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CHAPTER 1.

FOOD BY-PRODUCTS



A by-product is a secondary product derived fromdfindustries that does not represent the
primary service produced. In other words, a by-pobds the "output of a process that has a minor
guantity and/or a net realizable value when contpéwethe main products”. A by-product can be
useful and marketable or it can be considered waste

1.1. Food by-products: current production and uses

The food processing industry, despite the greatudation of its productive sectors, is
characterized by a significant production of bydarcts (Federalimentare, 2006). Because of
complexity of the food system, estimating sizes angacts of these streams is very difficult.
However, some estimates can be derived from liezatVirsenius (2008) estimated the amounts of
by-products (used for feed) and wastes of foodgssing in terms of energetic values (i.e. J which
is expressed as energetic value per 100 energatie food produced). In particular, in Western
Europe per 100J food, 56J ends in by-products,en20l] is lost from the food system. According
to a survey performed by Awarenet (2004), the EeaopFood processing activities produce about
250 million tonnes per year of by-products and wadbng with relevant amounts of high COD
effluents. Also in ltaly the economic dimension tbe management of by-products from food
processing industries is significant. The 2-3% loé dry volumes and the 7-10% of the moist
volumes produced are by-products. The estimatezl\adle is around 300 million euro per year
(Federalimentare, 2006).

Such waste streams are only partially valorisedifférent value-added levels (spread on
land, animal feed, composting), whereas the maiomves of them are managed as waste of
environmental concern, with relevant negative é¢ffemn the overall sustainability of the European
food processing industry. With increasing disposasts, alternative uses of co-products are
increasingly being sought. The economic value ehgaoduct comes from its intrinsic nutritional
or applicability value. Moreover for a company thglization of a by-product can give some
benefits from the economical point of view. Theoeeous classification of such products as
"waste" is doubly negative: from one side, the pimas are forced to manage the disposal of the
materials even if they are still susceptible to, disEm the other side, the potential users areeidrc
to search expensive alternative sources of supjggdralimentare, 2006).

More serious consequences are reflected on theysteos In fact, disposed by-products
would finish in the landfill or through the draingiater courses, creating in this way serious

environmental problems (Smith, 1998).



Due to the current promotion of sustainability e foroduction and consumption of food by
governments and international institutions, andthat same time, considering that food systems
must satisfy increasing needs in quantitative amaligtive terms, because of the increment of the
world population (Mancini et al., 2011), it is clethat the exploitation and the use of food by-
products must be increasingly enhanced.

Although in the industrialized society various famnby-products have been upgraded to the
food domain (for example whey protein isolates) #a&tl domain, still vast streams of by-product
exist that have potential for the food domain. Watth eye on potential handling and application
purposes, primary and secondary by-products ateglisshed.

Primary by-products(e.g. farming by-products such as straw and residintom land
management) are traditionally largely used forr@arand feeding animals. With an eye on their
composition further enhancement of nutrient utticma efficiency for feed (FAO, 2012) and
utilization for renewable materials and energytheemost relevant development directions.

Also scondary by-productgprocessing residues) are largely used for feegimgoses.
With (historical) industrialisation and scaling apfood processing, the distance between the place
of generation and utilisation of the by-productss hacreased. Consequently, specialized by-
products trading companies have developed, whionséiinly aim at feed markets. In general wet
by-products are transported directly from placergin to the farmer, whereas parts of the dry by-
products are processed to feed concentrates.

Some examples food by-products are reportehiite 1. Their reutilization can cover the
production of: animal and pet food (with sugar beetp, corn gluten, cereals used for the
production of beer, whey, by-products of the mesicessing), pharmaceutical and cosmetic
compounds (collagen, gelatin), bio-fertilizer, foodjredients (gluten, germ and fiber), bio-fuels.
The chemo-physical properties, the shelf life,dkailability and transportability of the by-prodsict
are crucial to establish their possible use.

The sugar industry by-products are the easiesettbbnd and utilized (Smith, 1998). For
example the molasses has a sugar content clobe ®086 and nowadays it is widely used for the
antibiotics, organic acids and bakers' yeast prioglue (Smith, 1998). Over 20 million tons of
animal by-products emerge annually from EU fronuglderhouses, plants producing food for
human consumption, dairies and as fallen stock from farms
(http://ec.europa.eu/food/food/biosafety/animallmglucts/index_en.print.htm).

