer pair. ‘L’: Leader variety; ‘T": Tomito variety; ‘C-: water

negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to
a band at 200 bp.

Of course, differences in the amplification efficiency were shown, indicating the need
for an accurate calibration of the primer concentrations in the multiplex, to get
comparable amplification response. A weaker amplification efficiency was observed
for the PCR targeting the locus LeOH 31.3, probably due to the lower T}, of one of the
primers. For this reason, for the multiplex PCR the concentration of the primer pairs
amplifying this sequence was increased to 0.8 uM, while the concentration of the
other ones was kept at 0.5 uM. The multiplex amplification was carried out amplifying
the four tomato DNA sequences simultaneously, by using the four specific primer
pairs in the same reaction (Fig 5).

Fruit Processed Leaf

MbpM ¢ L T L T L T

Fig 5. Multiplex PCR of four tomato loci performed on DNA extracted from fruit, leaf and processed
tomato, using specific primer pair simultaneously. ‘L’: Leader variety; ‘T’: Tomito variety; ‘C-’: water
negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to
a band at 200 bp.

As shown in Fig 5, multiplex PCR gave expected amplicons at each locus for all DNA
samples, meaning that the simultaneous amplification wasn’t affected by the

concurrent presence of all the four primer pairs.
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Nevertheless, it appeared quite clear that the strongest amplification signals belonged
to tomato leaves and fruits, due to the better quality of extracted DNA compared to
the processed one. Indeed, in the lanes corresponding to tomato derivatives a lower
band can be observed, due to the primers and dNTPs which were not utilized in the
reaction efficiently, because of the scarce availability of the template substrate. The
same band was also observed in the water negative control, where no amplification
occurred at all. Albeit increased, the concentration of primer pairs targeting the locus
LeOH 31.3 didn’t improve the amplification efficiency, as shown by the weak band
corresponding to the LeOH 31.3 amplicon, whose visualization was further made
worse by the slight difference in bp with the LeOH 23.1 amplicon (130 bp and 118 bp,
respectively). Although the reduced efficiency of a primer pair, the multiplex PCR
procedure here proposed appeared to be a valid method for the simultaneous
amplification of the four selected tomato loci, laying the foundations for following
hybridization on PNA microarray.

4.7 Amplified sequence hybridization on PNA array

After both simplex and multiplex PCR have been set up and hybridization conditions
with oligonucleotides, having the same length as PNAs, have been defined, the
performance of hybridization of tomato DNA amplified sequences on PNA-based
array was investigated. At first, the LeOH 8.4 amplicon derived from a simplex PCR
was used for the hybridization step and, afterwards, analysis was extended to all the
other three tomato amplified sequences. The amplification was carried out using the
primer copying the target sequence, that is the forward primer, labelled with a Cys
group and the results were checked by agarose gel electrophoresis. Before the
hybridization step on PNA microarray, the solution containing the amplified
fragments was denatured at 95 °C for 5, in order to obtain single strands DNA and
avoid the formation of secondary structure reducing the hybridization capacity.
Hybridization step was performed as described before, both at room temperature and
at 40 °C, to reduced self-folding moiety of the single strand DNA, varying the
incubation time from 30’ to 150’. In all cases, no signals indicating specific PNA—DNA
complexation were observed.

In order to facilitate DNA-PNA hybrid formation on the solid surface, a double
amplification was performed, at the same locus: the first amplification consisted of a
simplex PCR, performed as already described; during the second amplification 3 uL (~
200 ng) of amplified material were used as template for an unbalanced PCR in which
the primer copying the target sequence, that is the forward primer, was labelled with
a Cys group. The concentrations of labelled and unlabelled primers were 0.5 uM and
0.05 uM and the same thermal cycle conditions already described were applied.
Neither with these conditions a specific PNA-DNA hybridization signal was observed.
The formation of single strand DNA was also encouraged by increasing the
concentration of the forward primer in the reaction mix till 0.7 uM, but no improved
results were detected.

In order to selectively obtain only the DNA strand complementary to PNA 1 and PNA
4 (Table 5), dsPCR products, doubly labelled at their 5° termini with a Cy5 dye and a
phosphate group, prepared as described in paragraph 3.7.3-iv, were digested using A-
exonuclease enzyme which recognized and selectively digested the 5’-phosporilated
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DNA strand in a double-stranded DNA. The resulting Cys-labeled single stranded
target amplicon was then used for the hybridization on the array carrying both PNA 1
and PNA 4. Unfortunately, no specific hybridization signal was still obtained.
Different purification steps were then added to the previous PCR systems, in order to
remove any possible contaminants, such as polyphenols derived from the DNA
extraction step, or excess of primers and dNTPs, which could interfere in the PNA-
DNA duplex formation. For this reason all the described PCR experiments were
followed by a purification step, performed by EUROGOLD Cycle-Pure Kit protocol,
and the residual DNA amount was quantified by Qubit® fluorometer, in order to
assure that amplified fragments to be hybridised were still present in solution after
purification. Neither this modification allowed us to obtain an improvement in the
performance of DNA-PNA duplex formation on array.

Since in all the described hybridization experiments the positive control, that is the
PNA on array hybridized with the short oligonucleotide mimicking the
complementary genomic sequence, always gave a signal indicating a specific PNA-
DNA complexation, we wondered if the absence of any specific signal when using PCR
products could be ascribed to a non-properly working amplification reaction or to a
problem related to the length of the sequence to be recognized. For this reason an
investigation of the microarray performance with long synthetic DNA sequences,
mimicking amplified DNA sequences extracted from real food samples, was
undertaken.

In particular, the LeOH 23.1 sequence was chosen for testing hybridizations with long
DNA tracts. In order to study if and how the different positions of the target sequence
in the eventual amplicon would affect the DNA detection, different hybridization
experiments by using longer DNA oligonucleotides containing the target sequences in
the middle, at the 5” and at the 3’ ends, were performed. The different sequences used
for hybridization experiments were three 118 bp oligonucleotides differing in the
position of the target sequence inside the oligomer, and one shorter variant of one of
them (60 bp) (Fig 6).

Oligoa: Cys-5-GCTTGCTAAGC GAAATCGAAGAAAACCCACAAAACCAGATCGGCGATCCACCGGAAAAGCAAGAAATCGGTT GTAAA TGG GTCAACA GAAGGC TTTGATCTATGCGTTI GTCGGTCGT-3
Oligob: Cys-5'-CACAAAACCAGATCGGCGATCCACCGGAAAAGCAAGAAATCGGTTGTAAA TGGGTCAACAGAAGGC TTT GATCTATGC GTTTGTC GG TCGT GGRAATGTTATATT GGCTGAATACACA S
Oligo ¢: Cys-5-TAGTCTACACTTTTTCTCACCTTTGAAT TCTTCTTTGTTT GCTTGC TAAGCGAAATC GAAGAAAACCCACAAAACCAGATCGGCGATCCACCGGAAAAGUAAGAAATC GGTTGTAAATS

Oligod: Cys-5-CACAAAACCAGATCGGCGATCCACCGGAAAAGCAAGAAATCGGTTGTAAATGGGTCAACA

Fig 6. Design of DNA oligonucleotides mimicking the amplified DNA region at the locus LeOH 23.1. The
bold red letters indicate the region to be recognized by PNA 2.

Hybridization experiments with the four DNA single strand sequences were
performed under the same conditions used for short oligonucleotides. In all cases, no
signals indicating specific PNA—-DNA complexation were observed, with or without a
preliminary incubation step at 95 °C for 5’ and/or the hybridization performed at
room temperature and at 40 °C. The use of Tween 20 replacing SDS as a non-charged
surfactant did not allow us to observe improved results, as well as the use of
denaturating conditions (with the addition of small percentages of formamide), in
order to make the PCR product more accessible to the PNA probes.

Thus these results seemed to indicate that the chiral box PNA microarray platform,
albeit very specific, looses binding efficiency in the presence of longer DNA
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sequences, preventing the formation of PNA-DNA duplexes, and this problem, rather
than the possibility of non efficient PCR systems, was the cause of the lack of
detection obtained with amplicons. Although in previous work it had been shown that
on DNA microarray devices the distance between the fluorophore, used to label
hybridization, and the target sequence affects the efficiency of detection,?2 in our case
this phenomenon seemed not to be responsible for this behaviour, since the target
sequence in our experiments had been designed at different distances from the
fluorophore (Fig 6).

It may be speculated that the nature of the solid support and the presence of positive
charges on PNA probes are more likely responsible for this effect, since they could
promote the aggregation of the PNA on the surface, lowering the efficiency of the
hybridization. Alternatively, long DNA tracts may aggregate on the positively charged
surface, making the target DNA difficult to be bound by the PNA probes, and thus
easily rinsed away during the washing steps.

Whatever might be the cause, it has already been demonstrated in the previous
chapter that chiral PNA microarrays give less intense signals when hybridized to
complementary oligonucleotides, as compared to standard PNAs, showing a higher
specificity but a lower sensitivity in DNA detection. Given the promising potentialities
of this kind of probe, future studies will have to be implemented in order to better
understand the kind of interactions between the positively charged PNA probes, the
microarray surface and long DNA tracts, which lowers the PNA binding efficiency.

5. Conclusions

The Arg-PNAs designed and synthesized in this work, tested both in solution and on
microarray systems, confirmed the ability to perfectly discriminate sequences
containing SNPs and thus their potentiality to be used to genotype tomato varieties by
microarray approach. The microarray system here presented was able to
simultaneously discriminate tomato varieties, except for ‘Talent’ and ‘Tomito’, in
simulation experiments using oligonucleotide mixtures. Although the efficiency of
DNA binding was somewhat lower than that usually shown by standard PNA arrays,
causing a lower sensitivity towards long DNA sequences in this array system, the
unsurpassed specificity of the PNA probes makes them very promising for the
development of PNA-based genotyping methodologies. Further studies will be needed
in order to better clarify the interactions occurring during positively charged PNA
probes-long DNA tracts duplex formation on microarray surface in order to develop
modified PNA-based systems able to compete in the future with the commercially
available oligonucleotide-based recognition systems.
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Chapter VIII
_

Tomato varieties identification
through SNP detection by PNA-
Mediated PCR Clamping



1. Introduction

Several techniques for the in vitro analysis of single base mutations in a genome have
been published in literature. These include enzymatic,»2 or chemical,34 probing of
mismatch complexes, gradient gel electrophoresis,5 use of nucleotide analogues
hybridization,é with allele specific probes,” and oligonucleotide ligation assays.8 All
these methods usually require the target nucleic acid to be amplified by polymerase
chain reaction (PCR) in order to enhance their sensitivity. PCR itself has also been
used to analyze directly single base mutations by using allele specific oligonucleotides
as amplification primers.ot© Unfortunately, the general applicability of this approach
is limited by the fact that the majority of primer-template mismatches have no
significant effect in inhibiting the amplification process.* To improve this situation,
@rum and co-workers developed a method that exploits PNAs to block the PCR
amplification process in a sequence specific manner, if targeted against one of the
PCR primer sites, given the higher thermal stability of a DNA/PNA duplex compared
to the corresponding DNA/DNA duplex.'2 The specificity of this approach, called
PNA-mediated PCR clamping, has proved to be such that two alleles which differ by
only one base pair can be discriminated.’3 PNA clamping has therefore been
introduced in the genotyping strategies as a way to elegantly modulate PCRs, for
examples, by specific and efficient inhibition of fragments amplification, which differ
only by a single base pair mutation.*

Different strategies have also been investigated in order to better understand whether
the relative position of the PNA and PCR primer target sites could influence the PNA
ability to clamp and modulate PCR.13:15 As shown in Fig 1A, the method can operate by
competition for a common target site between a PNA, complementary to the wild-type
target sequence, and one of the PCR primers, complementary to the mutant target
sequence, or vice versa. When the template contains the wild-type sequence, PNA
binding will dominate over primer binding, due to the higher affinity of the matched
PNA for the target site. As PNA cannot be extended by the Taq-polymerase the effect
of this binding is that the amplification reaction is impaired. When the mutant
sequence is present, PCR primer binding will dominate over PNA binding with the
resulting generation of amplicons.’2 PCR clamping can also operate by interfering
with primer elongation.!3 In one set-up the PNA is located adjacent to one of the PCR
primers. Here, clamping is expected to operate by preventing initiation of primer
elongation (Fig 1B). In another setup the PNA is located at a distance from the PCR
primer. In this case, clamping is expected to operate by elongation arrest (Fig 1C).

A PNA

Fig 1. Models for PCR clamping: (A) primer exclusion; (B) inhibition of primer elongation by
steric hindrance; (C) elongation arrest. Adapted from reference 15.
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Clearly, for such block mechanisms to work the PNA must compete effectively against
its cognate PCR primer in binding to their common recognition site or must bind
robustly to its specific site in the elongation arrest model.:3 To facilitate this
requirement, the normal 34 step of PCR cycle is usually extended with a distinct PNA
annealing step which precedes the PCR primer annealing step and which is at a
temperature that allows only the fully complementary PNA to bind to its target
sequence (Fig 2).

SYNTHESIS
PNA ANNEALING

PCR PRIMER
ANNEALING

Fig 2. Schematic illustration of the four step PCR cycle profile used in PCR clamping. The PNA annealing
step is set at a temperature that allows only the complementary PNA to bind. Adapted from reference 12.

Besides the mechanism, there are fundamental differences in the three described
models, which can be exploited at best according to the type of mutations to be
detected.’3 For example, PNA clamping protocol based on the primer exclusion
principle does not require that the PNA, once bound to its target, is able to prevent
read-through by the polymerase, as is the case in the elongation arrest clamping
mode. Second, the only variables in the primer exclusion clamping mode are the T, of
the PNA and the PCR primers and these may be tuned to precision simply by
changing either the sizes of the PNA and PCR primers, or by altering their exact
position on the target DNA. Third, when using the primer exclusion principle there is
the further advantage that, in addition to blocking its cognate target site, the PNA will
compete with the PCR primer for any cryptic primer sites in the genome, thereby
suppressing any occurrence of nonspecific background in the PCR process directed by
this primer. This PNA clamping principle has been successfully exploited for the
analysis of point mutations both in human,4 and in microorganism.16.17

On the other side, the ‘elongation arrest’ model has been preferred for the
enhancement of PCR amplification of variable number of tandem repeat (VNTR)
loci.®® In this approach the PNA molecules were designed to block the repeat
sequences at a given locus during amplification, but at the same time they didn’t
prevent the polymerase from displacing them and extending the primers to
completion. The presence of PNA blocking the repeat units prevented the re-
annealing of complementary template strands occurring during the later rounds of
amplification, thus reducing preferential amplification and enhancing the overall
efficiency.

Despite all the reported examples, the inhibition operated by the primer extension
and/or steric hindrance model was shown to be the most efficient condition in
determining inhibition of amplification by PNA because it required the lowest
concentration of PNA to determine a complete disappearance of bands in the
screening of five main varieties of transgenics crops.'s The use of PNA adjacent to a

200



primer, specific for the identification of a given event, and sharing few bases with it,
was considered the optimal configuration also for the detection of mitochondrial DNA
mutations involved in a variety of degenerative desease,9 and to detect K-ras tumor-
specific mutations.20

Unfortunately, the clamping process is a complex function of affinity and kinetics of
dissociation and it is strongly influenced by the PNA concentration and melting
temperature, as well as by the sequence to be clamped; for this reason no general rule
can be inferred, but each experimentation may require several adjustments in order to
reach the best results in terms of SNPs detection.

Despite several studies exploiting the PNA-mediated PCR clamping approaches for
SNP detection have been already carried out, no one has been performed with chiral
box PNAs, yet. The better performances of these modified PNAs in solution, in
binding complementary sequences and in mismatch recognition,?t could in fact
improve the efficiency of the system in discriminating alleles which differ just for one
base pair.

2. Aim of the work

In this chapter, the same argine-based 2D-chiral box PNAs (Arg-PNA) developed in
the previous chapters were employed in the development of a PNA-mediated PCR
clamping method for the recognition of tomato cultivars through their characteristic
amplification patterns. Primer pairs were designed in order to compete with cognate
PNA probes for binding to their common recognition site, thus blocking DNA
amplification of genotypes carrying homozygous mutations. The strength and the
limits of this technique will be illustrated.

3. Experimental part

3.1 Plant materials and food matrices

See paragraph 3.3, Chapter VII — Section II

3.2 DNA extraction from fresh and canned tomato
See paragraph 3.4, Chapter VII — Section II

3.3 Primer design

Primer pairs were designed on the tomato genomic sequences by Primer3 software v
0.9,22 considering the standard features already describes elsewhere. Besides, the T,
for each primer pair was set to be few degrees lower than the T, of PNA-DNA
fullmatch duplex, to avoid PNA loss in binding specificity during primer annealing
step. As regards the position, reverse primers were placed on the DNA sequences of
interest in order to share two bases at 3’ end with the H-terminus of PNA specific for
the mutations to be detected (steric hindrance model) and, consequently, the position
of forward primers was chosen, among all the ones suggested by the software, in order
to minimize the length of the amplicons, making eventually more efficient even the
amplification of DNA extracted from processed tomato. Selected PCR primers were

then submitted to BLAST search against Solanum lycopersicum database in order to
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avoid nonspecific annealing that could cause amplification of other non-target
sequences besides the input template. The primer couples were further analyzed by
using the on line program IDT — Integrated DNA Technologies,23 to avoid primer
pairing (all combinations including forward-reverse primer pair, forward-forward as
well as reverse-reverse pairs).

3.4 PNA-mediated PCR clamping

3.4.1 Chemicals

e Phire® Hot Start II DNA Polymerase 5 U/uL (Finnzymes, Thermo Scientific,
Finland)

e Phire Reaction Buffer 5 x containing 7.5 mM MgCl, (Finnzymes, Thermo
Scientific, Finland)

e Deoxynucleotides 100 mM (dATP, dCTP, dGTP and dTTP) (10 mM solution for
each dNTPs) (Euroclone, Italy)

e Oligonucleotide primers desalted and lyophilized (20 uM solution in sterile and
apyrogenic H,O) (Thermo Scientific, Italy)

e PNA probes diluted in sterile H.O

e Sterile and apyrogenic H,O (Salf SPA, Italy)

3.4.2 Instrumentation
e Aura PCR workstation (BioAir Instruments s.r.l., Italy)
e PCR Sprint Thermal Cycler (Thermo Hybaid, UK)

3.4.3 Procedure

All PCR procedures were performed in a final volume of 25 pL with the following
reagent concentrations: genomic DNA 30 pg, PNA solution at different concentration
diluted in sterile H,O, Phire Reaction Buffer 1 x, MgCl, 1.5 mM, dNTPs 0.2 mM each,
primer 0.4 uM each (forward and reverse), Phire® Hot Start II DNA Polymerase 0.15
U/uL. Thermal cycle conditions were as follows: pre-incubation at 94 °C for 5°; 30
cycles consisting of dsDNA denaturation at 94 °C for 307, PNA annealing at specific
T, for 307, primer annealing at specific T, for 30", primer extension at 62 °C for 30”;
and final elongation at 62 °C for 5’.

3.5 Agarose gel electrophoresis

See paragraph 3.8, Chapter VII- Section II

4. Result and discussion

4.1 Choice of DNA sequences for tomato discrimination by
PNA-mediated PCR clamping

Given the already characterized tomato SNPs, deeply described in the previous
chapter, a careful study was carried out in order to select those ones able to
discriminate among the seven tomato cultivars with the same shape by a PNA-
clamping approach based on the steric hindrance model.
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For this purpose, single nucleotide polymorphisms for all the tomato cultivars at each
locus were analyzed to find the best combination of sequences whose amplification, in
the presence of the specific PNA for the mutations to be detected, would have
permitted the identification of tomato varieties by characteristic amplification
patterns (Table 1).

Considering that the presence of an heterozygous genotype would not have completely
blocked the amplification, since the dsDNA containing the nucleotide not recognized
by the PNA probe would have been amplified anyway, three loci were chosen. As
shown in Table 1, the amplification of the locus LeOH 8.4 in the presence of PNA
specific for the recognition of ‘C’ mutation would allow to discriminate ‘Cirio3’, by
blocking its amplification, from ‘Ercole’ and ‘Talent’, all of them long-shaped. The
same for ‘Tomito’ and ‘Minidor’ cherry-shaped varieties.

Table 1. Genetic asset concerning SNPs for each tomato varieties and the expected amplification patterns

R

in the presence of the specific PNA probes. ‘+’: expected amplification; ‘-’: non-expected amplification.

The coloured boxes enclose varieties which are discriminated at each locus.

Varieties

Leader
Loci

Ps1296

(Rounded) (Rounded)

Ercole
(Elongated)

Talent
(Elongated)

Cirio3
(Elongated)

Tomito
(cherry)

Minidor
(cherry)

PNALeOHS8.4-C

T/T
+

c/T
+

cT
+

cic

cic

PNALeOH63-T TiT

cT
+

PNALeOH 23-del Gldel

G/del
+

o
+

Gidel
+

crT
+

del/del

cic

G/G

CT

Gidel

T

GIG

The full discrimination of ‘Ercole’ and ‘Talent’ varieties was expected to be
accomplished at the locus LeOH 23, where the PNA specific for the deletion mutation
could block the amplification of the homozygous genotype, distinguishing therefore
between the two long-shaped varieties. Finally, the round-shaped tomato cultivars
‘Leader’ and ‘PS1296° would present a discerning amplification pattern at the locus
LeOH 63, considering that PNA recognizing ‘T" mismatch could entirely block the
amplification reaction for ‘Leader’ carrying homozygous mutation. In this way, by
performing amplification of these loci in the presence of the specific PNAs for the
mutations to be detected, a characteristic electrophoresis pattern for tomato varieties
with the same fruit shape could be developed.