In large-scale food industry sectors, with volunuadomogeneous protein-rich by-product
streams (like dairy and meat processing), developmiapplication in higher-value domains been

very successful in last decades. Some exampleuanenarized intable 2 A number of new and



more sophisticated possible exploitation of foodcpssing by-products and waste have been

foreseen, tested and sometimes also scaled upe¥asa009; Galanakis, 2012).

1.2. Industrial examples of uses of food by-produst

Notwithstanding the complexity of introducing newofls (or ingredients) based on by-
products, various examples of innovations in theddf have been successfully introduced in
practice.

Current societal focus (and stimulating governmeemti@ngements) on bio-energy, bio-fuels
and other renewable bio-based solutions has resuita large number of practical in those areas,
which has overwhelmed applications in the food domtaxcept for industrial uses of dietary fibres
from food by-products (Elleucét al, 2011), the number of practical examples on intiegaise of
the by-products presented in scientific literatlaitely is very limited. Yet, various appealing
examples exits. Below a brief summary of some e$¢hsuccessful practical examples in the sector
of animal and vegetable by-products and wasteperted; for each example key success factors

and obstacles are also briefly outlined.

1.2.1. Vegetable by-products

1.2.1.1. Starch production by-product

The processing of crops like potato, wheat, ricg @orn results in considerable side stream
which contain notably potentially valuable proteimddost prominent example is the food-grade
isolation potato protein.

Previously the protein was separated from the pgtate by thermal and acid denaturation,
which resulted in an insoluble aggregates with fosttionality, only suited for feed. Recently the
Solanic company (AVEBE, Netherlands) has developaulant that successfully extracts native
potato proteins from potato juice (by-product frgotato starch production), and the product is
marketed to food industries (e.g. bakery, meatrtspapplements). The key success factor is the
development of the isolation process combined wiitl high quality of the derived proteins
(solubility, emulsification, foaming and gelling gity, high nutritional value, low allergenicity)
compared to other commercial ones of different ahion vegetal origin.

Some other attempts to extract highly functionabt@ns from other crops are less

successful (e.g. extracting gluten from wheat gugtlicans from distillery grains).



1.2.1.2. By-products from vegetables canning

Vegetable canning results in considerable amouhtbyeproducts (peels, rejects, etc.).
These are traditionally traded as cattle feed onpmsted. Value for bio-energy production is
limited because of the high water content and &thienergetic value. Therefore, interest in
application for human food is getting more attemtiBecently the company Provalor has developed
a process for vegetable juice (natural colorarfbod) and fibres extraction from the by-products.
The main key success factor for this process isesgmted by thelevelopment of an adequate
extraction process with highly appreciable yieldareover, also the increasing interest in ‘clean
labels’ (the natural colorant can replace synthetiorants in food products) and Societal call for
sustainable valorisation of by-products have aeteéxternal factors promoting the success of this

process.

1.2.1.3. By-products from legume

Grain legumes, also known as pulses, are plantngielg to the familyLeguminacage
which are grown primarily for edible grains or seebhdia is the fifth largest legume produced in
the world. Among the legumes, the soybean, alsssethas an oilseed, is pre-eminent for its high
(38-45%) protein. By-products of legume includell$juhusk, seeds etc. Microcore Research
Laboratories (India Pvt Ltd.) has developed a mscand patented the technology for the
converting husk of Bengal gram to insoluble dietilogrs and micro-crystalline dietary cellulose
which can be used in daily diet to control obesltge main success factors are represented by the
development of the adequate technology to obtanrtsoluble fiber and the high demand for such
a functional component which has strongly increaseddwide.

1.2.2. Animal by-products

Traditionally the major parts of an animal are uasdood, feed or materials. As such real
waste products from animal slaughter hardly exigbwever, there is a continuous technical
innovation to maximize the value the refinement @plitting of streams. Stringent regulation
change with regard to BSE has been a game chamgeese industries for the application of by-

products for food and feed.

1.2.2.1. Alternative sourcing of gelatin
Confidence in traditional sources of gelatin (amgingthers bovine hides and bones) was

seriously damaged by BSE breakout. Increase ofigglaces has been a trailblazer for alternative



production processes. A successful example is titelDcompany Ten Kate Vetten that developed
a production process primarily aiming at extractfats from pig slaughter by-products. Such a
process was innovated so that high-quality geledim be isolated from their processing water. The

(mild) fat extraction process furthermore enablatbrsation of other protein products in pet feed.

1.2.2.2. Beef collagen fibre

In leather production substantial amounts of animaterial occur are cut off and wasted.
Hulsh of Protein Technologies in the Netherlands immovated their process such that these cut
offs are kept in food-grade quality and processeddtive collage fibres with superior water
binding and structuring properties compared to comthermally denatured collagen (due to mild
drying and grinding procedures that leave the geltafibres in their native triple helix structure).

The collagen product is Halal certified.

1.2.2.3 Other successful examples on animal bytmtsd

. Insuline from pancreas: pharmaceutical hormonelimvetic patients.

. Mucine from pig bowels: ingredient for synthetidiga

. Blood proteins processing and valorisation

. Cholesterol from Lanoline (sheep wool fat).

. Cholesterol as building block for the pharmacelticalustry, cosmetics

industry and crucial feed additive for shrimps.
Each of these examples was driven by internal factmsts of wastage and/or value of the

product.

Table 1 By-products that could be exploited as substredesiotechonological processes

(Smith, 1998)

Lavorazioni Lavorazioni Lavorazioni
agricole e zootecniche forestali industriali

Paglia Idrolisati di scarti legnosi Melassa

Bagassa Liquido ricco di solfiti (dalla Scarti di distillazione
Torsoli di pannocchia preparazione della pastadi  Siero del latte

Scarti del caffe, del cacao,

gusci di noci di cocco
Bucce e fogiie della frutta
Scarti del té
Pasta di semi oleosi
Scarti del cotone
Crusca

Polpa (pomodori, caffe, bana-

ne, ananas, agrumi, olive)
Deiezioni animali

cellulosa)
Cortecce, ramaglia, segatura
Carta e cellulosa
Fibre

Reflui dellindustria alimentare
(olive, olio di palma, patate,
datteri, agrumi, manioca)

Acque di lavaggio industriale
(industria casearia, con-
serviera, dolciaria, bevan-
de analcoliche, industria
tessile, industria del maito,
macerazione del mais)

Sottoprodotti della carne

Rifiuti solidi urbani

Liguami

Rifiuti del macelli



Table 2. Summary of common and potential uses of by-pradunctarious agro-food sectors.

Sector (by-product) Historical or

common use
Vegetable processingDairy feed
(peels, reject, etc.)

Oil seeds (cake) Protein-rich animal
feed

Fruits (seed, peel Feed for livestock;

pomace, kernel, components are used

wastes) for cosmetics and
paints.

Cereals(bran, husks Feed for livestock

Dairy by-products  Protein-rich animal
(whey, skim milk, feed
butter-milk, etc)

State-of-the-art use (and potentials) in food and

other high-value applications

Food-functional properties of variousmpounds
are broadly recognized.

Practical implementation is limited because of
technological and/or economic reasons. In a
limited number of practical situations, food
ingredients are produced out of the by-products
(e.g. food-grade trimmings for processed foods,
vegetable juices from food-grade peels and
rejects).

Vegetable wastes such as sugar beet leaves,
cauliflower leaves and gram plant with empty
pods can serve as a good source of essential
vitamins and antioxidants and serve as an organic
source of minerals.

Deriving attractive protein-rich ingredients for
food applications will require major changes in
oil extraction processes.

Fruit peels have relatively high contents of
functional food compounds. For example, apple
pomace is a rich source of polyphenols, minerals
and dietary fibre (Sudhet al, 2007), and banana
peels have high contents of pectins (including
glucose, galactose and xylose).

Beyond the food domain, a product like banana
peel can be used for biomethanation.
Furthermore, it can be used as a sorbent that
removes heavy metals from waste water.