4.2 Primer design

Considering that a previous work described the steric hindrance strategy as the one
requiring the lowest concentration of PNA to clamp the amplification,!s and that we
aimed to obtain a complete blocking of the PCR reaction, whenever the mutation was
recognized by the specific PNA, primer pairs were designed in order to fulfil the
requirements of this model. In particular, the reverse primers were positioned on the
genomic sequence to be amplified so that it shared the last two bases at the 3’ end
with the first two of PNA N-terminus.

Besides, for primer design an accurate calibration of the T, of PNA and relative
competitive primer was carried out. The T}, of primer pairs was set to be lower than
the one of PNA-DNA duplex fullmatch, observed in solution:24 in this way, after the

PNA hybridization step, the primer annealing step would not risk the PNA to
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unbound from its site. Primer pair sequences, the relative T}, and the amplicon length
were reported in Table 2 together with the specific PNA sequences to operate the
clamping and their T,

Table 2. Sequences of the primers used for PCR clamping. The red nucleobases indicate the
nucleobase specific for the SNP to be detected.

Locus Primer Sequence Primer T, Amplicon PNA sequences PNAT,, fullmatch
5-3) coO Lenght (bp) H-NH,_ cC)

GGGTATGATCTTTGTACTIG-for 45.28

LeOHS8.4 98 AAAGGCCGA 60
ATACTTTTCGAGCTAAGAAA-Tev 44.07
ATAGAGGAGTCCATTAGTCT-for 4555

LeQOH23 130 TITT-CGGTGG 56
TTACAACCGATTTCTTIGCTT-rev 47.68
ATAGCCAAGAATGGTCTGTG-for 49.32

LeOH 63 170 TGTGTCAAAAG 56
GGTCCATTTGTTGGTAGTTG-rev 48.78

Each primer pair was also checked for forward-reverse primer pair, forward-forward
as well as reverse-reverse pairs combination and then submitted to BLAST search
against Solanum lycopersicum database, to reduce the targeting of nonspecific
sequences that could reduced the amplification efficiency.

4.3 PNA-mediated PCR clamping

As a start, the efficiency of the primers in amplifying the target DNA, extracted from
fresh tomato fruits as previously reported, was tested by performing PCRs using each
primer pair without any PNA probe.

Mb M L E Ta P T M G C € Mbp M L E Ta P T M C3 C- ¢ Mbp M L E Ta P T M C C O

LT

100 —

b c

Fig 3. Single PCR amplification of the a) locus LeOH 8.4, b) locus LeOH 23.1 and c¢) locus LeOH 63,
performed on DNA extracted from tomato fruits using specific primer pairs. ‘L’: Leader variety; ‘E’: Ercole
variety; ‘Ta’: Talent variety; ‘P’: PS1296 variety; ‘“T’: Tomito variety; ‘Mi’: Minidor variety; ‘C3’: Cirio3
variety; ‘C-’: water negative control; ‘C+’: positive control (tomato leaf DNA); ‘M’: molecular markers in
exact 20 bp increments. The more intense one corresponds to a band at 200 bp

As shown in Fig 3, all the primer pairs gave only the expected amplicons, showing
both specificity and efficiency in amplifying DNA sequences extracted from fresh
tomato fruits. In order to allow the preferential annealing of PNAs to DNA, the T,
(annealing temperature) used for each PNA was meant to be lower of 4-5 °C than
their T', observed in solution in previous experiments (see Chapter VII - Section II).
The T, for each primer pair was therefore set up considering the T, of PNAs. In
general, primers T, was dropped of about 10 degrees compared to the T, of cognate
PNAs, to avoid the destabilization of PNA-DNA duplex during the primer annealing
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step. Considering this, the temperature of Taq DNA polymerase extension step was
also lowered from 72 °C to 62 °C. Since PNA molecules are consumed during the
amplification course, risking the loss of the efficiency in clamping process, the rounds
of the PCRs were also reduced to 30 cycles.

Concerning the amount of PNA, several concentrations were tested to find the one
able to clamp the amplification in a specific way.

Concerning the locus LeOH 8.4, 150 nm, 500 nm and 1 uM of specific PNA were used,
by applying a PNA T, of 55 °C and primer pairs T, of 45 °C. The concentration of 1 yM
seemed to work properly (Fig 4).

Mbp ™M L E Ta P T C+ C-- Mi C3 C- C W

100 %

Fig 4. PNA mediated PCR clamping at the locus LeOH 8.4, using the PNA specific for the recognition of
‘C’ mismatch. ‘L’: Leader variety; ‘E’: Ercole variety; ‘Ta’: Talent variety; ‘P’: PS1296 variety; ‘T’: Tomito
variety; ‘Mi’: Minidor variety; ‘C3’: Cirio3 variety; ‘C+’: positive control (‘Cirio3” DNA fruit amplified
without PNA); ‘C++’: ‘Cirio3’ DNA fruit amplified in the presence of a nonspecific PNA; ‘C-": amplification
without DNA with the specific PNA; ‘C--’: amplification without DNA with nonspecific PNA; ‘W’: water
negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to
a band at 200 bp

Under these conditions, the amplified fragments of expected length were effectively
observed only for the heterozygous genotypes and the homozygous ones, carrying the
other genetic asset, while the homozygous ones for the specific mutation to be
detected completely lacked of amplification, according to the scheme reported in
Table 1.

Despite PNAs have been purified by RP-HPLC and their purity has been previously
checked by LC-ESI-MS, an amplification test was carried out in the presence of a
nonspecific PNA (the one recognizing the mismatch at locus LeOH 31.3, see Table 5,
Chapter VII — Section II), in order to demonstrate that the absence of amplified
fragments was completely due to the clamping process by the specific PNA and not to
random PCR inhibitors derived from the PNA synthesis. As expected, the
amplification was observed in the case of the homozygous genotype ‘Cirio3’ in the
presence of the nonspecific PNA, confirming the efficiency and specificity of the
clamping system PNA mediated.

According to the expected results showed in Table 1, the high selectivity and
specificity in mismatch recognition of argine-based 2D-chiral box PNA fulfilled the
modulation of PCR in the discrimination of long- and cherry-shaped tomatoes by
characteristic gel electrophoresis patterns.

Unfortunately, the same application wasn’t successful for the clamping of the other
two tomato loci. In both the cases of the loci LeOH 23.1 and LeOH 63 several
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adjustments were made to PNA concentration, primer pairs T,, PNA T, and times of
annealing steps in order to encourage the PNA-DNA duplex formation and to fine
regulate the modulation of PCR. In all the tested cases, the expected PNA-mediated
clamping was not obtained, but a nonspecific halt of the amplification for all the
genotypes was observed when the PNA concentration was higher than 10 uM. Besides
the complex kinetics regulating the PNA-mediated PCR clamping and the influence of
the target sequence in the achievement of the clamping process, it’s likely that the
lower T, for the PNA-DNA fullmatch duplexes observed in solution for the PNA-
LeOH 23.1-del and PNA-LeOH 63-T, compared to the T}, of PNA-LeOH 8.4-C,24 may
destabilize PNA-DNA duplex during the primer annealing step, thus resulting in the
amplification of the containing SNP strand. Another trial experiment was also carried
out by the ‘elongation arrest’ strategy, performed at the locus LeOH 63. In this case,
the reverse primer was shifted downstream to the PNA position, to let the
amplification started until it met the PNA-DNA duplex. Neither with this strategy any
clamp of the homozygous genotypes was observed, confirming the difficulties in the
setting up the whole system.

Concerning the behavior of PNA-mediated PCR clamping on DNA extracted from
processed tomatoes, preliminary experiments showed that 30 cycles of repeated steps
during the PCR were not enough to obtain an amount of dsSDNA detectable by gel
electrophoresis; on the other hand, the extension of cycle number from 30 to 40
decreased the efficiency of PNA in blocking the amplification reaction since, as
already said, the higher the number of cycles, the higher is the PNA consuming and
the efficiency loss in PCR clamping.

All these concomitances require further studies in order to better understand and
clarify the dynamics occurring during the PNA-mediated PCR clamping for the
accomplishment of single nucleotide polymorphism detection.

5. Conclusions

Chiral PNAs have been applied to identify point mutations in a PCR-based assay for
the discrimination of tomato cultivars, exploiting their characteristic amplification
profiles. The application relies on the increased affinity and specificity of 2D-chiral
box PNA in mismatch recognition in conjunction with the fact that PNA molecules are
not recognized and as such extended by DNA polymerases. Thus, PNA oligomers act
as clamping molecules allowing a precise sequence-specific suppression of
replication, when the mutation to be detected is present. The assay as such followed
previous clamping protocols,’525 in which the 3’-DNA primer was designed to overlap
with the sequence of the PNA probe, thus competing for their common binding site.

Despite PNA-mediated PCR clamping is an attractive tool for the detection of SNPs, it
suffers from some limitations, such as complex kinetics ruling the whole process
which are determined by several reaction parameters, such as the total number of
PCR cycles, the primers and PNA annealing temperature and the amount of PNA
added, as well as the target sequence.2 The fine regulation of these parameters may
be very time-consuming and not always fruitful; for this reason this technique is not
fully widespread as a diagnostic tool, yet. Finally, the development of a PNA mediated
PCR clamping assay in real time, measuring fluorescence at the crossing point rather

206



than evaluating band intensity, may allow a kinetic rather than a static assessment of
the clamping reaction, giving a quantitative application of this technique.
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The present Ph.D. thesis dealt with the use of advanced genomic and proteomic
techniques for the assessment of quality and safety of one of the most important
traditional and worldwide renowned Italian crop products: tomato.

In the first section, innovative proteomic approaches have been applied to the issue of
tomato allergy. The increase of several cases of adverse reaction reported in the last
few years, following the intake of both raw and cooked tomatoes,2 emphasized the
need to focus on the study of the immunological properties of tomato and on the
characterization of its main allergens, by using reliable, specific, sensitive, time- and
cost-effective methods.

Thereby in the third chapter, the classical immunological techniques, based on gel
electrophoresis for the separation of proteins, along with advanced mass
spectrometric systems, have been applied, allowing the detection and the
characterization of the main allergens in a set of 12 tomato ecotypes. These
experiments identified two allergenic proteins, profilin and suberization-associated
anionic peroxidase, already known in the literature as tomato allergens. Moreover,
they showed that the immunological response was serum-specific, depending both on
the phenotype and on the tested sera, making it really difficult to make general
statements on the potential hypoallergenicity of the analysed varieties. The literature
is very poor concerning specific and exhaustive studies regarding tomato allergens,
like the one described here.3 Mostly, tomato allergen description has been carried out
by coupling the classical immunological revelation methods with Edman degradation
and searching public database for alignaments,4 which limits the fine characterization
of proteins. The study reported here, on the other hand, underlined the potential of
the high-resolution mass spectrometric systems in the identification of allergenic
proteins, being also able to univocally distinguish between isobaric peptides, thus
confirming the appropriateness of the exploited method for this purpose.

In the fourth chapter, the characterization of an ‘emergent’ tomato allergen, namely
nonspecific lipid transfer protein (LTP), has been described. Although some
interesting attempts have already been carried out in order to characterize this
allergen and its isoforms and to define their localization within fruit tissues,5¢ they
were affected by some factors, such as the use of tomato varieties not so common
among consumers, which could thwart their generalization. For this reason, the
characterization of tomato LTP isoforms, isolated from tomatoes purchased in the
local markets, has been achieved by two main approaches. The first one relied on the
purification of LTP in tomato peel extracts by using chromatographic systems
working at high pressure (fast-protein LC) and ion exchange chromatography,
followed by characterization of the obtained protein by LC/MS using a bottom-up
approach and analysis of its resistance to gastrointestinal digestion. In this way, a
new protein was identified, whose molecular weight didn’t correspond to the one of
other LTP isoforms already annotated in the database, but whose isoelectric point,
secondary and tertiary structures and its resistance to gastrointestinal in vitro
digestion, allowed speculation about the nature of this protein as a new LTP isoform.
This is the first time, to the best of our knowledge, that a tomato LTP isoform has
been so deeply characterized.

Alternatively, the occurrence and the localization of allergenic tomato nsLTP isoforms
were investigated by the exploitation of a fast and simple method, based on the

fractionation of proteins from peel, pulp and seed extracts, using ultracentrifuge
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devices with molecular cut off able to retain proteins with 10 kDa, followed by
characterization of retained proteins by LC/MS. This approach revealed the presence
of four proteins only in the seed fraction, whose molecular weights didn’t fit with any
of the proteins already annotated, but whose chromatography patterns and the
presence of four disulphide bridges clearly indicate their nature as LTPs.

The presence of so many tomato LTP isoforms has not been completely understood,
yet. Since several activities have been detected for these proteins in vitro, it may be
speculated that the plant system modulates the expression of such LTPs in order to
tailor each of them to the proper function. On the other hand, the non simultaneous
detection of these isoforms in the three main tissues of tomato fruits may be due to
the sensitivity and effectiveness of the different analytical methods, as well as some
intrinsic features of the varieties under examination.

Although further analysis will be necessary to investigate many other aspects related
to tomato LTPs (the most important and yet largely unknown being the difference
existing among different varieties), such as their immunological properties, the
coexistence of so many LTP variants hampers their exploitation as a reliable tool in
diagnosis and screening tests.

Despite such limitations, dealing with the nature of the allergen rather than the
analysis itself, the high-resolution mass spectrometric techniques, together with
classic and innovative purification strategies, have been shown to be a cornerstone for
food safety evaluation.

In the second section of this thesis, advanced genomic techniques have been applied
to the problem of tomato variety identification. Since one of the most important
issues concerning food authenticity deals with the substitution of one species for
another with a lower commercial value, or the mixing of one species with similar
material from a cheaper species, the ability to identify these ingredients in any steps
of the food chain represents the priority in the food traceability systems. Nowadays,
DNA molecular marker-based techniques have the potential to greatly simplify
methods for authentication. In particular, single nucleotide polymorphisms (SNPs)
have showed to be very useful and reliable for detecting diversity among tomato
varieties.”

Although many techniques have already been developed, in this study SNP genotyping
has been carried out by means of specific probes, named Peptide Nucleic Acids
(PNAs), which, due to their nature, possess enhanced properties in mismatch
recognition compared to oligonucleotide probes.

Since several modifications have been introduced into PNA backbones, in order to
improve their performance in terms of specificity and selectivity,891° in the sixth
chapter the effect of argine based 2D- and 5L- chiral-box PNAs were compared to the
performance of the fully ‘achiral’ PNA for the first time, both in solution and on solid
surfaces, in order to define the best PNA model for doing SNP recognition.

The data obtained showed that the 5L-chiral box PNA was superior in binding affinity
when in solution, whereas the 2D-chiral box PNA model was superior in performances
when recognition of single nucleotides was considered both in solution and in the
microarray format. It may be speculated that the nature of this behaviour is likely due
to the displacement of the chiral monomers in the PNA-DNA duplex three-
dimensional structure and, therefore, to their interaction with the solid surface.
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Information achieved here was then exploited in the design of a PNA-based
microarray for the recognition of tomato specific SNPs.

So, in the seventh chapter, argine-based 2D-chiral box PNA microarray, for the
simultaneous identification of SNPs characteristic of seven different tomato varieties,
was designed and developed. The Arg-PNAs designed and synthesized, tested both in
solution and on microarray systems, confirmed the ability to perfectly discriminate
sequences containing SNPs and thus their potential to be used to genotype tomato
varieties by the microarray approach. As already reported before for these modified
probes,!* the system perfectly worked in simulation experiments carried out by using
oligonucleotide mixtures, mimicking the different sequences of the seven tomato
varieties, and five out seven tomato varieties were univocally discriminated. On the
other hand, the efficiency of DNA binding was much lower than that usually shown by
achiral PNA arrays, causing a lower sensitivity towards long amplified DNA sequences
in this array system. Despite the high potential of this technique mainly due to the
outstanding specificity of such probes, further investigations will be necessary in
order to elucidate the nature of the interactions occurring during positively charged
PNA probes-long DNA tracts duplex formation on microarray surface and to clarify
whenever these interactions can affect the efficiency of DNA binding, before it can be
seriously considered as the standard method for PNA-based genotyping.

Finally in the eighth chapter, the selectivity and specificity of the same argine-based
2D-chiral box PNAs, in terms of tomato SNP recognition for variety discrimination,
were investigated for the first time, to best of our knowledge, in a PNA-mediated PCR
clamping system. The clamping of the amplification reaction of genotypes carrying
homozygous mutations was achieved by means of primers designed to compete with
cognate PNA probes for binding to their common recognition sites. Positive results
were obtained for one of the three loci tested, which allowed the discrimination of two
cherry- and of two long-shaped varieties. Although very promising for the detection of
SNPs, this approach has poorly reliability, since it could be spoiled by many factors,
including very complex kinetics, the right number of PCR cycles, the primers and PNA
annealing temperature and the amount of PNA added, as well as the target sequences.
All these factors hamper its wide diffusion as a diagnostic assay. Moreover, the use of
modified PNA, for the first time since this technique has been introduced,? may
require a finer regulation of the annealing temperatures both of the primers and
PNAs, due to the high destabilization exercised by the presence of a mismatch, which
could negatively affect the success of the clamping process.

Limitations aside, the data reported here confirmed the Arg-PNA ability to perfectly
discriminate sequences containing SNPs and, thus, their potential to be used to
genotype tomato varieties. It goes without saying that further investigations will be
needed to better tailor the potential of this powerful tool to the different platforms
available, in order to generate a reliable, efficient and fast method for variety
identification.

In conclusion, it has been shown in the present Ph.D. thesis how the latest
advancement in proteomic and genomic techniques can be exploited for assessing
safety and quality of food products with unprecedented accuracy.
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ABSTRACT  Two peptide nucleic acids (PNAs) containing three adjacent modified
chiral monomers (chiral box) were synthesized. The chiral monomers contained either a
C2- or a C5-modified backbone, synthesized starting from p- and L-arginine, respectively
(2D- and 5L-PNA). The C2-modified chiral PNA was synthesized using a submonomeric
strategy to avoid epimerization during solid-phase synthesis, whereas for the CS-deriva-
tive, the monomers were first obtained and then used in solid-phase synthesis. The melt-
ing temperature of these PNA duplexes formed with the fullmatch or with single-mis-
match DNA were measured both by UV and by CD spectroscopy and compared with the
unmaodified PNA. The 5SL<chirabhox-PNA showed the highest T, with full-match DNA,
whereas the 2D-chiralbox-PNA showed the highest sequence selectivity. The PNA were
spotted on microarray slides and then hybridized with CySlabeled full match and mis-

matched oligonucleotides. The results ob

A <h

ity in the order

1 a signal i

achiral >2D-chiral box >5L-chiral box, whereas the fullmatch/mismatch selectivity was

higher for the 2D chiral box PNA. Chirality 22:E161-E172, 2010.

KEY WORDS: PNA; DNA  recognition;
polymorphisms; microarrays

INTRODUCTION

New DNA binding molecules and new hybridization
technologies are essential elements for srudymg gene-
related processes,” and are currently used in several im-
portant applications, including the identification of genetic
mutations or single-nucleotide polymorphisms  (SNPs),
medical diagnostics, gene delivery, assessment of gene
expression, and drug discovery.”® Heterogeneous formats
for performing such assays have become increasingly
available on account of the advancement of DNA microar-
ray technologies,”® which can be used, in combination
with multiplex PCR, for the specific detection of specific
Dl\ﬁ tmcts of interest, such as those used in food analy-
sis.”

Peptide nucleic acids (PNA, Fig. 1), achiral polyamidic
aligonucleotide analogs have high affinity for RNA/DNAY
and have been a mode] for designing new molecules mim-
icking the nucleic acid structures. Stereochemical issues
are very important in PNA binding studies, since DNA is a
highly asymmetric entity.

The introduction of chirality through the use of amino
acidic synthons have been proved to be an efficient tool
for controlling the preference of the PNA for a given hand-
edness, Chirabmodified PNA have been used in biological
applications either in DNA detection'™'" or as gene modu-
'Iamia -19

During the years, we have clarified the role of chirality in
these compounds and have discovered some important
properties of chiral PNA in terms of DNA affinity and
© 2010 Wiley-Liss, Ine.