Because of high contents of dietary fibres, bran is
traditionally used in amongst others bakery and
products and breakfast cereals.

Part of the rice bran is used for rice bran o0il%75
of this oil is used in the food domain, whereas
25% is used for soap manufacturing. Rice bran
wax is an important by product of rice bran oil
industry. Rice bran wax can be used in the
preparation candles, polishes, cosmetics,
emulsifiers and other industrial preparations.

Relatively new is the application in minced meat,
contributing to water binding capacity.

Wheat bran could be utilized in solid state, liquid
state fermentations and animal feeds.

Value of whey (powder) as high-value protein
product in food is very high.

Whey obtained as a by-product of cheese industry
has long been utilized in the production of
fermented beverages, both alcoholic and non-
alcoholic (acidic).



Skim milk is a by-product obtained during the
manufacture of cream. It is rich in solids-not-fat
content and has high nutritional value. It is
regarded as a by-product only when it is either
not economically utilized or utilized for derived
by-products like casein and related products, co-
precipitates, protein hydrolysates etc. E.g.: From
by-product of skim milk cultured butter milk and
Bulgarian butter milk has been prepared.

Sugar processing by Generation of steam Amongst the alternative valorisation options are
products (sugarcane and power required tc use of fibres for paper and boards and bio-

bagasse)

Meat processing
(bone meal , poultry
by-products meal &
other animal by-
products)

operate the sugar ethanol.

factory

Feed for livestock, Because of danger of Bovine spongiform
pets and aquaculture encephalopathy (BSE), stringent limitations have

(rich of essential been formulated by governments on use of animal
amino acids, fatty by-products in feeds.

acids, vitamins and Next to feed applications, currently food,
minerals) pharmacy, pet food, compound feed, fertilisers

and technical applications are produced out of
meat by-products.




CHAPTER 2.

PEPTIDES AND FOOD



Peptides are short polymers of amino acids preisehumans, animals, and plants, and
represent an important component of the innate imiypuas they may also participate in the
antioxidant, antimicrobial and signalling functioi$iey can be synthesized novo(like carnosine
or gluthatione), or they can be produced afterqmigtis. In the first case, the new molecules are
synthesized to complete predetermined functionsthen second case, instead, they can follow
different pathways, such as the metabolic pathwégsnino acids, or remain in a latent state within
the protein sequence. The peptides released froteqgiytic processes during food processing are
related to the functional, nutritional and sendgsraperties of the final product.

The desire for functional foods and the need tacecchemical preservatives are connected
with the ever increasing health and nutrition consef the consumers (Milkst al,, 2011) .

The concept that proteins can be tailored and tfragments modelled to achieve a
particular function, is now of great interest. lengral, peptides generated from food proteins
present the great advantage to derive from harndessces and therefore are considered safe.
Moreover, the production of peptides obtained fritwdse sources could bring additional value to

food by-products, representing a breakthrough fanetlne industry of the future (Pellegrini, 2003) .

2.1 Properties of peptides

2.1.1 Structure and functional properties

Peptides are polymers of at least two amino aditsed together by covalent bonds,
between the carboxyl group of one molecule andatheo group of the other molecule. All the
polymers containing more than 50 amino acids ansidered proteins, whereas peptides are those
containing less than 50 units. Indeed, the complexfi the structure and the degree of activity are
supplementary methods to discriminate proteins fpeptides (Van De Weert and Randolfh, 2012)

The length and the amino acid composition of thes@ecules will determine their
physicochemical properties. Each peptide presefreseaamino group in the N-terminal region and
a free carboxylic group in the C-terminal with eliged magnetic charges. The elements
responsible for the final charge of the peptideicitan be ionized, belong to the inner amino acid
side chains. These side chains are very importattid food industry. Also the Maillard reaction,
generating colour and flavour compounds duringbiieing process, relies on the presence of these
amino acids side chains. At the same time, theugngh of a peptide or theim situ production, can
improve the texture of the food product. For exanthe development of the texture in the Cheddar
cheese during ripening has been thought to deppad the extent of proteolysis. Because more

peptide bonds are broken and more new charged g3 +/COO-) are available to compete

10



for water, the “free” water content of maturing @tar cheese curd is reduced (O’Mahat\al.,
2005).The foaming capacity is another peptide-dependargesty, which has been widely applied
in the alcoholic beverages industries (such as aeédrsparkling winefSharpeet al, 1981). The
liberation of hydrophobic sequences during hydislysn lead also to peptides with emulsifying
properties (Shimizet al, 1984). Finally, peptides with antifreezing prdjes have been reported;
they have been obtained or isolated from Antaratid Arctic fish and they were mainly alanine-
and cystine-rich (Wohrmann, 1996). Some otherdh siscalcalase hydrolizates of bovine gelatine,
ranging from 600 to 2700 Da, are also able to imhdzrystallization of ice in frozen ice cream mix
as well as in frozen sucrose solutions (Wang anddaaron, 2009)

2.2 Sensory properties

Peptides can contribute considerably to the fiasle of food, in particular cheese and meat
products (Hansen-Mgllegt al, 1997) and they may cover the entire range dktasodalities:
sweet, bitter, umami, sour and salty (Temussi, 28ERiet al, 1990). Compounds with acidic-rich
residues have a sour taste, whereas those ricgdnophobic residues have a bitter taste, and those
with a more balanced composition display littlenortaste.

Sequence and conformation can also play an impontale in flavour. Nowadays,
aspartame (L-aspartyl- phenylalanine methyl esierthe most extensively used peptide to
substitute sugar in beverages. This peptide hasdhee calories of sucrose, but it is 200 times
sweeter; hence, aspartame can be used in a loweemoation, and it can be supplied to diabetics.
However, some disadvantages have been detectddasutow stability at high temperature, low
solubility at neutral pH, and high sensitivity tooteolytic reactions. Moreover, phenylalanine, one
of its breakdown products, must be avoided by peapiffering of phenylketonuria (PKU)
(Temussi, 2012). Mazwat al (1969) demonstrated that the molecule providirgsiveetness to this
peptide is from one side the Asp residue, but alsery precise steric structure (H-L-Asp-L-Phe-
OMe). All the other possible chiral isomers, i.eLPL-D and D-D H-Asp-Phe-OMe, are bitter.

As mentioned above, hydrophobic peptides possétes taste. Bitter peptides are prevalent
in a wide variety of aged or fermented foodstutigcause enzymatic hydrolysis frequently
generates bitterness; the development of bittée tascheese during maturation is a well-studied
example(Temussi, 2012). Otagigt al (1985) reported that a strong bitter taste iseokei when
arginine is contiguous to proline). Finally, altlgbuthe umami (taste enhancer) depends mainly to
the glutamate, novel "umami petides" have beeniefudnd isolated. Yamasaki and Maekawa
(1987) isolated the "delicious peptide” from a bsetip (H-Lys-Gly-Asp-Glu- Glu-Ser-Leu-Ala-

OH), which produces a taste similar to that fooaldpict. However, there is no significant evidence
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to consider the small umami peptides as an indepdnclass; it is possible that their taste is a
consequence of the presence of Asp or Glu. Inwlag, it is clear that the chemical nature of
peptides, particularly their incredible conformatab versatility, plays a relevant role in determaoni

many structure—activity relationships, includingpge connected to food acceptar(@emussi,
2012).

2.3 Peptides bioactivities

The study of functional and bioactive peptides Iesn extensively promoted (Perez Espitia
et al, 2012). A peptide is considered bioactive ifahcsupport health through a positive impact on
the functions or conditions of living beings (Kortem and Pihlanto, 2006). The beneficial effects of
peptides depend on their antimicrobial (Redtgl, 2004; Rajanbabu and Chen, 2011), antioxidant
(Sarmadi and Ismail, 2010), antithrombotic (Wang &g, 1999), anti-hypertensive (Erdmaen
al., 2008), opioid and immunomodulatdrsghaviour (St Georgiev, 1990; Gauthémal, 2006). The

main peptides bioactivities are reportedigure 1.