£ 2010 Wiley-Liss, Inc.

chiral monomers; single nucleotide

sequence selectivity by using modified PNAs with stereo-
genic center either in the C2 or in the C5 position of the
backbone or in both (Fig. 1).°** The use of a single chiral
maonomer inserted in the middle of a PNA strand resulted
in the modulation of the preferred PNA handedness, which,
in turmn, aﬂem:d the preference for the righthanded comple-
mentary DNA. In particular, the use of C2-modified mono-
mers derived from pamino acids and CSanodified mono-
mers derived from -amino acids were shown to induce a
preferential right-handedness, with the latter being a stron-
ger inducer than the former. As a result, C2,C5modified
PNAs were found to bind very Eﬂerhv’e;‘y to DNA when the
stereochemistry was 2D,5L (or 2R,558).
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E162 MANICARDI ET AL
Base Base Syvnthesis
o 0 Boc-glycinal  Boc-Gly-H 0, 0-Arg(Tos)-OMe-HCI
o] R2 o] (2), and Boc-(Tos)argininal Boc-Arg(Tos)-H (6)* were
* N""\/N\)' "-NJ\/N?)J‘ i synthesized as described previously.
H H "1 Boc-2D-Arg(Tos)-PNA-backbone-OMe  (3). Boc-
Gly-H (1) (764.9 mg, 4.81 mmol) and Arg-OMe-HC] (2)
Achiral Chiral backbone (1.518 g, 4.01 mmol) were dissolved in MeOH (30 ml)

R, # H, R;= H C2-modified (a-PNA)
R, = H, R;# H C5-modified (y-PNA)
R, # H, Ry# H C2,C5-modified

: Fig. 1. General scheme of achiral PNA or C2, C5-, and C2,C5-modified
NA

High sequence selectivity is one of the properties for
which PNAs are considered excellent probes.”! However,
in some applications, namely in the recognition of single
base mismatch or single point mutation, the increase in
sequence selectivity is highly desirable. Chiral PNAs have
been used in combination with different u_‘chnulu%iw for
the improved detection of single point mutations.'™**

One of the most efficient model was that obtained by
introducing a series of three adjacent C2-modified chiral
monomers, which we termed “chiral box": PNAs following
this model were shown to have very high direction control
(antiparalle] vs. parallel binding) and exceptional sequence
selectivity.”® In this article, we compare the performan-
ces in solution and in microarray technology of modified
PNAs bearing a “chiral box” composed of C2- or C5-modi-
fied monomers in terms of binding affinity and mismatch
recognition.

EXPERIMENTAL

Reagents were purchased from Sigma-Aldrich, Fluka,
Applied Biosystems, NovaBiochem and used without puri-
fication. DMF was dried over 4 A molecular sieves and
purged with nitrogen to avoid the presence of dimethyl
amine. THF was dried by distillation. TLC was run on
Merck 5554 silica 60 aluminum sheets, Column chroma-
tography was performed as flash chromatography on
Merck 9385 silica 60 (0.040-0.063 mm). Reactions were
carried out under a rlin'oFen atmosphere,

N-benzoxycarbonyl-N'-carboxymethyleytosine (CMC®)
and O"benzylN'carboxymethylguanine (CMG'™) were
purchased from ASM (Hannover, Germany). Oligonucleo-
tides, unlabeled or labeled with Cy5 fluorophore (HPLC
grade), were purchased from Thermo Scientific and were
used as provided.

NMR spectra were obtained on Brucker AC 300 or
AVANCE 300 instruments. & values are in ppm relative to
CDCly (7.29 ppm for proton and 76.9 ppm for carbon) or
DMS0-d;; (2.50 ppm for proton and 39.5 ppm for carbon).
IR spectra were recorded with a FTIR Nicolet 5700, ESI-
MS with a Micromass Quattro micro API (QqQ Detector).
HR-MS with a Thermo LTQ ORBITRAP XL.

Chivality DOT 10,1002/ chir

with the addition of DIPEA (662 pl, 4.01 mmol). The solu-
tion was stirred for 30 min at room temperature, then was
cooled to 0°C with an ice bath and NaBH.CN (302.1 mg,
4.81 mmol), CHyCOOH (275 pl, 4.81 mmaol) were added to
the stirred solution. The reaction was allowed to stir for 30
min at 0°C, then at room temperature for 2.5 h and was
monitored via TLC. The solvent was evaporated and the
residue was redissolved in 200 ml EtOAc and washed with
saturated NaHCOg; (200 ml, two times) and saturated
aqueous KHSO, (200 ml). The organic layer was dried
over Na,50y, filtered, and evaporated to afford an oil. The
oil was purified via column flash chromatography (from
EtOAc to AcOEt/MeOH 9:1) to afford 1.32 g (68% yield) of
the desired product as colorless foam.

(3). "H NMR (300 MHz, DMSO-dg): & = 7.64 (d, 2H, /
= 6 Hz, CH tosyl group), 7.29 (d, 2H, J = 6 Hz, CH tosyl
group), 7.03 (br s, 1H, NH Arg side chain), 6.72 (br s, 1H,
NH-Boc), 6.56 (br s, 1H, NH Arg side chain), 3.61 (s, 3H,
OCHg), 3.34 (s, 1H, CH Arg), 2.86-3.23 (m, 6H, CH.NH),
2.35 (s, 3H, CHj tosyl group), 1.61-1.26 (m, 13H, CH, Arg
side chain and CHy Boc group). "®C NMR (75.4 MHz,
DMSO-dg): & = 174.1, 156.7, 156.6, 141.7, 141.0, 129.1,
125.9, 79.6, 60.6, 51.9, 47.9, 40.6, 29.6, 29.2, 28.3, 25.5,
21.4. ESI-MS: found 486.5 (MH"); 5085 (MNa'); 524.4
(MK"), caled 486.6; 508.6; 524.7. FTIR (KBr): v (cm ') =
34214s, 33506s (N—H); 2976.5m (C—H); 1734.8s,
1701.0s  (C=0); 1623.8m, 1576.8m (C—C aromatic);
1550.4s (N —H); 1366.5m (S—N); 1254.2s (C—N); 1168.65
(S=0).

Boc-2D-Arg(Tos)-PNA-backbone-OH  (4). To a
stirred solution of 3 (2.60 g, 5.37 mmol) in THF (50 ml),
NaOH (2.14 g, 53.7 mmol in 50 ml of water) was added.
The reaction mixture was stirred for 45 min and checked
by TLC. The THF was then evaporated and the pH of the
solution was lowered to 7.1 with HCl solution to induce
the precipitation of the zwitterionic form. The solution was
cooled at 4°C for 2 h, then filtered over Buchner and dried
under vacuum to afford 2.44 g (97% yield) of the desired
product as a white solid, (4). m.p.: 199.3°C (dec) "H NMR
(300 MHz, DMSO-dg): & = 7.97 (br s, 1H, NH Arg side
chain), 7.64 (d, 2H, J = 9 Hz, CH tosy] group), 7.29 (d, 2H,
J = 6 Hz, CH tosyl group), 6.98 (br s, 1H, NH Arg side
chain), 3.29-3.05 (m, 5H, CH;NH pseudopetide and CH
Arg), 2.79-2.69 (m, 3H, CH,NH Arg side chain), 2.34 (s,
3H, CH; tosyl group), 1.73-1.26 (m, 13H, CH, Arg side
chain and CH; Boc group). '*C NMR (75.4 MHz, DMSO-
dg): & = 170.8, 156.8, 155.5, 141.6, 140.8, 1289, 1254, 77.9,
61.1, 45.9, 37.0, 28.0, 27.2, 24.9, 20.7. ESI-MS: found 472.4
(MH"); 494.4 (MNa'}); 5104 (MK"), caled 472.6; 494.6;
510.7. FTIR (KBr): v (cm ") = 3421.4s, 3356.8s (N—H);
2975.9w (C—H); 1710.1s, 1689.5s (C=0); 1609.6s, 1577.7s
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(C—C aromatic); 1539.7m (N—H);
1261.3s (C—N); 1167.4s (5=0).

1390.4w  (S—N);

Boe-2D-Arg(Tos)-submonomer (5). Compound 4
(242 g, 5.00 mmol) was dispersed in DCM (170 ml), then
BSA (3.7 ml, 15 mmel) and DIPEA (1.8 ml, 11 mmol) were
added. The reaction mixture was stirred at room tempera-
ture for 30 min until the solution became nearly clear,
then the Fmoc-Cl (1.55 g, 5.99 mmol) was added at (°C.
The mixture was stirred for 10 min at 0°C, then for 2 h at
room temperature. The reaction was quenched by addition
of MeOH (25 ml). The solvent was evaporated and the res-
idue was redissolved in DCM (150 ml), washed with satu-
rated KHSO, (150 ml, two times) and brine (150 ml). The
organic layer was dried over Na,S0,, filtered and evapo-
rated to afford an oil. The oil was purified via column flash
chromatography (DCM to DCM/MeOH 9:1) to afford 2.85
mg (82% yield) of 5 as a pale yellow solid. (5). m.p.
134.6°C (dec.). "H NMR (300 MHz, DMSO-dg): & = 7.92-
7.82 (m, 2H, aromatic CH Fmoe group), 7.70-7.50 (m, 4H,
aromatic CH tosyl and Fmoc group), 7.18-745 (m, 6H,
CH tosyl and aromatic CH Fmoc group), 4.16-4.33 (m,
3H, CHCH. Fmoc group), 3.38 (br s, 1H, CH Arg), 3.14-
2,87 (m, 2H, NH—CH-CH>—N backbone and CH-NH Arg
side chain), 2.30 (s, 3H, CHy tosyl group), 1.42-1.23 (m,
13H, CH,, Arg side chain and CH; Boc group). '*C NMR
(754 MHz, DMSO-dg): & = 175.0, 156.7, 1559, 155.5,
143.8, 141.7, 140.8, 140.5, 128.8, 127.5, 127.1, 1269, 125.4,
125.0, 773, 66.4, 60.8, 48.3, 46.6, 45.2, 20.9, 28.1, 26.6,
20.7. FTIR (KBr): v (cm™"} = 3425.6s, 3346.8m (N—H);
2074.8w (C—I):; 1689.5m, 16849m (C=0); 1617.4s
(C—C aromatic); 155058 (N—H); 1367.lm (S5—N);
1252.4m (C—N); 1165.8s (5=0). HR-MS: caled m/z for
CasHy20gN:S (M—H™): 692.2749, found: 6922744,

Boe-5L-Arg(Tos)-PNA-backbone-OMe (7). Boc-
Arg(Tos)-H (6) (686.7 mg, 1.66 mmol) and Gly-OMe-HCI
(250.8 mg, 2.00 mmol) were dissolved in MeOH (20 ml).
The reaction mixture was cooled to 0°C with an ice bath
and NaBHsCN (132.1 mg, 2.00 mmol), and acetic acid
(144 pl, 2.00 mmol) were added to the stirred solution.
The reaction was allowed to stir for 30 min at 0°C, then at
room temperature for 4 h and was menitored by TLC. The
solvent was evaporated and the residue was redissolved in
200 ml EtOAc and washed with saturated NaHCOg (100
ml, three times) and saturated KHSO, (100 ml). The or-
ganic layer was dried over NasS0,, filtered and evaporated
to afford an oil. The oil was purified via column flash chro-
matography (using gradient elution from EtOAc to
AcOEt/MeOH 9:1) to afford 406.7 mg of 7 (50% yield) as a
colorless foam.” 'H NMR (300 MHz, CDCI3): 6 = 7.75 (d,
2H, / = 8.2 Hz, CH tosyl group), 7.22 (d, 2H, J = 8.2 Hz,
CH tosyl group), 645 (br s, 3H, N—H), 5.00 (d, 1H, J =
8.4 Hz, NH-Boc), 3.72 (s, 3H, CH; methyl ester), 3.70-3.55
{(m, 1H, CH Arg), 3.44 (d, 1H, J = 17.5 Hg, CH: Gly), 3.35
(d, 1H, J = 17.5 Hz, CH2 Gly), 3.18 (br s, 2H, CH:NH Arg
side chain), 2.70-2.50 (m, 2H, CH, pseudopeptide moiety),
2.38 (s, 3H, CH; tosyl group), 1.78 (br s, 1H, NH amine),
1.61-1.43 (m, 4H, CH. Arg side chain),1.41 (s, 9H, CHy
Boc group). '*C NMR (754 MHz, CDCly: & = 172.8,
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156.8, 156.2, 141.8, 140.6, 129.1, 125.7, 79.0, 53.5, 52.9,
51.6, 503, 40.7, 30.1, 28.2, 25.6, 21.2. ESI-MS: found 486.4
(MH*), caled 486.6. FTIR (KBr): v (cm™') = 3431.1m
(N—H); 3342.1m (N—H); 3158.2w (Ar—H); 2976.3m,
2951.6m, 2866.2w (C—H); 1743.0s, 1695.8s, 1623.32s
(C=0); 1576.4s, 1549.7s (N—H); 1456.8m, 14369m
(—CHs—); 1366.2m (S—N); 1253.6m (C—N); 1168.8s
(C—0), 1132.3s (5=0).

Boe-5L-Arg(Tos)} PNA-C?-.0OMe monomer (8-C). N
benzoxycarbonyl-N'-carboxymethyleytosine (CMC™)
(502.9 mg, 1.65 mmol) was dissolved in DMF (10 ml) at
0°C, together with DHBtOH (268.8 mg, 1.65 mmol) and
DIPEA (423 yl, 2.56 mmol). EDC-HCl (3144 mg, 1.64
mmol) was then added, and the solution was stirred for 10
min at 0°C, then for 20 min at room temperature; the back-
bone 7 (408.2 mg, 0.84 mmeol) was then added to the mix-
ture, and the solution was stirred overnight. After comple-
tion of the reaction, the DMF was evaporated under vac-
unm. The residue was redissolved in AcOEt (100 ml) and
washed with saturated KHSO, (50 ml, two times), satu-
rated NaHCO; (50 ml, two times) and brine (50 ml). The
organic layer was dried over Na;S0, and filtered; the sol-
vent was removed and the residue was purified via flash
chromatography (AcOEt/MeOH = 95:5) to afford 615.4
mg (95% ¥ield) of the product as a pale yellow foam.

(8-C). "H NMR (300 MHz, CDCly): major rotamer & =
10.81 (brs, 1H, NH Cytosine), 7.69 (d, 2H, J = 8.1 Hz, CH
tosyl group), 7.55 (br s, 1H, eytosine H{6)), 7.35-7.10 (m,
8H, cytosine H(5), CH tosyl and benzyl group), 6.55 (br s,
2H, NH), 5.56 (br s, 1H, NH-Boc), 5.16 (s, 2H, CHz benzyl
group), 4.90-4.45 (m, 2H, CO—CH»—Cytosine), 4.40-3.85
(m, 2H, CH; Gly), 4.00-3.70 (m, 2H, CH; pseudo-peptide
moiety), 359 (s, 3H, OCHy), 3.41 (br s, 1H, CH Arg), 3.17
(br s, 2H, CH-NH Arg side chain), 2.32 (s, 3H, CHy tosyl
group), 1.80-1.30 (m, 13H, CHy Boc group and CH» Arg
side chain). *C NMR (75.4 MHz, CDCly): major rotamer
& = 169.5, 1674, 163.3, 156.9, 156.2, 156.0, 152.5, 150.2,
141.8, 140.9, 135.0, 129.1, 128.6, 1283, 128.2, 1259, 95.6,
79.7, 77.2, 67.7, 52.8, 52.2, 50.9, 49.2, 48.9, 40.2, 28.8, 283,
25.6, 21.4. ESI-MS: found 4083 (MNal*); 771.8 (MH™);
793.8 (MNa'); 809.9 (MK"), caled 408.4; 771.9; 793.9;
810.0. FTIR (KBr): v (em™") 3429.0m, 3338.6m
(N—H); 31400w (C—H aromatic); 2976.0m (C—H);
1750.0s, 1664.9s, 1630.1s (C=0); 15619s (N—H);
1453.8m (—CH.—); 13676s (S—N); 1213.8s (C—N);
1132.3m (5=0).

Boc-5L-Arg(Tos)-PNA-CP-0H monomer (9-C). To
a stirred solution of 8-C (594.3 g, (.77 mmol) in THF (40
ml}, a solution of Ba(OH)»8H20 (363.9 mg, 1.15 mmol) in
water (40 ml) was added. The reaction mixture was stirred
for 30 min. The THF was then evaporated and the pH of
the solution was lowered to 5 with a HC] solution to induce
the precipitation of the product. The solution was cooled
at 4°C for 2 h, then filtered and dried under vacuum to
afford 418.9 mg (72% yield) of the desired product as a
white solid.
(9-C). m.p. 147.6°C (dec.). "H NMR (300 MHz, DMSO-
dg):  major rotamer & = 1081 (br s, 1H,
Chirality DOT 10,1002/ chir
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Cytosine—NH—COO0—), 7.81 (d, 1H, J = 7.2 Hz, Cyto-
sine H(6)), 7.64 (d, 2H, J = 8.1 Hz, CH tosyl group), 745~
7.25 (m, TH, CH tosyl and henzyl group), 7.02 (d, 1H, J =
7.2 Hz, Cytosine H(5)), 6.90-6.60 (br m, 3H, NH Arg side
chain), 5.19 (s, 2H, CHa benzyl group), 4.90 (d, 1H, f =
15.9 Hz, CO—CH»—Cytosine), 4.77 (d, 1H, J = 16.2 Hz,
CO—CH>—Cytosine), 4.03 (d, 1H, J = 17.1 Hz, CH; Gly),
387 (d, 1H, J = 17.4 Hz, CH, Gly), 3.70-2.90 (m, 5H,
—CH—CH>—, CH-NH Arg side chain and water), 2.34 (s,
3H, CH; tosyl group), 1.60-1.30 (m, 13H, CH; Boc group
and CH. Arg side chain). '*C NMR (75.4 MHz, DMSO-
dg): major rotamer & = 170.3, 167.1, 163.0, 156.5, 155.5,
154.9, 153.1, 150.5, 141.6, 141.0, 135.9, 129.0, 1284, 1281,
127.9, 1255, 93.8, 77.9, 66.4, 51.4, 494, 485, 47.8, 40.2,
28.6, 28.1, 254, 20.8. FTIR (KBr): v {cm™") = 3447.0m
(N—H): 3350.3m (0O—H) 2977.8w, 2933.5w (C—H);
1748.3m, 1653.4s, 163558 (C=0); 1558.7s (N—H);
1457.1m (—CH.—); 1368.6m (5—N); 1214.7s (C—N);
11323m (8=0). HR-MS: caled m/z for CyH;s0,NgS
(MH™): 7572974, found: 757.3019; caled m/z for
CyyHyyOgNyNaS (MNa™): 779.2793, found: 779.2831;
caled m/z for CqgHyg0oNgS (M—H™): 755.2817, found:
755.2819.

Boec-5L-Arg(Tos)-PNA-G'“"™.0Me monomer (8
G). O%benzyl-N"-carboxymethylguanine  (CMG©®")
(501.3 mg, 1.68 mmol) was dissolved in DMF (6 ml) at
0°C, together with DHBtOH (273.2 mg, 1.68 mmol) and
DIPEA (416 pl, 251 mmeol). EDC-HCl (318.2 mg, 1.66
mmol) was then added and the solution was stirred for 10
min at 0°C and for 20 min at room temperature, then a so-
lution of the backbone 7 (406.7 mg, 0.84 mmol) in DMF
(6 ml) was added to the mixture. The solution was stirred
overnight and then DMF was evaporated under vacuum.
The residue was redissolved in AcOEt (200 ml) and
washed with saturated NaHCO; (200 ml, two times), satu-
rated KHSO, (200 ml, two times) and brine (200 ml). The
organic layer was dried over Na,50, and filtered; the sol-
vent was removed and the residue was purified via flash
chromatography (AcOEt/MeOH = 95:5) to afford 511.4
mg (79% yield) of the product as a pale yellow foam.

(8G). "H NMR (300 MHz, CDCly): major rotamer § =
7.70-7.60 (m, 3H, CH tosyl group and CH guanine), 739
(d, 2H, J = 6.0 Hz, CH benzyl group), 7.30-7.20 (m, 3H,
CH benzyl group), 7.13 (d, 2H, J = 7.8 Hz, CH tosyl
group), 6.50-620 (br m, 5H, NH: Guanine and NH Arg
side chain), 5.73(br s, 1H, NH-Boc), 545 (s, 2H, CH: hen-
zyl group), 4.97 (d, 1H, / = 15.9 Hz, CO—CH,—Guanine),
4.84 (d, 1H, J = 15.9 Hz, CO—CHs—Guanine), 4.30-4.20
(m, 2H, CH, Gly) 3.90-3.70 (m, 1H, CH Arg), 3.61 (s, 3H,
OCH3), 3.40-3.00 (m, 4H, CH. pseudopetide moiety and
CH.NH Arg side chain), 2.30 (s, 3H, CHs tosyl group),
140-1.15 (m, 13H, CH: Arg side chain and CH; Boc
group). *C NMR (75.4 MHz, CDCly): major rotamer 5 =
169.5, 167.4, 160.9, 159.5, 156.1 142.1, 142.0, 1406, 140.4,
136.3, 1292, 1284, 1281, 125.9, 1145, 79.9, 68.1, 52.9,
52.7, 52.4, 51.5, 50.2, 48.8, 40.6, 28.8, 28.4, 25.7, 21.4. ESI-
MS: found 767.8 (MHT); 789.7 (MNa®), caled 767.9;
789.9. FTIR (KBr): v (em™") = 3351.7m (N—H); 3156.8w
(Ar—H); 2975.6m, 2952.4m (C—H}); 1745.5m, 1665.7m,
Chirality DOT 10,1002/ chir
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16165.5s (C=0); 1584.4s, 155L.5s (N—H): 1456.6m
(—CHz—); 13659m (S—N); 1256.3s (C—N); 1132.3m
(5=0).

Boe-5L-Arg(Tos)-PNA-GPE"OH  monomer  (9-
G). To astired solution of 8-G (511.4 g, 0.67 mmel) in
THF (40 ml), a solution of Ba(OH),»-8H.0 (314.7 mg, 1.00
mmol) in water (40 ml) was added The reaction mixture
was stirred for 15 min and checked by TLC. The THF was
then evaporated and the pH of the solution was adjusted
to 5 with a solution of HCI to induce the precipitation of
the product. The solution was cooled at 4°C for 2 h, then
filtered and dried under vacuum to afford 461.1 mg (92%
yield) of the desired product as a white solid.

(9-G). mp: 139.4°C (dec). '"H NMR (300 MHz
DMSO-dg): major rotamer & = 7.67 (s, 1H, CgH guanine),
7.62 (d, 2H, f = 8.1 Hz, CH tosy] group), 7.50 (d, 2H, J =
7.8 Hz, CH benzyl group), 7.45-7.30 (m, 3H, CH benzyl
group), 7.26 (d, 2H, J = 7.8 Hz, CH tosyl group), 6.99 (br
s, 3H, NH Arg side chain), 6.73 (br d, 1H, J = 7.5 Hz,
NH—Boc), 6.44 (br s, 2H NH. Guanine), 5.50 (s, 2H, CH,
benzyl group), 4.84 (s, 2H, CO—CH>—Guanine), 3.95-
3.55 {m, 2H, CH. Gly), 3.50-290 (m, 5H, —CHCH,—,
CH-NH Arg side chain and water), 2.31 (s, 3H, CHj; tosyl
group), 1.50-1.15 (m, 13H, CH, Arg side chain and CHy
Boc group). '*C NMR (754 MHz, DMSO-dg): major
rotamer & = 172.6, 167.5, 159.9, 159.6, 156.8, 154.9, 141.7,
140.9, 140.7, 140.4 136.7, 129.0, 128.3, 127.9, 125.5, 113.0,
77.5, 66.7, 52.9, 51.7, 49.5, 48.5, 43.5, 40.6, 35.7, 287, 282,
253, 20.8. FTIR (KBr): v (cm™') = 33488m (N—H);
32195m (0—H); 29762w (C—H): 17214m, 1685.4s,
1615.8s (C=0); 1588.0s (N—H); 1456.1m (—CH,—);
1366.1m (S—N); 1255.3m (C—N); 1166.6m (S=0). HR-
MS: caled m/z for Co Hys0gN S (MH™): 753.3137, found:
753.3157; caled m/z for CaHyOgNNaS (MNa®):
775.2957, found: 775.2967; caled m/z for CyyH30sNoS
(M—H"): 7512981, found: 751.3008.

PNA synthesis. The synthesis of the achiral PNA-1
was performed on an ABI 433A peptide synthesizer with a
software modified to run the PNA synthetic steps (scale: 5
pmol}, using Fmoc-based chemistry and standard proto-
cols, with HBTU/DIPEA coupling and a Rink amide,
loaded with Fmoc-PNA-C (Bhoc)-OH as first monomer.

‘The 2D chiral box PNA-2 was synthesized using stand-
ard Boc-based manual peptide solid-phase synthesis for
the introduction of achiral s and with sub
meric synthesis for the “chiral box” part, as previously
described for 2D-Lys-based PNA™

The 5L chiral box PNA-3 was synthesized with stand-
ard 1 Boc-based solid-phase synthesis using MBHA
resin and the preformed monomers 9-G and 9-C, in addi-
tion to commercially available Boc-PNA monomers.

All crude PNA were purified by RP-HPLC with UV
detection at 260 nm using a semipreparative column C18
(5 pm, 250 > 10 mm, Jupiter Phenomenex, 300 A) Eluents
were as follows: water containing 0.1% TFA (eluent A) and
a 50:50 water/acetonitrile mixture containing (.1% TFA
(eluent B); elution gradient: from 100% A to 100% B in 30
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min, flow: 4 ml/min. The resulting pure PNA oligomers
were characterized by MS-ESL

Achiral PNA-1 (H-AEEA-AEEA-CTTATCCGGTGCC-
NH). Yield (after purification): 12%, Calculated MW:
3777.7 ESEMS: m/z = found 945.1 (calc 945.4, MH{*);
found 756.2 (cale 756.5; MHZ*), found 6304 (cale 6'306
MHZE), found 5406 (cale 540.7; MH*). Residues of com-
pound-a lacking of 1 or 2 AEEA spacers were present in
the final product.

2D Chiral-Box PNA-2 : HAEEA-AEEA-
CTIATC2p15Copng G o GTGCC-NH 2
Yield (after purification): 13%. Calculated MW: 4075.1.
ESI-MS: m/z = found 1019.5 (cale 1019.8, MH}*); found
816.0 (cale 816.0; MHE*), found 680.1 (cale 630. 2 MHEY),
found 583.1 (cale 583 2; MH}*); found 5103 (cale 510.4;
MH‘*} Residues of cornpounds lacking of 1 or 2 AEEA
spacers were present in the final product.

5L Chiral-Box PNA-3. H-AEEA-AEEA-
CITATC 514y C1Arg G50 GTGCC-NH 2
Yield (after purification): 16%, Calculated MW: 4075.1.
ESEMS: m/z = found 1019.5 (calc 1019.8, MH“} Inund
815.7 (cale 816.0; MHE), found 680.0 (calc 680.2; MH),
found 583.0 (cale 583.2; MH“} found 5104 (cale 5104
MHE*). Residues of wmpounds lacking of 1 or 2 AEEA
spacers were present in the final product.

UV and CD analysis. Stock solutions of PNA-(1-3),
and of DNA oligonucleotides (DNA-FM and DNA-MM)
were prepared in double distilled water and their actual
concentration calculated by UV absorbance using the fol-
lowing e (M™' em™") for the nuclecbases: T 8600,
C 6600, A 13700, G 11700, By using these concentrations,
hybrid solutions containing PNA or PNA:DNA duplexes
were prepared. Solutions of 1:1 DNA/PNA were prepared
in a buffer consisting of 100 mM NaCl, 10 mM NaH.
POH0, 0.1 mM EDTA (pH = 7.0). Strand concentra-
tions were 5 M for each component. All the hybrid sam-
ples reported were first incubated at 90°C for 5 min and
then slowly cooled to room temperature. Thermal denatu-
ration profiles (Abs vs, T) of the hybrids were measured at
260 nm with an UV/Vis Lambda Bio 20 Spectrophotome-
ter equipped with a Peltier Temperature Programmer
PTP6 interfaced to a personal computer. For the tempera-
ture range 90 to 18°C, UV absorbance was recorded at 260
nm every 0.1°C. A melting curve was recorded for each
duplex. The melting temperature (Ty,) was determined
from the maximum of the first derivative of the melting
curves. CD measurements were carried out on a Jasco
(Tokyo, Japan) J715 Spectropolarimeter equipped with a
Peltier FTC 348 temperature controller unit.

Array p i “G ® SAL Slides” (Asper
Biotech l)d) were used as solid support to which the
amino-terminal group of the PNA probes was covalently
linked. The detl.vcsnion of the probes was carried out using
a SpotArray™ 24 Microarray Printing System (PerkinEl-
mer™ Life Sciences, Inc). The manufacturer’s instrue-
tions for the deposition protocol were slightly changed to
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comply with the special requirement of the chemical
structures of PNAs: in particular a 100 mM carbonate
buffer (pH 9.0) containing 0.001% sodium dodecy] sulfate
(SDS) was used as deposition buffer. Moreover, after ev-
ery deposition, the pin printing system was washed in
three solutions containing 100 mM carbonate buffer (pH
9.0) and SDS at different concentrations (0.2%, 1%,
0.001%), to avoid carry-over of the probes in subsequent
depositions. The probes were coupled to the surface by
leaving the slides in a humid chamber (relative humidity
75%) at room temperature for 12 h, and the remaining re-
active sites were blocked by immersion in a 1% aqueous
solution of NHy at room temperature for 15 min under
gently shaking. The slides were slowly shaken for 15 min
with (1L1% SDS buffer prewarmed at 40°C and then washed
twice with doubly distilled water at room temperature.
Each slide was spin-dried twice in a plastic tube at 1200
rpm for 5 min, to remove the remaining washing solution.
Slides were then ready to undergo the hybridization proto-
col or could be stored under dried atmosphere for future
use, Since a fluorescent control probe ((AC);;-Cy5)) was
deposited to check the efficiency of the deposition step,
all the previously described operations were carried out
away from direct light in order to prevent degradation of
the Cy5 fluorophore.

Hybridization on microarray. The CySlabeled
DNA-FM and DNA-MM oligonucleatides were used at a
final concentration of 0.1 uM in 2 saline/sodium citrate
(55C) solution and 0.1% SDS buffer. Hybridization was per-
formed by loading 65 pl of each solution to multiwell
chambers (Arrayit Corporation, AHC1 < 16), using a sili-
cone gasket (Arrayit Corporation, GAHC1 x 16), to avoid
cross contamination, and leaving the slides under slow
shaking for 2.5 h at 40°C. After the hybridization step, the
slides were washed under slow shaking for 5 min at 40°C
with a 2x SSC, 0.1% SDS buffer prewarmed at 40°C, fol-
lowed by treatment for 1 min with 0.2x SSC and for 1 min
with (1.1 SSC at room temperature, The slides were then
spin-dried twice at 1200 rpm for 5 min, All posthybridiza-
tion steps were performed in a dark environment to pre-
vent degradation of the Cy5 fluorophore used to label the
oligonucleotides.

Image acquisition. The fluorescent signal derivi 11&
from the hybridization was acquired using a ScanArray
Express Microarray Seanner (PerkinElmer™ Life Scien-
ces, Ine) at ke = 646 nm and .y = 664 nm. To correctly
compare the hybridization data, all the images reported
were acquired with laser power = 100 and photomultiplier
gain = 70, Images were analyzed using the ScanArray pro-
gram with integration of 170 pm diameter circular area
entirely containing the fluorescent spots,

RESULTS AND DISCUSSION
Chiral PNA Design and Synthesis
Recent studies carried out in our laboratory have shown
that substitution of the achiral N-(2-amincethyl)amino acid
backbone with chiral units derived from basic amino acid
Chirality DOT 10,1002/ chir
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H-AEEA-AEEA-CTTATCCGGTGCC-NH, Achiral PNA-1
H-AEEA-AEEA-CTTATC 00,4C20a:gG20agGTGCC-NH, 2D Chiral box PNA-2
H-AEEA-AEEA-CTTATCj; 4,Cs1 argGsiargGTGCC-NH, 5L Chiral box PNA-3

“Chiral box"
Base . }_'
H-N  H
. 1 =N
I':l"““\-./ HN H
. Base
xmn xﬁLNﬂ: YU o
M, " I';J N\)
N=N H
H—’ PI H
H

Full-match DNA-FM: 5-GGCACCGGATAAG-3'
Mismatch DNA-MM: 5-GGCACCAGATAAG-3'
Fig. 2. Achiral PNA-1, 2D chiralbox PNA-2, 5L chiral-box PNA-3, and DNA full matched (DNA-FM) and mismatched (DNA-MM) sequences
waed in this study. AEEA refers to the 2-(Zaminoetoxy)etoxyncety] spacer.
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(thus bearing a positive side chain) can positively affect
the DNA recognition ability depending on the position and
the stereoct vy of the geni centers.”

We chose p- or L-arginine as a starting synthon since
this unit allows to place a positive charge in the backbone
giving rise to electrostatic attractive interactions with the
negatively charged DNA. The guanidinium group of Arg
was chosen not to compete with terminal amino group of
the PNA as a nucleophile in reactions such as those
required for the covalent linking of the PNA onto an acti-
vated solid surface for microarray fabrication. We chose as
a model system the two PNA reported in Figure 2, with
the monomers centered on the base to be recognized,
composed of either C2- or CS-modified arginine mono-
mers, The full match and the mismatch DNA sequence

chosen correspond to target sequences of interest in the
recognition of vegetal varieties.

The achiral PNA-1 was synthesized using solid-phase
synthesis on an automatic ABI 433A Synthesizer. The
Fmoc strategy was used with HBTU/DIPEA as coupling
agent and piperidine/NMP as deprotecting solution.

C-2 substituted chiral PNA monomers are sensitive to
racemization,””*! and should therefore be synthesized
using a special protocol called “submonomeric approach”
in which only the submonomer (Fig. 3) lacking of the car-
boxymethyl base is linked to the peptide chain, followed
by deprotection of the s-amino group and coupling with
the desired carboxymethylnucleobase unit. The synthesis
of the C2-modified p-Arg submonomer is depicted in Fig-
ure 3. The tosyl protected Arg methyl ester 2 was coupled

Chirality DOT 10,1002/ chir
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Fig. 5. UV Melting curves (260 nm) for the DNA-FM with 2 PNA-2
(thin line), 5L PNA-3 (thick line} and achiral PNA-1 (dashed line), in
FES bufler, pH 7; concentration of each strand was 5 pM. Data are
expressed as variation in absorbance (Ad). Cell length was 1 em.

with Boc-Z-aminoacetaldehyde 1 under reductive amina-
tion conditions to obtain the C-protected backbone 3.
Deprotection of the methyl ester gave the backbone 4,
and subsequent protection of the a-amino group with
Fmoc-chloride in the presence of a temporary protecting
silylating agent (BSA) led to the final C2-0-Arg submono-
mer 3.

The synthesis of 2D chiral box PNA-2 (Fig. 2) was car-
ried out using the submonomer synthesis previously
described for other chiral-box PNAs.”"

The use of Cisubstituted PNA monomers prevents the
epimerization problems; therefore, the protected PNA
monomer can be preformed and then directly used for the
solid-phase synthesis.

Thus, we designed two CS-substituted Boe-PNA mono-
mers by using -Arg(Tos) synthons, following the syn-
thetic_scheme previously described for other amino
acids'®: synthesis of a-substituted Boc-aminoacetaldehyde
6 (through reduction of the corresponding Weinreb am-
ide), which was subsequently used in reductive amination
with glycine methyl ester to yield the backbone methyl
ester 7, followed by reaction with the carboxymethylbase
to yield the C-protected monomer 8. Hydrolysis of 8 by
1M Ba(OH)» in a THF/H:0O solution yielded the chiral
monomer 9 (with protected C or G as bases), as reported
in Figure 4.

The SL-chiral box PNA-3 (Fig. 2) was then synthesized
using Boe-chemistry with the two preformed chiral mono-
mers and commercially available Boc-PNA monomers. The
crude products were purified by RP-HPLC and character-
ized by HPLC-MS, as described in the Experimental part.
Chirality DOT 101002/ chir

MANICARDI ET AL

Recognition Properties in Solution

The UV melting curves of the two chiral PNA are
reported in Figure 5, and the corresponding melting tem-
peratures are reported in Table 1 and compared with those
of the achiral PNA-1. The 2D-chiral box PNA-Z:DNA
duplex was found to have a neat melting transition, with
only a slightly lower melting temperature than the achiral
PNA:DNA, similarly to what observed previously for ly-
sine-based 2D-chiral box PNAs with different sequen-
ces.** On the contrary, the Sl-chiral box PNA-3 was
found to have a less steep increase in the absorbance
upon melting, with a larger transition range. Although
under the present conditions it was not possible to deter-
mine enthalpy/entropy contribution, it is evident that the
thermodynamic properties should be significantly different
from the 2D PNA-2 case. The melting temperature for 5L-
chiral box PNA-3 was significantly higher than in the
achiral PNA:DNA duplex, thus confirming that this modifi-
cation is the most suited for obtaining PNA with high affin-
ity for complementary DNA. This behavior is in line with
the recent results of Ly and coworkers, who have used
this type of modification for performing strand invasion of
duplex DNA

The recognition of a single mismatch (A instead of G)
was also evaluated by the decrease in the melting tempera-
tures. In this case, the 2D PNA-2: DNA was found to have
the lowest melting temperature, with a AT, of 26°C,
greater than that observed for the achiral PNA-1 (22°C),
whereas the SL-chiral box PNA-3 gave a stable duplex
also in the presence of the mismatch, with AT, of 20°C.
Therefore, while the 5L PNA-3 was superior in terms of
binding, the 2D PNA-2 was found to be the best model
for the recognition of single mismatch.

The circular dichroism spectra of the two chiral PNA
and of the PNA:DNA duplexes are reported in Figure 6. A
certain degree of preorganization was present for both, as
reported in similar cases for chiral PNA* In particular,
single strand 5L-PNA was found to be quite preorganized,
with a CD ﬁ)ecmun reminiscent of a PNA arranged in a P-
helix form.

The PNADNA duplexes gave CD spectra consistent
with that of achiral PNA, with a maximum at 265 nm
and a minimum at 244 nm, suggesting that the highly

TABLE 1. UV and CD melti p es of the dupl
of the PNA with full matched and mismatched DNA

duplexes

PNA DNA UVT,'(°C) AT,"(°C) CDT.*{C) AT, (CC)
PNA-1 FM 67 2 69 22
PNA-1 MM 45 47

PNA2 FM 66 26 67 o
PNA2 MM 10 40

PNA3 FM 5 20 75 19
PNA3 MM 55 56

SPNADNA melting 1 in phosphate buffer pH = 7.0,

¢ = 5 pM of each stmnd:
M Tm(Fullmatch) — T (Mismatch).
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Fig. 6. CD spectra of {a} the 21} PNA-2 and (b} 5L PNA-3 alene (thin line) and of the duplex with full complementary DNA (thick lne) compared
with the spectrium of the achiral PNA-1: DNA-FM duplex (dashed line); {e and d} meling curves at 260 nm for the fillmatch and single mismatch
(G-A) DNA for PNA-2 (c}, and PNA-3 (d). All measurements were done in PBS buffer, pH 7: concentration of each strand was 5 pM. Cell length was

Lem

constrained PNA did not induce a distorted conforma-
tion of the duplex, in agreement with our finding about
the effect of 2D and 5L stereochemistry of the chiral
monomers, which are both compatible with right-handed
helices.

The CD melting curves of the duplexes recorder at 260
nm were found to be consistent with those obtained by
UV absorption (Figs. 6c-6d), with a significant difference
in the recognition of the single mismatch, which, also in
this case, was more pronounced for the 2D PNA-2,

The higher recognition properties of the 2D chiral box
maodel could be due to the different position of the substit-
uent in the PNA backbone, which is attached to a carbon
atom between two rigid amidic groups for the 2D-deriva-
tive, whereas in the case of 5L derivative, the substituent
is located on the aminoethyl moiety, which allows a higher
conformational freedom. The presence of a mismatch in

the central base of the 2D chiral box could induce a con-
formational change which then affects the proper confor-
mation of the monomer and of adjacent residues. If these
are also highly constrained, the overall conformation of
the “chiral box” segment would be highly distorted and
would give rise to a stable PNA:DNA duplex. This effect is
less pronounced in the case of 5L monomers, due to the
possibility for the flanking monomers to better adapt to
the distorted conformation, therefore preserving the posi-
tive electrostatic interactions which stabilize the duplex.

DNA R, on Mic p
The recognition properties of the two PNAs were also
evaluated on a solid support, using the microarray technol-
ogy which was used previously for the analysis of multiple
sequences, including point mutations.”
Chirality DOT 10,1002/ chir
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Achiral PNA-1

2D-chiral box PNA-2

5L-chiral box PNA-3
Deposition control

Fig. 7. Microars
tion was performed i
Scanner, with he

The PNA were spotted on the surface of activated slides
using solutions of two different concentrations (30 and 50
uM), both producing similar results (Fig, 7) suggesting
that the concentration was sufficient in both cases to satu-
rate the active sites of the slide. A set of the achiral, 2D
chiral box, and 5L chiral box PNA was spotted in duplicate
on the same slide, together with a Cy5-labeled oligonucleo-
tide as a control of deposition. Using a multichamber sili-
cone gasket, one set of spots was then hybridized with the
fullmatch oligonucleotide, and the other with the mis-
matched one, each bearing Cy5-labe ]|nﬁ

‘The results are shown in Figure 7 and show that under
the condition used, the achiral PNA gave rise to the more
intense signal with the full-match DNA (Fig. 7a). The 2D
PNA-2 gave a stronger signal than 5L PNA-3, which
showed very weak hybridization, Therefore, the stability

4 E+D4 a)

JEHM CIDNA-FM

O DNA-MM
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Achiral
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a) Cy5-DNA-FM

b) Cy5-DNA-MM

A-FM and (b} single-mis e, Hybridiza

1 Express Microarray

ing a ScanArray

of the PNA:DNA duplexes under these conditions were in
a different order than those observed in solution, suggest-
ing that electrostatic interactions which stabilize the
duplex in solution can be affected by the matrix effect of
the activated slide \ll]].{tL and by the additives normally
used for hybr ion.

Conformational properties are alse another feature that
can affect the behavior of the probes on the surface either
by allowing a tighter interaction with the surface or chang-
ing the disposition of the charges toward the analyte. Pos-
sible side-chain-nuclecbase interactions might occur, in
view of the fact that positively charged amino acid side
Eroups can give rise to cation-n interactions in protein-
DNA complexes.

The hybridization with the mismatched oligonucleotide
gave the results reported in Figure 7h, indicating best rec-

b)

Achiral 2D 5L

PNA
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Fig. 9. Model system for the 2D (a} and 5L (b chiral box Arginine-based PNA, showing the disposition of the Arginine side chains (Ang SC, in
black) relative to PNADNA major and minor grooves (based on the crystal structure reported in Red. 21).

ognition properties for the 2D-chiral box PNA-2 than with
the two other cases. This is in line with the results of
sequence selectivity observed in solution and is expressed
quantitatively in Figure 8.

Therefore, for the recognition of a single nucleotide mis-
match on the array, the 2D-chiral box model is also in this
case the best overall performing in terms of sequence se-
lectivity.

Origins of Differences in Selectivity

In our recent works, we have established that stereose-
lectivity in the DNA binding ability was determined mainly
by the intramolecular steric interactions between the PNA
side chain and PNA backbone, as evaluated by the struc-
tural features of PNA:DNA duplexes.'*** However, the dif-
ferent behavior of the 2D and 5Lchiral box described in
this article requires further discussion. Using the crystal
structure of a 2D chiral box PNA-DNA duplex as a scaf-
fold, and introducing arginine side chains either with the
2D or 5L model, the schematic model of the PNA-DNA
interaction represented in Figure 9 can be proposed.

It can be noted that there is a major difference between
the two types of modifications: while the side chains in the
2D model] are pointing toward the major groove, in the 5L
model they are directed toward the minor groove. This is
in line with more favorable electrostatic interactions with
the phosphate groups, due to shorter distance between
charges, which generates higher stability of the PNA-DNA
duplex.

‘The higher sequence selectivity observed in the case of
2D chiral box can be due to the position of the side chain,
which is attached to the a-carbon of the more rigid glycine
moiety of the PNA backbone, whereas the side chain in
the 5L derivative is placed in the more flexible aminoethyl
group. Distortion of the former will likely generate a con-
formation in which the side chains collide with each other,
whereas in the case of the 5L derivative, they can be rear-
ranged and the eventual repulsive interactions are com-
pensated by the electrostatic interactions with the negative
potential of the minor groove,

Since the side chains in the 5L model are closer to the
DNA backbone, however, eventual surface-PNA interac-
tions on this side will strongly hamper the interaction with
DNA, while the same effect occurring on the major groove
side would be better tolerated, thus leading to a better per-
formance on the microarray system.

CONCLUSIONS

In the last few years, we have shown how chirality of
PNAs can affect in a positive way DNA recognition and
described several examples of increased sequence selec-
tivity.™*" In particular, the introduction of a stereogenic
center derived from p-amino acid in the C-2 carbon or
from t-amino acid at the C-5 carbon of the PNA backbone
has turned out to be very effective in inducing higher affin-
ity and increased selectivity. This effect was magnified
when several chiral monomers were used to form C-2 sub-
stituted chirakbbox PNAs, which were used in combination
with several techniques for the specific detection of point
mutations and single nucleotide polymorphisms.

In this article, we compared for the first time the effect
of 2D- and S5L-chiralmodified PNAs in the chiralbox
maodel to increase selectivity in solution and on solid sur-
faces. The results showed that the 5L PNA-3 was superior
in terms of binding affinity in solution, whereas the 2D
PNA-2 model was superior in performances when recog-
nition of single nucleotides were considered both in solu-
tion and in the microarray format. The latter information
can be very precious in the design of new devices for the
recognition of point mutations or single nucleotide poly-
maorphisms in biomedical or food analysis.

Although the concentration used in the present studies
are far from optimal for modern highly sensitive techni-
ques of DNA detection, in the quest of new ultrasensitive
methods, the molecular recognition events are the most
important starting point. Optimization of techniques and
introduction of schemes for amplification of the signal will
then be possible, based on the most promising model
allowing best binding and best sequence selectivity.
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225



El172

ACENOWLEDGMENT

The authors thank Dr. Damiano Dotti for his technical
assistance in PNA purification.
LITERATURE CITED
1. Lipshutz RJ, Fodor SP, Gingeras TR, Lockhart DJ. High density syn-
thetic oligonuclectide arrays. Nat Genet 1999:21:20-24,

2. Woleott MJ. Advances in nucleic ackd-based detection methods. Clin
Microbiol Rev 1952:5:370-386.

3. Piatek AS, Tyagi S, Pol AC, Telenti A, Miller LP, Kramer FR, Alland
. Malecul = : Titmcdh .

Py s s aharrselnns

VSIS
in Nat Biotechnol 1848 16:350-363.

4. Ranade K, Chang MS, Ting CT, Pei D, Hsiao CF, Olivier M, Pesich R,
Hebert [, Chen YD, Dz VI, Curb D, Olshen R, Risch N, Cox DR,
Botstein D. Highthroughput genotyping with single nucleotide poly-
morphisme. Genome Res 2000;11:1262- 1268,

5 Wang J. From DNA biosensors 1o gene chips. Nucleic Acids Res
BO00, 25301 1-3016.

6. Service RF. Microchip arrays put DNA on the spot. Scence
1568, 252306364,

7. Southern EM. DNA chips: analyzi by hybridi 1o oli-
gonucleotides on a large scale. Trends Genet 1996;12:110-115.
8. Epstein CB, Butow RA. Mi hnok enhanced i

MANICARDI ET AL

induces and sequencespecific antisense effects. | Am Chem
Soc 2006128 16104-16112,

19, Dragulescu: Andrasi A, Zhou P, He G, Ly DH. Cellpermeatle GPNA
with app istry and spacing  binds
sequence-specifically to RNA. Chem Commun 2005:244-246.

20, Corradini R, Sforza 5, T«i&sch: T Mmhem R Chlmlihfas 2 loel in
nucleie ackd and
and in medicinal chemistry. Chirality 2007; 19269-294

21, Menchise V, De Simone G, Tedeschi T, Corradini R Sforza 5, Mar-
chelli B, Capasso D, Saviano M, Pedone C. Insights into peptide
nucleic acid (PNA) structural features: the crystal structure of a oly-
sinebased chiral PNADNA duplex. Proc Natl Acad Sd USA
2008;100:12021-12026.

22 Sforza S, Tedeschi T, Corradini, Marchelli R Induction of helical
handedness and DNA binding properties of peptide nucleic acids
(PNAs) with two stercogenic centres. Eur J Org Chem 20075879
5885

23, Tedeschi T, Sforza 8, Dossena A, Corradini B, Marchelli R. Lysine-
based peptide nucleic acids (PNAs) with strong chiral constraint: con-
trol of helix handedness and DNA binding by chirality. Chirality
2005;17:5196-5204.

24. Nielsen PE. Peptide nuclefc acid: a versatile tool in genetic diagnos-
tics and molecular biokogy. Curr Opin Biotechnol 2001:12:16-20,

25 Cula!:r:llu A. Tadﬁch] T, D1 Cola G, Corradini R, Hurxz S, Marchelli
R A ed PNA for APOE

persistent challenge. Curr Opin Biotechnol 2000;11:36-41.

. Blais BW, Phillippe LM, Vary N. Cloth-based hybridization array sys-
tem for detection of transgenic soy and corn by multiplex polymerase
chain reaction. Biotechnol Lett 2002:24:1407-1411.

10. Rudi K, Rud 1, Holck A. A novel multiplex quantitative DNA armay
based PCR (MQDA-PCR) for quantification of transgenic malze in
food and feed. Nucleic Acids Res 2003:31:062/1-e62/8,

11, Germini A, Mezzelani A, Lesignoli F, Corradini R, Marchelli R,
Bordoni R, Consolandi C, De Bellis G. Detection of genetically modi-
fied soybean using peptide nucleic acdds (PNAs) and microarray tech-
nology. ] Agric Food Chem 2004,52:4535-4540,

12. Germini A, Rossi S, Zanetti A, Corradini R, Fogher C, Marchelli R. De-
velopment of a peptide nucleic acid array platform for the detection of
genetically modified organisms in food. | Agric Food Chem
B005;53:3958- 3662

13, Nielsen PE, editor. Peptide mucleic acids: protecols and applications,
2nd ed. Nerfolk, UK: Horizon Bioscience; 2004,

14. Corradini R, Tedeschi T, Sforza S, Totsingan F, Marchelli R. Peptide
nudeic acids wh.h a structurally bheed backbone: effect of conforma-
tional and Curr Top Med Chem
2007, 7-651-604,

15. Totsingan F, Tedeschi ‘]‘ Sﬁurzu s Currmilm R, Marchelli R. Highly
selective single nuch (SNFy ition by a chi-
ral (55) PNA beacon. Chirality 2006,21:245-253.

16. Englund EA, Appella DH. ysubstituted pepfide nuchuc acids con-

Mel Bie

Syst 2w9:1323—1m_

26. Sforza S, Corradini R, Ghirardi S, Dossena A, Marchelli R. DNA bind-
ing of a p-lveine-based chiral PNA: direction control and mismatch rec-
ognition, Eur J Org Chem 2000,25905-2013,

27, Corradini R, Feriotto G, Sforza S, Marchelli R, Gambari R. Enhanced
recognition of cystic fibrosis W1282X DNA point mutation by chiral
peptide nucleic acids probes by a surface plasmon resonance biosen-
sor. ] Mol Recognit 2004;17:76-84.

25, Tedeschi T, Chiari M. Galaverna G, Sforza S, Cretich M, Corradini R,
Marchelli R. Detection of the R553X DINA single point mutation related
1o cystic fibrosis by a “chiral box™ plysine-peptide nucleic acid probe
by capillary electrophoresis, Electrophoresis 2005:26:4310-4216,

29, Sforza S, Tedeschi T, Corradini R, Ciavardelli D, Dossena A, Marchelli
R. Fast, solidphase synthesis of chiral peptide nudefe acids with a
high optical purity by a submonomeric strategy. Eur ] Org Chem
2008:1056- 1063,

a0, mnadhdkblsﬂvemﬁ SlumS Pal]xG I]osn:mxl Nnc]se-nPE.
Marchelli R_ D:m:l of &
acids: di the iomerk f chiral peptide nucleic
aCidsfFN&s)byGQ“‘—‘ dron: A ¥ 2066.

31. Tedeschi T, Corradini R, Marchelli R, Pushl A, Nielsen PE. Racemiza-
tion ul‘ chiral PNA& during solid-phase synthesis: :ﬂ':cl of t'he coupling

jomeric purity. Tetral

mm 16!3—133&
32 He G, R:pimidy& BahalR.SahuB.wDH Strand invasion of

atructed from tlysine are a versatile scaffold for I dis-
play. Angew Chem Int Ed 2007:46:1414-1415.

17. Ishizuka T, Ynsh]ds.T. Yamamoto Y, Sumacka J, Tedeschi T, Corradini
R, Sforza S, Ki M. Chiral introduction of positive charges 1o
PNA for double-duplex invasion to versatile sequences. Nucleic Acids
Res 2008;36:1464-1471.

18. Dragulescu-Andrasi A, Rapireddy S, He G, Bhattacharyn B, Hyldig-
Nielsen JJ. Zon G, ly DH. Cellpermeable peptide mucleic acid

designed 1o bind 1o the 5° d region of E-cadheri ip

Chirality TH1 101002/ chir

NA by yPNAs ] Am Chem Soc
m:131:12038~1209a

%3, Rapireddy S, He G, Roy 5, Armitage BA, Ly DH. Strand invasion of

ence BDNA by acridinelinked, ypeptide nucleic acid (v
PNA). J Am Chem Soc 2007:12%1 5568615600,

34, Dmgulcemﬂndmd A, Rnplﬂ:dﬂw 5 Fr:m BM, Gwaﬂm C, Gil RR,
1y DH. A simple v peptide
nucleic acid into hohcal structure. ] Am Chem Soc 2006;128 10255
10267.

226



Molecular
BioSystems
Cite this: Mol. BioSyst,, 2011,7,1902-1907

www.rsc.org/molecularbiosystems

Dynamic Article Links °

PAPER

A PNA microarray for tomato genotyping

Tullia Tedeschi,” Alessandro Calabretta,” Mariangela Bencivenni,” Alex Manicardi,”
Giandomenico Corrado,"' Martina Caramante,” Roberto Corradini.” Rosa Rao,”

Stefano Sforza*® and Rosangela Marchelli*®

Received 4th February 2011, Accepted 7th March 20071
DOI: 10.1039/cImbOS048F

The design and development of a PNA microarray d

1 for the simul id

fication of

several SNPs charactenistic of seven different tomato varieties is deseribed. Highly selective

arginine-based e
selective probes. Seven modified PNA probes were

ing PNAs (Arg-PNAs) have been used in order to obtain very
ised and their bindi

properties in

solution were studied. PNA-microarrays based on these probes were prepared and applied 10 SNP
discrimination in model experiments using oligonucleotide mixtures simulating the different
sequences of the seven tomato varieties. The strength and the limitations of such a system for

SNP recognition are thoroughly discussed.

Introduction

In the last few years, the ¢ and fast d of
hiotechnological techniques led to a wide range of selective
and sensitive bicassays, aimed at recognizing genetically
significant DNA markers with methods at the same time
robust and simple,' used for the discrimination of an organism
among others, or a mutation within the same organism.
Although most of the rescarch on DNA markers is related
to genetic diseases,™ these techniques are also becoming
important in many other fields, such as foed safety and
authentication.® In food analysis, DNA recognition can be
extremely useful for tracing the origin of a food product or for
evidencing undeclared ingredients, even if present in very small

DNA detection is thus i ingly applied as an
answer to different needs, such as GMO detection.” microbial
pathogen determination,” assessment of the presence of
undeclared allergenic ingredients.”

Among the different DNA markers which might be
addressed, Single Nucleotide Polymorphisms (SNPs),” which
consist in single nucleobase changes within the genome, can be
used as specific targets to identify a given food or a specific
variety. A wide range of bioassays for the recognition of SNPs
has been developed in the last few years, either in solution or on
surface,"” all aimed at the development of fast, cheap, robust and
high-throughput methods, Among these, surface technigues, and
in particular microarray-based platforms,'"? turned out 1o be
extremely interesting. Such methods usually rely on the
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recognition of a DNA target by hybridization with a single
strand oligonucleotide probe immobilized onto a surface.

The quality and efficiency of these methods can be seriously
affected by the nature of the probes used to recognize comple-
mentary sequences; in particular, oligonucleotide probes may be
replaced with modified molecules with an improved affinity in
DNA binding leading to improved recognition properties.' ™'

Peptide Nucleic Acids (PNA) (Fig. 1A)'*'® are among the
most promising probes, showing improved binding properties,
il compared to DNA probes, as well as higher chemical and
enzymatic resistance.

The development of PNA-based surface systems allowed us to
obtain more efficient assays. in terms of selectivity in the
recognition of point mutation, robustness and sensitivity.'”"?
In food analysis, although still not exploited routinely. several
promising applications of PNAs have been published in the last
few years. In particular PNA-microarrays were successfully used
for the detection of GMOs, hidden allergens and ingredient
authentication.™

A Base B

§

o]
=] o

N
H

H,NTHN
Fig. 1 Chemical structure of a standard PNA (A) and of an
Arg-based PNA monomer used for improved SNP recognition (B).
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Although PNA-microarrays were demonstrated 1o be
extremely efficient, their properties, and in particular the
specificity of recognition, can be further improved by introducing
new chemical modifications in the PNA structure, able to
allow a straightforward clear-cut discrimination, even in the
case of single mismatch recognition (SNP). Examples of the
maodified PNA with improved binding specificity towards
point mutations have been reported, obtained by introducing
a steric constraint, such as cyclic or lincar residues, in the
backbone,*'*?

The synthesis and the binding properties of PNAs containing
arginine-based monomers have been recently reported®®
(Arz-PNAs, Fig. |B), demonstrating their enhanced recognition
properties, in terms of binding affinity and mismatch recognition,
in solution and on microarray platforms.’>™ Such PNAs

FNA | PNA | FNA | FNA | FWA | PA | P
LeOH LeOH LeOiH LeOH LeO LeOH LeOH
AT 23040 &3T L NG 1y 25.0-del

“Ercele’

- | ® . . . .

Clrka)

{obdung) L4 L4 .

“Talent®

—— . ™ . . ™

“Liader

Arounid) . L] L] L]

Pz

| ® . . .

“Tommiin®

- | @ . . . . .

Minideor”

romand . . . . .

might co an ad in SNP recognition as
compared to traditional DNA-based systems, characterized
by poor selectivity.'*

Here we show the design and the development of a model
Arg-PNA  microarray  produced for the simultancous
identification of several SNPs characteristic of seven different
tomato varieties. The design and synthesis of highly selective
arginine-based < PNAs (Arg-PNAs) are
reported together with their binding properties in solution.
PNA-microarrays based on these probes were prepared and
applied to SNP discrimination in model experiments using
oligonucleotide mixtures simulating the different sequences of
the seven tomato varieties, The strength and the limitations
of such a system for SNP recognition will be thoroughly
discussed.

Results and discussion

PNA design and synthesis
A set of 20 EST-SNPs, described in the literature® and
1 ized by high probability to be polymorphic in cultivated

tomatoes, were selected and assaved as CAPS on genomic DNA
of 7 tomato hybrids, characterized by different fruit shapes. SNPs
identity was verified by sequencing the PCR-amplified products.
Four SNP loci (LeOH 8.4, LeOH 31.3, LeOH 63, LeOH 23.1)
were able to discriminate all the hybrids.

PNA probes were d i on these with the
polymorphic SNP placed in the central position of the strand.
The PNA sequences were designed by using PNA-Tm calculator
software,® PNA probes have different lengths to maintain the
same purine/pyrimidine ratio and consequently the same T,
In the case of PNA 2 and PNA 7, the central position did not
actually correspond to a SNP, but to a nucleobase deletion.
(C is missed in PNA 7.)

The theoretical signal pattern expected by using the seven
designed PNA probes targeted against the corresponding
DNA sequences in the microarray is reported in Fig. 2.

In order to obtain a system able to diseriminate the SNPs of
interest with enhanced selectivity, modified PNAs have been
designed. In particular “chiral box™ PNAs, taking their name
by the fact that they bear three adjacent modified monomers in
the middle of the PNA strand, were chosen for their out-

ding ability to discri single hes, as shown in

Fig. 2 Simulation of the recognition of the seven tomato varietics by
the seven designed PNA probes. For each cultivated variety the fruit
shape is reported in brackets,

Bae Base Base
T T
"--.u/“‘-\/N a/"‘-\.\/ H/“‘-\./ " -

HN._ HN HyN._ HN
T L
Fig. 3 Chemical structure of “chiral box™ PNA; three modified Arg-

based PNA s are placed ¢ Iy in the middle of a
standard PNA sequence.

previous works.”” Although “chiral box™ PNAs had been
previously developed using lysine-modified monomers, in this
work three 2D-arginine modified monomers (Fig. 3) were
introduced in the middle of the sequence. in order to avoid
any interference in the binding of the probe to the microarray
surface, since the binding is done by reacting the N-terminal
group. Their synthesis was performed as reported previously.”
PNAs were finally purified by RP-HPLC and characterized by
ESI-MS-RP-HPLC.

PNA binding properties in solution
The probe affinity Is compl leotide
sequences and selectivity for mismatch recognition were initially
tested in solution by measuring the melting temperatures (15,) of
both fullmatch and mismatch PNA-DNA duplexes (Table 1).
Experiments were performed in phosphate buffer (10 mM.
pH = 7), at a strand concentration of 5 uM. Melting tempera-
tures were eviluated as the first derivatives of the UV absorption
curves at 260 nm in a temperature range from 20 10 90 °C.
The values (Table 1) showed that fullmateh oligonucleotides
were recognized and bound with a high affinity, with T3,
ranging in a quite close range, from 54 to 66 °C. PNAs 1, 3,
4. 5 and 6 were also shown to be able to perform mismatch
recognition, with an efficiency which turned out to be quite

v olige
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Table 1 P
(pH = T}

SEOUENCES o

a § pm concentration for each strand

rd melting temperatures of the PNA: DNA antiparallel fullmatch/mismatch duplexes in phosphate buffer 10 mM

PNA (target DNA accession

T,/°C PNA-DNA

p Tw/"C PNA-DNA

number-SNP nucleobase) Sequence” fullmatch” mismatch
1 (LeOH §.4-T) H-AEEARAAAGACCGA-NH, 54 (with 17) i (with 4')
2 (LeOH -G} HAAEEARTTTTCCGGTGE 56 (with 2) 35 (with 8')

3 (LeOH 63-T

4 (LeOH 8.4-C)
5 (LeOH 31.3-G)
6 (LeOH 63-C)

7 (LeOH 23.1-del)

{AEEARTGTGTC.
EAAAGGO

“ PNA monomers are indicated with the s
cormesponding 1o
acetyl: spacer. * O
S-CTTTTGACACA-3, 4" 5-TCGGCCTTT
8 S-CCACCGAAAA-Y.

ETGTGTCGAAAG
ETTTITCGGTGG - NH,

baol of the corresponding nucleoba
NP position is underlined; H means free N-terminus, N1
gonucleotide sequences (8NP base is bold enderined):
& SSGGCACCGGATAAG-

56 {with 37)
60 (with 47)
NH. 66 (with 5)
NH: 61 (with 7')
56 (with 8')

41 (with 7)
45 (with 1')
40 (with 6°)
31 (with 3')
54 (with 2')
: chiral monon
carh le C. : AE
F-TCGGTCTTT-3, 2% 3
L6 SSGGCACCAGATAAG-Y, T

ers based on 2D-Arg are reported in bold, the base
I I

n = aminc

COGG

variable, ranging from good (10 °C drop in T}, for PNA 6) to
exceptional (36 “C drop for PNA 1). Very likely, unpredictable
conformational changes due to the sterical hindrance of the
affected duplex
formation, thus affecting the final duplex stability.

PNA 2 and PNA 7 are to be considered aside, since they
were designed to recognize not a mismatch, but a base
deletion. PNA 2, the one complementary to the full sequence,
showed a consistent drop in affinity towards the oligonucleotide
sequence bearing a deletion in the middle (AT, 21 °C),
indicating that a protruding nucleobase in the PNA strand (in
this case a C) was poorly tolerated from the duplex. Quite
interest . PNA 7, compl ry to the sequence with the
deletion, showed almost the same affinity towards the oligo-
nucleotide sequence bearing an extra nucleobase in the middle,
indicating that a protruding nucleobase in the DNA strand
(in this case an A) can be very well tolerated, with almost no
effect on the duplex stability.

iral constrain

arginine side chains and the c

PNA binding properties on the microarray system

The preparation of the PNA microarray platform with the seven
synthesized PNAs was then performed. PNA deposition was
carriecd out by MICROCRIBI Microarray Service-CRIBI
(University of Padova, Italy), as previously reported.” The
devices were tested by hybridizing them with solutions containing
Cy5-labelled symthetic oligonucleotides, mimicking the DNA
sequences 1o be recognized. The hybridization conditions were
optimized for each probe, both with complementary and
mismatched oligonucleotides, in order 1o define the best
parameters allowing simultancous hybridization of all PNAs.

As reported previously,”” in order to increase the hybridiza-
tion efficiency and to refine the spot shapes, an incubation
hydration step in SDS 0.1%, saline sodium citrate (S8C) buffer
(0.3 M Na 0.03 M sodium citrate, pH 7). at 40 °C for
30 min was introduced before hybridization with the oligo-
nuckotide solutions. This step was particularly required when using
the slides several days after PNA spotting. The hybridization
solutions were prepared in SSC buffer, 0.1% SDS by mixing
Cy3 labelled oligonucleotides at 1 pm concentration.

After optimization of the hybridization conditions. the array
was tested by simulating the different tomato varieties, each

Table 2 Tomato genotypes related to different SNPs

Varicty Oligonucleotide sequences simulation”
‘Ercole’ '+ 2 +3 +4+7

‘Cirio 3 2+4+ 7

“Talent’ I 4 3 ol 8t 4748
‘Leader’ 1"+ 2" + 3 + 4

PS1296° e o L LR b R

“Tomito® g A e i
Minidor 28+ 3t §

“ Oligonucleotide sequences are reported in Table 1,

characterized by it1s own combination of the diflerent
SNP-deletion, by mixing the different oligonucleotide sequences.
in order to imitate the real samples, as shown in Table 2.

The solutions were poured on the slides just after mixing at
room temperature, in order to avoid unspecific interactions.
Hybridization was performed in seven independent experiments,
one for each variety at room temperature, The results obtained
in optimal conditions are shown in Fig, 4.

By comparing the experimental values reported in Fig. 4
with the theoretical values in Fig. 2, it is possible to outline the

PHA
Tomata varieties

PHAZLIO 1D
PHABIT
FHABAC &
PHAILIG O
PHA 23 9del ~

PRAGIC

i

“Ercole’ variety

“Cirlal varisty
“Talent’ variety
“Loader' variety
‘PE129¢ variety
Tomite'variety

‘Minidor’ variety

Fig. 4 PNA microarray analysis with Cy3-oligonucleotides in
different comb
temato varieties.

ations (see Table 2) in order to simulate the seven
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performance of the PNA probes on the surface. PNA 1 (LeOH
8.4-T), 4({LeOH 8.4-C), 5(LeOH 31.3-G), 3(LeOH 63-T) and
6 (LeOH 63-C) behaved perfectly, showing signals only in the
presence of their fllmatch oligonucleotide counterparts, and

detection,” in our case this phenomenon seems not to be
responsible for this behaviour, since the target sequence in our
experiments had different distances from the fluorophore.

It may be speculated that the nature of the solid support and

not giving any signals in the presence of oligon id

the | of positive charges on PNA probes are more

bearing a single mismatch simulating the SNP. Thus, even in
the presence of small differences in stability shown in solution,
all these PNA probes were perfectly able to discriminate point
mutations on a surface system. PNA 2 (LeOH 23.1-G) and 7
(LeOH 23.1-del), aimed at recognizing the deletion, on the
other side, failed 1o perform a specific recognition, showing
positive signals for all oligonucleotides, with or without the
deletion. If this result was somehow expected in the case of
PNA 7, for which in solution there was practically no difference
in T, between the target and non-target DNA, the result was
somehow surprising for PNA 2, which in solution had shown a
quite consistent difference in affinity towards the two DNA.
These results seem 1o indicate that on the surface, differently
than in solution, the recognition of the deletion is somehow
difficult, indicating that protruding bases in either strand
(PNA or DNA) can be very well tolerated and therefore might
not be a good target for PNA probes on a surface system.

In any case, the experiment clearly indicated that the
seven varieties, except for ‘Talent’” and ‘Tomito’, could be
discriminated by the microarray here presented.

Finally, after conditions were set with oligonucleotides
having the same length as PNAs, an investigation of the
microarray performance with longer DNA sequences, which
could better mimic amplified DNA extracted from real food
samples, was undertaken.

In particular, the LeOH 23.1 sequence was chosen for
testing hybridizations with long DNA tracts. In order to study
if and how the different positions of the target sequence in the
eventual amplicon would affect the DNA detection, different
hybridization expeniments by using longer DNA oligonucleo-
tides containing the target sequences in the middle, at the 5
and at the 3’ ends, were performed. The different sequences
used for hybridization experiments were three 118 bp oligo-
nucleotides differing in the position of the target sequence
inside the oligomer, and one shorter variant of one of them
(60 bp).

Hybridization experiments with the four DNA single strand
sequences were performed under the same conditions used for
short oligonucleotides. In all cases, no signals indicating
specific PNA-DNA complexation were observed, with or
without a preliminary incubation step at 95 °C for 5 min
and/or the hybridization performed at room temperature and
at 40 °C. The use of Tween 20 replacing SDS as a non-charged
surfactant did not allow us to observe improved results, as well
as the use of denaturating conditions (with the addition of
small percentages of formamide), in order to make the PCR
product more accessible to the PNA probes.

These preliminary results seem to indicate that the chiral
box PNA microarray platform, albeit very specific, loses
binding efficiency in the presence of longer DNA sequences,
preventing the formation of PNA-DNA duplexes. Moreover,
in previous work it had been shown that on DNA microarray
devices the distance between the fluorophore used to label
hybridization and the target sequence affects the efficiency of

likely responsible for this effect, since they could promote the
aggregation of the PNA on the surface, lowering the efficiency
of the hybridization. Alternatively, long DNA tracts may
aggregate on the positively charged surface, making the target
DNA difficult to be bound by the PNA probes, and thus easily
nnsed away during the washing steps.

Whatever might be the cause, it has already been demon-
strated in previous experiments that chiral PNA microarrays
give less intense signals when hybridized to complementary
oligonucleotides, as pared to standard PNAs, showing a
higher specificity but a lower sensitivity in DNA detection.™

H , mven the p ising potentialities of this kind of
probe, future studies will have to be implemented in order to
better understand the kind of interactions between the
positively charged PNA probes, the microarray surface and
long DNA tracts, which lowers the PNA binding efficiency.

Conclusions

The Arg-PNAs designed and synthesized in this work, tested
in solution and on microarray systems, showed the ability to
perfectly discriminate SNP containing sequences and thus
their potentiality to be used to genotype tomato varieties.
The microarray here presented was able to simultanecusly
discriminate tomato vareties, except for “Talent” and *Tomito’,
in simulation experiments using oligonucleotide mixtures.
Althoungh the efficiency of DNA binding was somewhat lower
than that usually shown by standard PNA arrays, causing a
lower sensitivity towards long DNA sequences in this array
system, the unsurpassed specificity of the PNA probes makes
them very promising for the development of PNA-based
genotyping methodologies. Further studies will be needed in
order to develop modified PNA-based systems to a level
compatible with the presently available DNA arrays, but they
have the potential to compete in the future with the commercially
ilable oli leotide-based recognition sy

Experimental section
Materials and reagents

PNA N-Boc protected standard monomers, N+{1H-1,2,3-(benzo-
triazol-1-yi){dimethylami hylene]-N-methylmetk in

hexafluorophosphate N-oxide (HBTU), N-[(dimethylamine)-
1 #-1,2, 3-triazol[4,5-bpyridine-1-ylmethylene]- N-methylmethan-
aminimm hexafluorophosphate N-oxide (HATU), dichloromethane,
N-methylpyrrolidone (NMP) and N N-dimethylformamide
{(DMF) were purchased from Applied Biosystems (Foster City,
CA, USA). Carboxymethyl-O-benzyl-guanine was purchased
from ASM (Hannover, Germany). Boc-Arg(Tos)-OH, Boc-p-
Arg(Tos)-OH and m-cresol were from Fluka (Buchs, Switzer-
land). The (4-methylbenhydryl)amine (MBHA) PS resin was
from Novabiochem (Lawfelfingen, Switzerland). Diisopropyl-
ethylamine (DIPEA), N,0O-bistrimethylsilyl acetamide (BSA),
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triflnoromethane sulfonic acid (TFMSA), trifluoroacetic acid
(TFA), 3-hydroxy-1,2,3-benzotnazin-d-(3/f)-one (DhBtOH)
and diisopropylcarbodiimide (DIC) were from Sigma-Aldrich
(St. Lomis, MO, USA), Oligonucleotides (guaranteed oligos
grade) were purchased from Thermo Fisher Scientific (Ulm,
Germany) and used without further purification.

of tomato DNA

Definition of target

DNA isolation, PCR reactions and CAPS analysis were
performed as previously described.®®*® The DNA reaction
sequence was prepared with the Big Dye terminator kit
(Applied Biosystems) according to manufacturer instructions
and analysed on the ABI 3730 sequencer (Applied
Biosystems).

PNA synthesis

The synthesis of submonomers and chiral PNAs was
performed as described previously for similar PNAs™ by using
manual submonomeric synthesis for the chiral residues and
antomated Boc-SPPS protocols on a ABI 433A synthesizer,
following the procedures provided by the company, for the
achiral residues.

HPLC analysis for all PNAs was carniad out by LC-MS by
using an XTerra analytical C18 column (3 » 250 mm, 5 um,
flow 0.5 ml min "), gradient elution from 100% H,0
(0.2% HCOOH, cluent A) to 60% H,O and 40% CH,CN
(0.2% HCOOH, eluent B) in 30 min. The MS detector set in
the positive ion mode, capillary voltage 3 kV, cone voltage
30 V, full scan acquisition from 150 to 1500 m/z. HPLC
purification for all PNAs was carried out on a semipreparative
Jupiter (Phenomenex) CI18 column (10 » 300 mm, 5 pm, flow
d4mlmin "); eluent A: 100% H,0 (0.1% TEA), eluent B: 60%
H,0 and 40% CH3CN (0.1% TFA).

PNA 1. ESEMS: caled mfz 7713 (MM, 6172
(MHS™), 514.5 (MH6""), 441.2 (MH;™") found mjz: 771.3,
6174, 514.6, 441.2

PNA 2: ESI-MS caled m/=: 767.3 (MH,* ), 614.0 (MH*™),
5119 (MH®"), 4389 (MH, ") found m/z: 767.5, 614.2,
512.0, 439.1.

PNA 3 ESI caled m/z: 901.6 (MH,'*), 721.5 (MH*"),
601.4 (MH®") found m/z: 901.7, 721.5, 601.5.

PNA 4: ESI caled m/= 1085.4 (MH5 "), 814.3 (MHS'),
651.6 (MH<*") found m/=: 1085.3, 814.3, 651.5.

PNA 5 ESI-MS caled mfz 1019.5 (MH,*"). 8158
(MH<™), 6800 (MH°"), 583.0 (MH,'") found iz
1019.6, 816.2, 680.0, 583.1.

PNA 6 ESI caled m/z: 7299 (MHS*"), 608.4 (MH "),
521.7 (MH;"*) found m/z: 730.0, 608.6, 522.0.

PNA 7: ESI-MS caled m/z: 726.7 (MH. ), 605.8 (MH," ),
519.4 (MH,’ ™) found m/z: 726.8, 605.9, 519.4.

Melting temperature measurements

Stock solutions of oligonucleotides were prepared in doubly
distilled water; their actual ration was calculated by
UV absorbance using the following €260 (M ' cm ') for the
nucleobases: T 8600, C 6600, A 13700, G 11700. By using these
concentrations, hybrid solutions containing 5 pM PNA-DNA
duplexes were prepared. All the hybridization experiments

were carried out in 10 mM phosphate buffer, 100 mM NaCl,
0.1 mM EDTA, pH = 7. All the hybrid samples reported were
first incubated at 90 °C for 5 min, then slowly cooled to room
temperature. The samples were heated (1 °C min ') and the
UV signal variation at 260 am was recorded. Melting
temperatures were measured as the maximum of the first
derivatives of the melting curves.

PNA spotting on microarray slides

PNA spotting was performed by MICROCRIBI Microarray
Service-CRIBI (University of Padova, Italy) following the
procedure reported in a previous paper’” without further
optimization (resulting in some cases in irregular spot shapes)
onto commercial slides (Genorama®™ Microarray Slides, Asper
Biotech Ltd., Tartu, Estonia).

Oligonucleotide hybridization on microarray slides

Each Cy5 labeled oligonucleotide (1'-8") was dissolved in a
solution containing SSC buffer (0.3 M NaCl, 0.03 M sodium
citrate, pH = 7), SDS 0.1% at a concentration of 1 pM.
Before hybridization the slides were hydrated with a solution
of SSC buffer (0.3 M NaCl, 0.03 M sodinm citrate, pH = 7),
SDS 0.1% at room temperature for 1 h. Then, oligonucleotide
solutions were deposited on the slides by using a hybridization
chamber and left at room temperature for 2 h. After
hybridization, washing steps were performed at room
temperature for 2 min with a solution of SSC buffer (0.3 M
NaCl, 0.03 M sodium citrate, pH = 7), SDS 0.1%. Slides were
dried by centrifugation at 2500 r.p.m. for 8 min.

Solutions containing longer oligonucleotides in the same
conditions described above were incubated at 95 °C for 5 min
before pouring them on the slides. The hybridization step was
performed at room temperature and at 40 °C for 2 h.

Microarray analysis

Pictures of the PNA microarrays were recorded by using a
scanner ScanArray Express 20 (Perkin Elmer, Waltham,
USA). Laser was set at an excitation wavelength of 646 nm
and emission at 664 nm, for Cy5. Pictures were acquired with
laser power at 100% and photomultiplier at 40%.
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Abstract An evaluation of the potential allergenicity of
different tomato ecotypes is reported. Twelve tomato eco-
types were assessed through a proteomic approach, using
pools of sera of allergic patients from two different regions
(Emilia Romagna in Northern Italy and Campania in South-
ern Italy), in order to identify the major allergens and eval-
uate differences in IgE binding properties of the tomato
cultivars. Pooled sera of allergic people from Emilia
Romagna showed as the main allergen a suberization-
associated anionic peroxidase, whereas pooled sera of
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allergic patients from Campania were mostly reactive to
profilin. The two proteins were identified through a proteo-
mic approach based on the use of high-resolution mass
spectrometric techniques. Quite interestingly, in some
cases, several ecotypes showed a less reactivity toward
patients’ sera than other, potentially indicating the possibil-
ity to identify ipoallergenic varieties. Anyway, the aller-
genic pattern response to tomatoes was serum-specific,
indicating that the allergenic properties of different tomato
ecotypes are defined by the specific proteins to which the
patient is sensitized, a strong indication that ipoallergenic-
ity of the different ecotypes is possible, but mostly related
to the individual susceptibility.

Keywords Tomato allergens - Proteomic - Mass
spectrometry - Tomato local varieties

Introduction

Food allergies have become a serious concern in Westem
countries, in which they affect about 6% of young children
and 3—4% of adults, and their prevalence appears to be on
the rise [1]. On November 2007, a directive of the Commis-
sion of the European Communities established a list of food
ingredients that have to be indicated on the labels, since
they may cause adverse reactions in susceptible individuals
[2]. Fruits, vegetables and their derivatives have generally
not been included in this list as a possible cause of allergic
reactions, with the exception of cereals, soybean, nuts, cel-
ery, d, and lupi Anyway, other allergenic
foods of vegetal origin may also represent a serious threat
for consumers’ safety, as plant food allergies are spreading
quickly, probably due to the cross-reaction with other pol-
len allergens [3-5].
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Among cultivated crop plants, tomato (Selanum lycoper-
sicum L.) is increasingly consumed due both to its benefi-
cial effects on human health and to the spreading of fresh or
processed cooked products, In spite of this increasing con-
sumption (or maybe because of that), tomato allergy is also
increasing and this food can be considered as an emerging
allergen, which actually affects 1.5-16% of food-allergic
population [6], and it has been shown to be related to other
allergies, like allergy against grass pollen [7] and latex [8]
by cross-reactivity with homologous protein sequences. So
far, the International Union of Immunological Society
(LU.LS) recognized four tomato allergens: Lyc ¢ I (tomato
profilin) [6], Lyc e 2 (tomato f-fructofuranosidase) [9],
Lyc e 3 (tomato nonspecific lipid-transfer protein) [10] and
Lyc e 4 (tomato intracellular pathogenesis-related protein)
(htp:/iwww.allergen.org), but many other reactive proteins
to tomato fruit extracts have been reported in the literature.
Kondo and co-workers identified a polygalacturonase
2A (PG2A, 46 kDa), a pectinesterase (PE, 14 kDa), a
f-fructofuranosidase (22 kDa) and a superoxide dismutase
(18 kDa) as IgE-binding allergenic proteins in tomato fruit,
by N-terminal amino acid sequencing [11]. During studies
devoted to elucidate the correlation existing between
cooked and fresh tomato assumption and symptoms, an
allergen of about 9 kDa, heat-labile and pepsin-resistant
was partially characterized by immunoblotting, pepsin
digestion and heating [12]. Several studies were also car-
ried out in order to analyze allergenic properties of the
different parts of tomato fruits. Using a multidimensional
protein fraction strategy and LC-MS/MS, a legumin
(47 kDa) and vieilin (65 kDa) proteins were purified from
tomato seeds, showing strong IgE reactivity in immuno-
blots [13]. Pravettoni and co-workers found different LTP
allergenic isoforms in fresh tomato peel, pulp and seeds.
Although conventional heat treatments employed during
the production of tomato-based products usually degrade
proteins, thus strongly reducing their IgE binding capacity
[14], industrial tomato derivatives have been demonstrated
to still contain LTP [15].

Rather than exclude tomato from the diet of allergic
subjects, genetic engineering may be applied in order to
obtain hypoallergenic tomato fruits. Gene-silencing
approaches were successfully used to target Lyc e 1 and
Lyc e 3 genes, and low-allergenic tomato plants were
obtained [10, 16]. Although these strategies have proved
to be very efficient in eliminating allergenic proteins,
hypoallergenic genetically modified plants are difficult to
produce and maintain as stable lines, since, as mentioned
above, allergic subjects’ IgE cross-react toward different
tomato proteins, so several genes corresponding to main
tomato allergens should be silenced in transgenic lines.
This could damage cell homeostasis because some tomato
allergenic proteins play important physiological and
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structural roles [17]. Last but not least, genetically modi-
fied plants are still not accepted among European public
opinion. Alternatively, the selection of genetic resources
with low expression of allergenic proteins represents a
valuable tool both to understand the genetic base of the
accumulation of allergenic proteins and to develop new
hypoallergenic varieties [18]. The comprehensive study
of the protein expression in a given species, often referred
as proteomics, can also be applied to the study of the
allergenic proteins. Although trends in food allergy
research are increasingly focusing on mass spectrometry-
based proteomics (sometimes referred as “allergen-
omics™) [19], examples of its application to an in-depth
study of tomato allergens [20] are still quite scarce in the
literature.

In this study using two pools of sera of allergic people
coming from differemt Italian regions (Campania and
Emilia Romagna), twelve tomato ecotypes were screened
by a proteomic approach, in order to identify the major
allergens involved and to evaluate differences in IgE bind-
ing properties of these cultivars.

Materials and methods
Plant material

Twelve tomatoes accessions were used for the analysis: 1:
“Ventura D' (VD), 2: ‘Tondino D' (determinate growth
habit) (TD), 3: ‘Principe Borghese [” (indeterminate growth
habit) (PB), 4: “Sorrento Globoso Rosato’ (SGRI), 5: *San
Marzano® (accession SMMu) (SMMU), 6: *Pisanello’ (PS),
T: “Tendo Liscio’ (TLD), 8 ‘“Tondino I' (indeterminate
growth habit) (TT), 9: ‘San Marzano’ (accession SMC)
(SMC), 10: ‘Sorrento Rosato’ (STLR), 11: ‘Principe
Borghese 1" (determinate growth habit) (PBD), and 12
‘San Marzano' (SMMo) (SMMO). They were grown in a
breeding farm in Sarno, Salerno (Southemn Italy), over a
spring—summer growing cycle. They were harvested during
summer 2008 and frozen at —20 °C until the analysis time.

Chemicals

Acetone, diethyl ether, sodium chloride (NaCl), disodium
hydrogen phosphate (Na,HPO,), glacial acetic acid (AAC),
acetonitrile (ACN) and formic acid (FA) were purchased
from Carlo Erba Reagents (Rodano, Mi, Italy). Potassium
dihydrogen phosphate (KH,PO,), potassium chloride
(KCI), dithiothreitol (DTT), 2-iodoacetamide (IAA) and
modified trypsin from porcine pancreas were purchased
from Sigma-Aldrich (Sigma, St. Louis, MO, USA).
Ammonium hydrogen carbonate (NHHCO;) was pur-
chased from Fluka (Sigma, St. Louis, MO, USA).
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Tomatoes protein extraction

A total of 50 g of fresh tomato (including peels, pulps and
seeds) was homogenized by means of Ultraturrax T50 (IKA
Werke, Germany) in cold acetone, and the proteins were
allowed to precipitate at —20 °C ovemnight Pellets were
washed twice with cold acetone and once with cold ace-
tone/diethyl ether (1:1). Then, the dry powder was
extracted in a phosphate-buffered saline solution (PBS,
0.01 M Na,HPO,, 0.094 M NaCl, 0.0015M KH,PO, and
0.0027M KCI, pH 7.4) for 1h at 4 °C under continuous
stirring, after the neutralization of the pH by an NaOH solu-
tion. After centrifugation (8,334g three times for 43'), the
supernatant liquid was recovered and protein concentra-
tions were determined using the Qubit fluorometer (Invitro-
gen, UK) according to the instructions by the manufacturer.
The extracts were frozen at —20 °C until the analysis time.

Patients’ sera

Human sera were provided by the Department of Medical
Clinics, Nephrology, and Prevention Sciences of the Uni-
versity of Parma and by the Department of Clinical Medi-
cine and Cardiovascular and Immunological Sciences of
the University of Naples “Federico II". They were collected
from patients with a clinical history of allergic reactions
toward fresh tomato and/or tomato products. All subjects
had positive skin prick test for tomato and specific IgE
(>0.7 kU/L) detected at InmunoCAP dosage.

Sera from each group were pooled together, in order to
screen IgE binding pattern of major tomato allergens.

Electrophoresis and IgE immunoblotting

Proteins extracts (30 pg or 1 mg in the case of preparative
electrophoresis) were separated by SDS-PAGE under
reducing conditions by means of Criterion X'T precast gel
(12% Bis-Tris) in a Criterion Cell, according to the instruc-
tions by the manufacturer (Bio-Rad, Munich, Germany).

For the 2D electrophoresis, at first, protein extracts were
ultracentrifuged on an Amicon-ultra-4 centrifugal filter
device with a nominal molecular cut-off of 5kDa in order
to remove salts. For the first dimension, isoelectric focusing
(IEF) was done using IPG precast gel strips (pH 3-10,
7 c¢m) according to the manufacturer’s instructions under
reducing conditions, and for the second dimension, SDS-
PAGE was done as described above.

After separations, a part of the gel was stained with Coo-
massie Blue R-250. For immunoblot analysis, proteins
were transferred onto 0.2-pm polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, Munich, Germany) by tank
blotting using the Bio-Rad Trans blot transfer cell for 1 h at
100 V. After blocking in 3% bovine serum albumin, PBS

(prepared as described above) and 0.1% Tween 20 for 1 h,
the membranes were incubated overnight with single or
pooled sera. The membranes were then incubated with rab-
bit anti-human antibodies and afterward with goat anti-rab-
bit antibodies linked to HRP. Allergenic protein detection
was achieved by incubation of the blotted membranes with
the Opti-4-CN substrate (Bio-Rad, Munich, Germany) pre-
pared following manufacturer instructions.

Characterization of tomato allergens by bottom-up
approach

Trypsin in-gel digestion

The Coomassie Blue R-250 stained gel spots/bands were
excised from gel and destained with 50% ACN/25 mM
NH,HCO;. Gel slides were shrunk by addition of ACN,
and proteins were reduced by addition of 10 mM DDT in
100 mM NH,HCO, for 1 h at 56 “C and alkylated by addi-
tion of 55 mM IAA in 100 mM NH,HCO, for 45’ at room
temperature. Then, gel slides were swelled and shrunk
twice by addition of 100 mM NHHCO; and 100% ACN,
respectively, and then were dried under a nitrogen stream.
Trypsin stock solution (100 ng/ul. in 1% acetic acid) was
diluted 1:10 in 25 mM NHHCO,; and added to the gel
slides. After incubation at 37 °C for 16 h, the supenatant
was removed and the gel pieces were washed twice with
50% ACN/25 mM NH,HCO; for 15" and once with ACN
and again the supernatant was removed. The combined
supernatants were desalting by Zip-TipCyg pipette tips
(Millipore, USA) according to the manufacturer’s instruc-
tions and evaporated under a nitrogen stream.

LTQ-orbitrap analysis

Peptide analysis was performed with a Dionex Ultimate
3000 micro HPLC coupled with the LTQ-Orbitrap Thermo
Scientific™ mass spectrometer (Thermo Electron Corpora-
tion) equipped with a conventional ESI source. The source
parameter was configured as follow: spray voltage 3.5 kV,
capillary voltage 49 V and tube lens 75 V. For the chro-
matography separation, a Jupiter 4U Proteo (90 A,
300 um = 15 cm) column was used, and the column oven
temperature was set to 25 °C; the separation was run for
82 min using a gradient of 99.8/0.2 H,O/HCOOH (eluent
A) and 99.8/0.2 ACN/HCOOH (eluent B) and a flow rate of
5 uL/min. The gradient was run as follows: 0—4 min 95%A
and 5%B, then to 50%A at 60 min, and 10% A and 90%B
at 62, 62-72 min 10% A, followed by the re-equilibration
of the column. For MS1 scans, the Orbitrap resolution was
60.000 and the fon population S « 10°, with an m/z win-
dow from 200 to 1,800. For MS/MS in the LTQ, the popu-
lation ion was 3 « 10% (isolation width of 3 mfz unit). A
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maximum of four precursor ions (most intense) were
selected for activation and subsequent MS/MS analysis.
CID was performed at 35% of the normalized collision
energy (NCE) in all cases (measures by CIM-Parma, Italy)
and collected by Xcalibur® software (Thermo Fisher Scien-
tific Inc.).

MALDI mass spectrometric analysis

MALDIMS and MS/MS experiments were carried out on a
4700 Applied Biosystem Proteomics Analyzer. Each spec-
trum was taken by the following procedure: 1 uL of the
desalted sample is spotted on the target plate and, immedi-
ately after, 1 uL of matrix solution (z-cyano-4-hydroxycin-
namic acid, 10 mg/mL in 50% CH,CN 50% TFA 0.1%) is
spotted over it and 1 ul. of sample was spotted again over
it. After evaporation has occurred, the target is ready for the
analysis. Mass spectrum acquisition was performed in posi-
tive ion reflectron mode by accumulating 625 shots/spec-
trum. The accelerating voltage was 20 kV. External mass
calibration was made with mass peptide standards (Sigma).
Data were acquired by using 4000 Series Explorer 3.5 v
and analyzed by Data Explorer v 4.9.

Results and discussion
Tomato genetic resources

A group of twelve tomato local varieties, both indeterminate
and determinate in growth habits, were selected, differing in
fruit shape and size and characterized by different final desti-
nation (fresh markets or canning) as a representative pool of
tomato samples presently spread in local markets. More-
over, among the different cultivated forms of ‘San Marzano®
grown in the ‘San Marzano” PDO area [21], we selected
three accessions that are referred to in this study as ‘SMMu’,
‘SMC’ and ‘SMMo’ as they are presently in evaluation for
the inclusion in the PDO disciplinary.

Sera of allergic subjects

Human sera used in this work were collected from patients
with a clinical history of allergic reactions toward fresh tomato
andfor tomato products. Allergic subjects were recruited from
two Italian regions, Campania and Emilia Romagna, in order
to establish whether environmental conditions could affect sen-
sitization toward different allergenic proteins.

In Parma (North Italy), a total of five human sera were pro-
vided by Allergy and Clinical Immunology Center of the Uni-
versity Hospital from allergic subjects with Oral Syndrome
after introduction of tomato and/or tomato products. All sub-
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jects had positive skin prick test for tomato and specific IgE
ranging from 0.70 to 17.49 kU/L at ImmuncCAP dosage. All
patients were also sensitized to other food allergens.

In Naples (South Italy}, a total of six human serum sam-
ples were provided by the Division of Allergy and Clinical
Immunology of the University Hospital ‘Federico IT', from
allergic patients with food allergy to tomato. All subjects
had positive skin prick test to tomato. Serum concentrations
of IgE to tomato antigen ranged from 0.5 to 2 kU/L. Five
out of six of these patients were also sensitized to other
food allergens (mostly nuts, peanuts, peach, soybean or ses-
ame seeds.)

After some of them had been tested individually, sera
belonging to each geographical group were blended
together before immunoblotting experiments, thus using
them as technological means to detect IgE binding pattern
of major tomato allergens.

Immunoblotting of tomato fruit extract with human sera

In order to define which proteins in tomato fruit extracts
were recognized by the sera of allergic subjects and
whether differences were present among the different
tomato ecotypes, protein extracts, obtained and quantified
as reported in Materials and methods section, were sepa-
rated by mono-dimensional SDS-PAGE, by allowing two
lanes for every single sample (Fig. 1a). After separation, for
every single ecotype, one lane in the gel was stained with
Coomassie brilliant blue, whereas the other one was used in
order to transfer the separated proteins onto a PVDF mem-
brane. After incubation with pooled sera of patients from
Campania region, a protein with a molecular mass of about
14 kDa was detected as the main allergen. No other nonspe-
cific band was detected, even in correspondence with the
most intense bands on the gel, indicating a greater expres-
sion of those proteins. The immunoblot profiles of tomato
ecotypes are shown in Fig. 1b. Quite interestingly, the IgE
binding activity of the ecotypes “Tondino D’ (1), “Ventura
D’ (2) and ‘Pisanello’ (6) was less intense, showing a
potential reduced allergenicity for these individuals toward
this tomato 14-kDa allergenic protein (see next paragraph).

On the other hand, incubation of PVDF membrane with
pooled serum sample collected from patients of the Emilia
Romagna region did not confirm the potential hypoallerge-
nicity of those ecotypes, since a totally different immuno-
logical response was obtained. In this case, a protein with
molecular mass of about 45 kDa reacted toward the pooled
sera of the allergic subjects, and scarce differences in the
IgE binding properties of tomato ecotypes were observed
(Fig. 1¢). The same results were also obtained using a
different pool of sera of allergic patients, selected in the
same way as the previous one (data not shown).
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Fig. 1 SDS-PAGE of twelve mmoecowms fruit extracts, Numbers
indicate ecotypes as described in “Materials and methods”, The lane
marked as *M" represents the molecular weight standards, and their rel-
ative molecular masses are reported on the rght side. a staining with
Coomassie brilliant blue;, b immunoblotting vsing pooled sera of

The incubation of the same protein extracts with single
serum of patients from Emilia Romagna region only
partially confirmed this result. As shown in Fig. 1d, two of
these sera, used individually and incubated with the protein
extract of two ecotypes, revealed the same 45-kDa reactive
protein, as the pool did, while the 14-kDa allergenic pro-
tein, observed in previous experiment, was detected using
the serum of another patient.

These results showed that the IgE binding patterns of these
tomatoes ecotypes were highly serum-specific: Anyway, the
allergenic profiles may differ when immunoblottings with sin-
gle serum are carried out. Since pools of sera contain all the
involved IgE, the antigens which are recognized frequently by
the single serum are mostly evidenced, quenching the detec-
tion of those less recurrent. Anyway, exactly for those reasons,
when the most important allergens are to be evidenced, the use
of pools of sera might be a very useful technological tool to
assess the general allergenicity of a food commaodity.

Hence, it could be assumed that the potential hypoallerge-
nicity of tomatoes cannot be generalized for all the allergic
subjects, but it should be assessed according to the specific
allergen to which every single allergic subject is sensitized.

Identification of the 14-kDa allergenic protein

In order to identify the protein involved in specific IgE
binding recognition, and also to possibly gain more evi-
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patients from Campania region; arrows show the absence of reactive
bands; ¢ immunoblotting vsing pooled sera of patients from Emilia
R region; d i blotis unng three sera of patients from
Emilia R region, incubal ypes. See
text for details

idually with t

dences on the reason of the low IgE reactivity of some eco-
types, the bands on the gel corresponding to the reactive
protein were in-gel-digested by trypsin and the peptide
mixture was separated by HPLC and analyzed by LTQ-
Orbitrap mass spectrometer. Analysis was carried out on
ten ecotypes, including those which showed a lower immu-
nological response. Molecular masses and sequences of the
recovered peptides (listed in Table 1) were used to query
UniProt database, restricted to Solanum lycopersicum L.
proteome, and the corresponding protein was identified as
profilin (Lye e I). Among these, diagnostic peptides were
also searched to elucidate which of the three profilin iso-
forms reported in Uniprot database was involved in allergic
reactions.

As expected, marker peptides belonging to profilin-1
(SWISS Protein database accession no. Q41344) correspond-
ing to the sequences AEETTNIMK (46-54), DFDEPGHLA
PTGLFLAGTK (55-73), YMVIQGEPGAVIR (74-86),
TAQALIFGVYEEPVTPGQCNMVVEK  (99-123) and
IGDYLVDQGY (124-133) were not found, since this iso-
form is expressed in a pollen-specific manner in tomato
[22]. Profilin and profilin-2 isoforms (SWISS Protein data-
base accession no. QBVWRO and Q93YG7, respectively)
were both found in all ecotypes but one, ‘Pisanello” (PS)
(guite interestingly, one of those showing low IgE reactiv-
ity) which showed only peptides belonging to Q8VWRO
isoform (Fig. 2). The low percentage of sequence coverage
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Table 1 Identified peptides originated from 14-kDa allergen digestion and LTQ-Orbitrap analysis

SWISS Protein  Sequence Pesition  Calculated  Observed MS spectra
Database MW (Da)* MW (Da) characteristic
Accession ions (mfz)
Number
Q8VWRO HMW peptide 1-71 76716 (discussed intext)  —
YM'VIQGEAGAVIR? 72-84 14217 14217 11129 (y;,0, 10133 (y,0),
900.4 (y,), 7724 (yy),
S86.4 (y,), 5153 (ys)
GAGGITVK 8B-95 701.4 701.4 5744 (y4), 517.2 (ye),
460.2 (y4), 246.2 (y,),
1473 (y,)
GAGGITVKK 88-96 8295 820.5 773.5 (yg), 3884 (v5),
4753 (y,). 275 (y,)
KGAGGITVK 87-95 829.5 8205 57440y, S173(y.),
460.3 (y,), 246.2 (y,)
TNQALINGIYDEPMTPGQC 'NMIVER”  97-121 28624 2.8624 1,660.5 (by4), 1,559.5 (b},
1,331.3 (b, 924.2 (by),
641.2(by)
LGDYNEQGL 122-131 11196 L119.6 989.0 (by), 932.1 (by),
804.4 (b,), 6753 (by),
561.9 (be)
QI3YGT HMW peptide 1-71 1.678.7 (discussed intext)  —
YMVIQGEPEAVIR T2-84 15038 1,503.8 1,210.5 (yyy), L1ILS (yy0)s
998.4 (y,), 8704 (y,).
684.3 (y,)
GPGGITIK 88-05 7414 7414 S588.3 (yg), 530.8 (y;).
7441y,
GPGGITIKK BE-06 869.5 869.5 7244 (by), 382.2 (by)
TNQALIGIYDEPMTPGQC NMIVER® 97121 2.862.4 28624 1,660.5 (by4), 1,559.6 (bys),
1,331.1 (by;), 924.3 (by),
754.2(by), 415.2 (by)
LGDYLIEQSL 122-131 1,149.6 1.149.6 1,019.2 (by), 9323 (by),
804.3 (by), 675.1 (b,)
Bold letters amino acids residues that are different in he gous peptides of profilin i
* M® indi an oxidized methi
" ©* indicates a carboxamidomethylcysteine

© Monoisotopic MW

ﬂ' {=cavwRo caesver}
o L —) e
0% |
29% |
20% | Mk
15% I —al - H - m
% |
o - | Bl i
STLR SGRI TD VD SMC Tu PED PB
Fig.2 P of age among ecotypes for profilin

QBVWRO and Q‘)BYGTi;DI'wmsca!c ulated for the analyzed ecotypes,
determined by the abundance of peptides identified for each of them

(average among ecotypes was estimated 27% for Q8VWRO
isoform and 23% for Q93YG7 isoform) was likely due to
protein’s primary structure, poor in positively charged
aminoe acids and thus not easily digested by trypsin. As
shown in Fig. 3, the first suitable cleavage site for trypsin
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on Lys;; generates high molecular weight peptides, which
are difficult to elute from gel and detected by mass spec-
trometry. Moreover, in the same peptide, Lys,;; was not
accessible by the enzyme since it is followed by a proline
residue, except in the Q41344 isoform in which Ala, and
Lyss, would allow to generate two additional diagnostic
peptides for this isoform discrimination. So, although these
two HMW peptides could be useful to discriminate profilin
isoforms since they differ for some amino acids and, subse-
quently, for their molecular masses, they were not found in
any ecotypes.

High-resolution tandem mass spectrometry also allowed
to identify the sequences of two isobaric peptides
of Q8VWRO isoform, GAGGITVKK and KGAGGITVK
(88-96 and 87-95, respectively), which were generated by
the cleavage of trypsin on two consecutive lysines at both
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Fig. 3 Sequence similanty of
tomatoe profilin isoforms:
QBVWRO, Q93YGT and
Q1344. Cutting sites for trypsin

ighli 0RIVGT
are highlighted TLAPTGLYLGGT

osvwro TLAPTGLHLGGT
Q41344+ HLAPTGLELAGT

asvwro VE
41344+ VE

Q93YGT* MSWQTYVDEHLLCENE--GNHLTSAAIIGQDGTIVWAQSANFRQF
OBVWRO MSWQTYVDDHLMCDIE--GNELTSAAIIGQDGSVWAQSANFPQF
041244 MSWQTYVDDHLMCDIEGTGHELSSAAILGFDGSVWAQSFPRFP
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MVIQGEFEAVI BGGITI HQALIIGIYDEPMIPGQCHNMI 118
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T T

QIIVGT* V:Fanu IEQSL 131
1

GDYIIEQGL 131
GDYLVDQGY 133

EEITGIMNDFAVRG 58
EEITAIMNDFAERG 58
EEITHIMEDFDERG 60

PGGITI AQALIFGVYEEPVIPGQCNMV 120

SEmssaEe sessiess sEssieiEcEEiesesEE;

& Instiator metlaonine 18 cleaved from the mature protemn

Table 2 Identified peptides originated from 43-kDa allergen digestion and LTQ-Orbitrap analysis

Sequence Protein Calculated Observed MS spectra characteristic ions (m/z)
accession MW (Da) MW (Day

AVVDSAIDAETR P15003 12456 12456 107T6.5 (¥ ), 977.4 (y5), 862.4 (y4),
7754 (y;), T04.4 {y,), 5913 (vs),
A76.3 (y,), 405.3 (y,), 276.2 (y,)

LGGQTYSVALGR P15003 1,2207 12207 L10B.6 (y,,), 1OSL6 (¥,,), B66.5 (v5),
T65.5 (y7), 602.5 (ye), 5154 (ys),
4163 (y,). M52 {y,), 232.2(y,)

VGADMSVINR Q96577 1.060.5 1,060.6 962.5 (yy), 905.5 (yz) 8344 (y,),
7194 (y,), 588.4 {y.), 5014 (v,).
4023 (y4), 289.1 (y2)

LTSDDDFFTNPM'VK* QBLSI1 1,617 1,644.8 LA3LS (), 13444 (y,;), 1,294 (y,),

11145 (y,), 999.4 (y,), B52.4 (y;).
7054 (y,), 604.4 (y2), 4903 (y,)

U M* indicates an oxidized methicnine
" Monoisotopic MW

N-terminal and C-terminal amino acid sequences, by
detecting characteristic ions for each sequence, therefore
allowing the unequivocal discrimination of these two pep-
tides. Although the fact that one of the low IgE-responding
ecotype did not show the presence of one isoform, this fea-
ture was not present in the other two non-IgE binding iso-
forms, and thus no clear correlation was found between the
distribution of the detected profilin isoforms and the weaker
immunological response of “Tondino D, ‘Ventura D" and
‘Pisanello” ecotypes. Probably, the reduced immunological
reactivity can depend not only on the isoform distribution
but also on a natural downregulation in the expression of
profilin.

Identification of the 45-kDa allergenic protein

The same procedure presented above was applied for the
identification of the 45-kDa allergen. Anyway, in this case,
after HPLC separation, LTQ-Orbitrap analysis of the tryp-
tic digest of the band with molecular mass of 45 kDa recog-
nized peptides belonging to three different tomato proteins,
whose caleulated molecular masses were all consistent with
the observed one (Table 2). Peptides AVVDSAIDAETR
and LGGQTYSVALGR were assigned to tomato suberiza-
tion-associated anionic peroxidase (SWISS Protein data-

base accession no. P15003). These sequences represent two
diagnostic fragments in the discrimination of two known
tomato peroxidase isoforms, whose molecular masses are
very similar (Protein database accession no. P15003 and
P15004): the first differed from the analogous peptide in
two alanine residues (Ala; and Alag, Gly, and Asny, respec-
tively), while the latter showed a Ser; in place of Thr,.

Peptide VGADMSVINR was found to be shared by
three tomato pectinesterase isoforms (SWISS Protein data-
base accession no. P14280, Q96576 and Q96577); accord-
ing to their caleulated molecul the Q96577
protein seemed to fit better the molecular weight observed
on gel.

Finally, for peptide LTSDDDFFTNPMVE, the Protein
BLAST software only found a perfect match with tomato
mannan endo-1 4-beta-mannosidase (SWISS Protein data-
base accession no. Q8LSI1).

Weangsripanaval et al. [23] have already found peroxi-
dase to be the major tomato allergen recognized by the sera
of patients suspected to suffer from food allergies and diag-
nosed to be atopic dermatitis. A different pectinesterase iso-
form has already been observed as tomato allergens by
Kondo et al. [11] (SWISS Protein database accession no.
P14280) in patients with OAS after ingestion of fresh tomato
fruits. As regards mannan endo-14-beta-mannosidase, no
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Fig.4 a 2D SDS-PAGE of pro-
tein total extract of Sorrento
Tondo Liscio Rosato Indetermi-
nato ecotype; b comesponding
immunoblotting on PVDF mem-
brane using patients’ sera from
Emilia Romagna region, The
square and the circle indicate the
reactive spot and the related pro-
tein after electrophoresis,
mespectively

Fig. 5 MALDL-TOF spectrum 100

of 2D reactive spot at 45 kDa,

after in-gel trypsin digestion.
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evidence of induction of any allergic reaction toward
tomato has so far been reported. So, in order to clarify
which of the identified proteins was involved in triggering
the immunological response, we exploited their different
pf for a separation of tomato protein total extracts by 2D
PAGE (Fig. 4a). Immunoblotting on the bidimensional gel
electrophoresis, performed on ‘Sorrento Rosato” ecotype,
indicated a reactive spot at 45 kDa with a plof about 4
(Fig. 4b), thus excluding the possibility that pectinesterase
(whose isoelectric points range from 8.2 to 8.5, depending
on the isoforms) [24] and mannan endo-1,4-beta-mannosi-
dase (with an observed isoelectric point of 9) [25] were
involved in the allergic reaction.

In order to definitely confirm the identity of the allergenic
protein, the comesponding spot was subjected to in-gel tryp-
sin digestion and the tryptic mixture, analyzed by MALDI-
TOF spectrometer and revealed peptides belonging to tomato
suberization-associated anionic peroxidase (SWISS Protein
database accession no. P15003). MALDI-TOF spectrum is
shown in Fig. 5. Amino acid sequences of these peptides,

&) Springer

11022 1403.8
Mass(m/z)

1705.4 2007.0

derived by in silico digestion of this protein, were further
confirmed by MS/MS analysis (Table 3; Fig. 6).

Conclusions

Pooled sera of allergic subjects from two different parts of
Italy, Campania and Emilia Romagna regions, were used in
order to assess the allergenicity potential of 12 different
tomato ecotypes. The ecotypes were assessed by a proteo-
mic approach, performing immunoblotting experiments and
identifying the reactive proteins by high-resolution mass
spectrometric techniques. Quite interestingly, the two pools
showed a totally different immunological response: for the
first group, the main allergen was identified as profilin,
whereas for the second one the main allergen was identified
as suberization-associated anionic peroxidase.

Moreover, experiments by using single sera were
performed, further outlining the individual response to
different allergenic proteins.
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Table 3 Peptides originated from 45-kDa spot digestion identified by MALDI-TOF-TOF analysis

Sequence Position Calculated Observed MS spectra characteristic ions (m/z)
MW (Da)" MW (Da)

AVVDSAIDAETR 85-99 12456 1,245.7 8624 (¥;), 4763 (y,), 276.2 (y,), 175.1 (y)
MGASLIR 100-106 T464 T46.4 432.2 {ay), 460.3 (by), 347.2 (by),

260.2 (by), 270.242,), 175.1 (v}
GYEVIAQAK 145-153 977.5 97175 978.5 (MHY)
LGGQTYSVALGR 182-193 1,220.7 1,220.7 T65.9 (¥7), 602.4 (y,), S15.4 (y5), 4163 (y,).

23220y, 1750 (yy)
EMVALAGAHTVGFAR 231-245 15288 1,528.8 B58.5 (y), 549.4 (ys), 4504 (y4), 175.1 {y)
MGDLPPSAGAQLEIR 336-350 1,553.8 1,553.8 12516 (y;,), L138.6 (), 1,415 (vy),

T86.5 (y,). 658.4 (). 288.2 (y,). 175.1 (y,)

1 x

Fig. 6 Amino acid sequence of -
MGFRLSHLSL ALSFVALALA GVAIYRNTYE AIIMKNGSLL KNVSPDFDSL ESGVASILIL

suberization-associated anionic

peroxidase protein, including

signal peptide (1-25), identified - s 10

by MALDI-TOF spectrometer. NNNEKKRNSDK YLRQQLTPEA CVESAVRAVV DSAIDAETRM GASLIRLHFH DCEVDGCDGG

The lines mark peptides identi-

fied by MALDI MS/MS analysis = 120 1m0
ILLDDINGIF TGEQNSPPNA NSARGYEVIA QAKQSVINIC PNVSVSCADI LAIAARDSVA

" 20 240
KLGGQTYSVA LGRSDARTAN FSGAINQLPA PFDNLTIVQIQ KFSDENFTLR EMVALAGAHT
£ 0 200

VGFARCSTVC TSGNVNPAAQ LQCNCSATLT DSDLQQLDIT PIMFDEVYYD NLNSNQGIMF

01 A A0
SDQVLTGDAT TAGEVIDYSN DVNVFLGDFA AAMIFMGDLP PSAGAQLEIR DVCSRVNPTS
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Three different ecotypes showed a low IgE response by
using pooled sera of subjects from Campania region,
whereas no hypoallergenicity was observed by using
pooled sera of subjects from Emilia Romagna region. The
hypoallergenicity observed might be due to several reasons:
lower expression of the proteins in the different ecotypes, or
the presence of protein isoforms having lower allergenicity
{although specific experiments aimed at detecting different
profilin isoforms outlined that all varieties seemed to have
two different profilin isoforms). In any case, it is quite evi-
dent that the property of hypoallergenicity for a defined
variety, given this scenario, is strictly dependent on which
protein is responsible for the allergen response in first
instance. For people sensitized to profilin, according to our
experiments, some varieties showed a diminished IgE
response (and thus might be hypoallergenic), but for people
sensitized to suberization-associated anionic percxidase,
the very same varieties were not hypoallergenic at all.
These results underline the fact that allergies to a defined
food in different subjects can often rely on a completely
different immunological response at the molecular level.

Although for some subjects hypoallergenic tomato varieties
might eventually be found, generally hypoallergenic toma-
toes, whose hypoallergenicity is valid for all consumers,
seem to be very difficult to obtain, since the characteristic
molecular responses of the single allergic subjects are
always to be taken into account.

References

. Sicherer SH, Sampson HA (2009) Food allergy: recent advances
in pathophysiclogy and treatment. Ann Rev Med 60:261-277
COMMISSION DIRECTIVE 2007/68/EC of 27 November 2007
amending Annex Illa to Directive 2000/13/EC of the European
Parliament and of the Council as regards certain food ingredients
(20073 Official Journal of the European Union, hitp://eur-lex. enro-
paen
Osterballe M, Hansen TK, Mortz CG, Bindslev-Jensen C (2005)
The clinical relevance of sensitization to pollen-related fruits and
bles in d poll d adults. Allergy 60:218-

o

225
Vieths §, Scheurer S, Ballmer-Weber B (2002) Current under-

ding of ivity of food allergens and pollen. Ann NY
Acad Sci 964:47-68

B

&) Springer

241



Eur Food Res Technol

bl

Ebner C, Hirschwehr R, Baver L, Breiteneder H, Valenta R, Ebner

H, Kmaft D, Scheiner O (1995) ldemification of allergens in fruits

and bles: IgE tivities with the important birch pol-

len allergens Bet v 1 and Bet v 2 (birch profilin}. J Allergy Clin

Immunol 95:962-969

Westphal S, Kempf W, Foetisch K., Retzek M, Vieths 8, Scheurer

8§ (2004) Tomato profilin Lye e I: IgE cross-reactivity and aller-

genic potency. Allergy 59:526-532

7. De Martino M, Novembre E, Cozza G, De Marco A, Bonazza P,

Vierucci A (1988) Sensitivity to tomato and peanut allergens in

children monosensitized to grass pollen, Allergy 43:206-213

Beezhold DH, Sussman GL., Liss GM, Chang NS (1996) Latex

allergy can induce clinical reactions to specific foods. Clin Exp

Allergy 26:416-422

Westphal 8, Kolarich D, Foetisch K. Laver I, Altmann F, Conti A,

Crespo JF, Rodnguez J, Enrique E, Vieths 8, Scheurer § (2003)

Molecular characterization and allergenic activity of Lyc e 2

(b-fructofuranosidase ), a glycosylated allergen of wmato. Eur J

Biochem 270:1327-1337

10, Le LQ, Lorenz Y, Scheurer S, Fotisch K, Enrique E, Bartra ], Bie-
melt §, Vieths §, Sonnewald U (2006} Design of womato fraits with
reduced allergenicity by dsRNAi-mediated inhibition of ns-LTP
(Lyc ¢ 3) expression. Plant Biotechnol J 4:231-242

11. Kondo Y, Urisu A, Tokuda R (2001) Identification and character-
ization of the allergens in the tomato fruit. Int Arch Allergy Immu-
nol 126:294-299

12. Asero R, Mistrello G, Roncarolo D, Amato 5, Arcidiacono R, For-
tupato D (2008) Detection of a novel allergen in raw tomato,
J Investig Allergol Clin Immunol 18:397-400

13. Bassler OY, Weiss J, Wienkoop S, Lehmann K, Scheler C, Dolle
8, Schwarz D, Franken P, George E, Worm M, Weckwerth W
(2009) Evidence for novel tomato seed allergens: 1gE-reactive
legumin and vicilin proteins identified by multidimensional pro-
tein fractionation-ma y and in silico epitope model-
ing. ] Proteome Res 8:1111-1122

14, Germini A, Paschke A, Marchelli R (2007) Preliminary studies on

the effect of processing on the IgE reactivity of tomato products.

J Sci Food Agric 87:660-667

el

"

o

&) Springer

15.

16.

20.

242

. YuLX, N

Pravettoni V, Primavesi L, Farioli L, Brenna OV, Pompei C, Conti
A, Scibilia J, Piantanida M, Mascheri A, Pastorello EA (2009)
Tomato allergy: detection of IgE-binding lipid transfer proteins in
tomato derivatives and in fresh tomato peel, pulp, and seeds.
J Agric Food Chem 57:10749-10754

Le L0, Mahler V, Lorenz Y, Scheurer S, Biemelt S, Vieths $, Son-
newald U (2006) Reduced allergenicity of tomato fruits harvested
from Lye e J-silenced transgenic tomato plants. J Allergy Clin
Immunol 118:1176-1183

. Breiteneder H, Radaver C (2004) A classification of plant food

allergens. J Allergy Clin Immunol 113:821-830

. Kitagawa M, Monyama T, Ito H, Ozasa 8, Adachi A, Yasuda J,

Ockura T, Inakuma T, Kasumi T, Ishiguro Y, Ito Y (2006) Reduc-
tion of allergenic proteins by the effect of the ripeing inhibitor
(rin) mutant gene in an F1 hybrid of the rin mutant tomato. Biosci
Biotechnol Biochem 70:1227-1233

. Monaci L, Visconti A (2009) Mass spectrometry-based proteo-

mics methods for analysis of food allergens. Trends Anal Chem
28:581-591

Yagami T, Haishima Y, Tsuchiya T, Tomitaka-Yagami A, Kano
H, M: iga K (2004) Proteomi lysis of putative latex aller-
gens, Int Arch Allergy Immunol 135:3-11

. Rao R, Corrado G, Bianchi M, Di Mauro A (2006} (GATAM DNA

fingerprinting identifies morphologically characterized *San Marz-
ano” tomato plants. Plant Breed 125:173-176

Iah J, Valenta R, Parth hy MV (1998) Molec-
ular cloning and mRNA localization of tomato pollen profilin.
Flant Mol Biol 36:699-707

. Weangsripanaval T, Nomura N, Meriyama T, Ohta N, Ogawa T

(2003) Identification of suberization-associated anionic peroxi-
dase a8 a possible allergenic protein from tomato. Biosci Biotech-
nol Biochem 67:1299-1304

. Gaffe I, Tieman DM, Handa A (1994) Pectin methylesterase iso-

forms in tomato. Plant Physiol 105:199-203

. Carrington CMS, Vendrell M, Domunguez-Puigjaner E (2002)

Characterisation of an endo-(l, 4)-b-mannanase (LeMAN4)
expressed in ripening tomato fruit. Plant Sci 163:599-606



Curriculum vitae

Mariangela Bencivenni was born in Nocera Inferiore (Salerno, Italy) in 1983. In 2008
she obtained the Master Degree in Biotechnology (cum laude) at the University of
Naples Federico II. In the meanwhile, she was accepted as a participant in the
training course ‘GenoPOM’, in the field of genetics applied to plants breeding and
certification, at the CNR — Institute of Plants Genetics in Portici (Naples) — where she
qualified as Genomics Expert. In order to accomplish this qualification, she carried
out an internship at the Department of Organic and Industrial Chemistry at the
University of Parma. From 2009 she is attending the Ph.D. course in Food Science
and Technology at the same University, where she has also obtained a research grant.
Since September 2011 she has been employed at the Tecnopolo ‘SITEIA.PARMA —
Inderdipartimental center for the safety and the technologies of agro-food industries’
in Parma.

The research activity of Mariangela Bencivenni concerned the development of
advanced molecular systems for assessing the quality and the safety of plant-derived
foods. She studied the allergenic patterns of different tomato cultivars, by SDS-PAGE,
Western Blotting and mass spectrometry analysis, in order to compare the different
allergenic properties and to identify the major allergens. She also approached the
study of gliadin peptides by in vitro digestion with gastrointestinal enzymes and mass
spectrometry analysis, in order to characterize gliadins’ peptidic pattern and to
investigate peptides trigging celiac disease. Moreover, she developed PNA-based
systems (on surface and in solution) in order to identify tomato varieties by DNA
single nucleotide polymorphisms’ recognition.

During her academic experience Mariangela Bencivenni gained knowledge in
genomics and proteomics field by developing plants and foodstuffs genomic DNA
extraction methods, simplex and duplex DNA amplification as well as PNA-mediated
amplification methods both in solution (PCR Clamping) and on surface (PNA
microarrays); plants proteins extraction methods, mono and bidimensional
electrophoresis and Western Blot analysis, in order to detect allergenic proteins. She
also improved her skills with with protein purification strategies, by means of
Multidimensional Liquid Chromatography and with mass spectrometry, by means of
bottom up proteomics approaches, including several types of analyzer (LC/MS,
LC/MS/MS, LTQ Orbitrap, Maldi/TOF).

Abroad experience

From February 2011 to July 2011: ‘Laboratory of Food Structure and Health’ led by
Clare Mills at the Institute of Food Research in Norwich (UK).

School and Conferences

— 10th International Symposium on Immunological, Chemical and Clinical Problems
of Food Allergens.
Parma, May 26-29, 2008

243



— Spectrometric identification of Organic Substances in Food — Food Science and
Technology course held by Prof. Stefano Sforza.
Parma, 2009

— International Conference Food-Omics, A Science for Nutrition, Health and
Wellness in the Post-Genomic Era.

Cesena, May 28-29, 2009

— X scuola sullo studio del Proteoma.

Vitorchiano (Viterbo), December 9-11, 2009

— Fattori Dietetici e Celiachia nel Terzo Millennio; in PastaTrend, il Salone della
Pasta.

Bologna, April 26, 2010

— 15th Workshop on the Development in the Italian PhD Research on Food Science
Technology and Biotechnology.
Portici (Naples), September 15-17, 2010

— VIII Congresso Nazionale di Chimica degli Alimenti — Qualita e tipicita degli
alimenti mediterranei: alimentazione e salute.

Marsala (Trapani), September 20-24, 2010

— 4th International Symposium on Molecular Allergology.

Munich, October 29-31, 2010

— 16th Workshop on the Development in the Italian PhD Research on Food Science
Technology and Biotechnology.
Lodi (Milan), September 21-23, 2011

— 2° Workshop MS-J-Day — La spettrometria di Massa nelle Scienze della Vita.

Naples, December 2, 2011

Pubblications in peer-reviewed journals

e A. Manicardi, A. Calabretta, M. Bencivenni, T. Tedeschi, S. Sforza, R. Corradini, R.
Marchelli (2010). Affinity and Selectivity of C2- and C5-Substituted “Chiral-Box” PNA
in Solution and on Microarrays. Chirality 22:E161-E172.

244



T. Tedeschi, A. Calabretta, M. Bencivenni, A. Manicardi, G. Corrado, M.
Caramante, R. Corradini, R. Rao, S. Sforza, R. Marchelli (2011). A PNA

Microarray for Tomato Genotyping. Molecular Biosystem 7:1902-1907.

M. Bencivenni, A.Faccini, C. Bottesini, R. Rao, A. Detoraki, E. Ridolo, G. Marone,
P.P. Dall’Aglio, A. Dossena, R. M. Marchelli, S. Sforza. (2011). Assessing
allergenicity of different tomato ecotypes by using pooled sera of allergic
subjects: identification of the main allergens. European Food Research and

Technology. DOI 10.1007/s00217-011-1640-4.

B. Prandi, M. Bencivenni, T. Tedeschi, R. Marchelli, A. Dossena, G. Galaverna, S.
Stefano. (2012). Common wheat determination in durum wheat samples through
LC/MS analysis of gluten peptides. Analytical & Bioanalytical Chemistry.
Accepted.

Oral Communications

M. Bencivenni. Proteomic Tools for the Purification and the Characterization of
Tomato Allergen ns-LTP Protein. Proceedings of 16th Workshop on the
Developments in the Italian PhD Research on Food Science Technology and

Biotechnology. Lodi, September 21-23, 2011; in Proceedings Book: pag 18

M. Bencivenni, S. Sforza. Study of tomato allergens by mass spectrometry-based
techniques. Proceedings of 2° Workshop MS-J-Day — La spettrometria di Massa

nelle Scienze della Vita. Naples, December 2, 2011; in Proceedings Book: pag 18

Poster Communications

M. Bencivenni, A. Faccini, S. Sforza, A. Dossena, R. Marchelli. Proteomic Analysis
of Tomato Allergens. International Conference on FoodOmics: A Science for
Nutrition, Health and Wellness in the Post-Genomic Era. Cesena, May 28-29
20009; in Abstract Book: pag 33.

T. Tedeschi, S. Sforza, A. Calabretta, A. Tonelli, M. Bencivenni, R. Corradini, R.
Marchelli. Dna Analysis By Pna-Based Technologies For Assessing Food
Authenticity. International Conference on FoodOmics: A Science for Nutrition, Health
and Wellness in the Post-Genomic Era. Cesena, May 28-29 2009; in Abstract Book:
pag 111.

S. Sforza, T. Tedeschi, A. Calabretta, M. Bencivenni, F. Lambertini, G. Galaverna, A.
Dossena, R. Marchelli. Dna And Peptides As Molecular Markers For Assessing Food

245



Authenticity. 4t International Symposium on Recent Advances in Food Analysis.

Prague, November 4-6 2009; in Book of abstract: J-5 - pag 447.

M. Bencivenni. Allergenicity of Different Tomato Ecotypes. Proceedings of 15th
Workshop on the Development in the Italian PhD Research on Food Science
Technology and Biotechnology. Portici (Naples), September 15-17, 2010; in
Proceedings Book: pag 213.

M. Bencivenni, A. Faccini, R. Rao, A. Detoraki, E. Ridolo, G. Marone, P. Dall’Aglio, A.
Dossena, S. Sforza, R. Marchelli. Proprieta Allergeniche di Ecotipi di Pomodoro.

Marsala (Trapani), September 20-24, 2010; in Riassunti: P147 — pag 223.

M. Bencivenni, T. Tedeschi, A. Calabretta, R. Corradini, G. Corrado, R. Rao, S. Sforza,
R. Marchelli. Tecnologie a PNA per Uldentificazione di Varieta di Pomodoro. Marsala

(Trapani), September 20-24, 2010; in Riassunti: P125 - pag 201.

M. Bencivenni, A. Faccini, R. Rao, A. Detoraki, E. Ridolo, G. Marone, P. Dall’Aglio, A.
Dossena, S. Sforza, R. Marchelli. IgE Binding Properties of Different Tomato Ecotypes.
Munich, October 29-31, 2010; in Final Programme and Abstract Book: P73 — pag 61

B. Prandi, M. Bencivenni, A. Faccini, R. Marchelli, G. Galaverna, S. Sforza. Peptides
Derived from Simulated Gastrointestinal Digestion of the Prolamin Fractions
Extracted from Different Wheat Varieties: Implications for the Celiac Disease. Euro
Food Chem XVI- Translating food chemistry into health benefits. Gdansk 6-8 July,

2011; in Conference Proceedings.

246