Immunomodulatory

Anti-hypertensive Antioxidant

Anticancer <= ( Food protein derived peptides ——>> Opioid

Multifunctional Hypocholesterolemic
and hypotriglyceridemic

Antimicrobial
Antithrombotic

Figure 1. Bioactive properties of food protein-derived pepsid
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2.3.1. Anti-hypertensive peptides

Many of the physiological functions in an organisare mediated by peptides; for
instance, blood pressure can be regulated by mptike angiotensin-1l or bradykinin. The
antihypertensive effect is defined by measuringdéugability of a putative peptide to inhibit the
angiotensin-I-converting enzyme (ACE, EC 3.4.15A0E is a constituent enzyme of the renin-
angiotensin system that plays a crucial role iro8lpressure regulation and fluid and electrolyte
balance (Martinez-Maquedat al, 2012) These processes are catalysed by two misoms
either by the conversion of angiotensin | to argnsin I, a potent vasoconstrictor, or by the
degradation of bradykinin, a potent vasodilatord asther vasoactive peptides. Some anti-
hypertensive peptides are reportedhible 3.

Most bioactive peptides generated from milk prateiave demonstrated ACE-I activity.
They can be released from two different pathwayifk protein hydrolysis or milk fermentation.
A number of peptides with antihypertensive propgasrthave been identified from casein and
whey proteins with gastric and pancreatic enzymes.

One of the peptides with proven antihypertensifecefis aas;-casein-derived peptide,
with sequence FFVAPFPGVFGK. The casein hydrolyzadataining this peptide has been
patented and commercialized as an antihypertepsoduct named Peptide C12®. Moreougr
casein represents a source of bioactive peptides sivo other sequences that reduce systolic
blood pressure (SBP) have also been identified @YLand AYFYPEL) (Contrera®t al,
2009). The use of food-grade enzymes, derived froioroorganisms, to release bioactive
peptides has also become a common strategy. Imenahe proteolytic activity of lactic acid
bacteria during fermentation of dairy products gie#f peptides and amino acids, which are used
as nitrogen sources necessary for bacterial gr¢Mdrtinez-Maquedat al, 2012). However,
some of these peptides, produced hwpctobacillus helveticusin combination with
Saccharomyces cerevisidaring milk fermentation, revealed blood presdowmering properties
(i. e. VPP and IPP). Other strains responsiblettierliberation of antihypertensive peptides are
Lactobacillus helveticusCPN4, Lactobacillus bulgaricusand Streptococcus thermophilus
(Nakamureet al., 1995)

Eggs are another important source of antihypenenseptides. Ovokinin (FRADHPFL),
resulting from the pepsin hydrolysation, is onetledm. These properties can be enhanced by
emulsification with egg yolk, because phospholipm®emote its absorption and protect the
peptide from intestinal peptidases (Fujga al, 1995). An intriguing discovery about the
bioactive egg peptides is that even if they showEAGctivity in vivo, many of them may not

work in vitro, demonstrating only partial correspondence betweeitro andin vivo effects.
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Due to their optimal extracting conditions, collagend gelatin are considered as good
sources of bioctive peptides. They are obtainedhip&iom porcine skin and bovine hide, as well
as bones, tendons and cartilages. Moreover, stwdiesidering novel sources, such as meat,
poultry or fish and marine by-products and waste already being developed (Martinez-
Maquedaet al, 2012). Some previously reported antihypertensineat peptides are MNPPK
and ITTNP, which were released in the thermolysidrblysis of porcine muscle myosin. Other
peptides were found to be particularly active, sashAVF and VF, from an insect protein
digestion, YYRA from chicken bone hydrolysate andR\KQY from porcine myosin
hydrolysate.

Antihypertensive peptides inhibitory to ACE cancaelse derived from vegetable proteins,
such as gluten, zein and hordein (Gobhedtdl, 1997). Indeed, hydrolysed or fermented soybean
proteins produced several sequences responsibladan vitro antihypertensive activityT@b.

3).

A daily consumption of a moderate amount of antérignsive peptides from natural
sources could elicit a blood pressure reductionfaiofrom that of synthetic drugs, because the
majority of patent drugs available in the markattam similar bioactive peptides to those found
in the above mentioned food products (Martinez-Maiget al, 2012).

2.3.2. Antithrombotic peptides

Cardiovascular diseases (CVDs) lead to the devedoprof thrombosis, due to the
alterations in the coagulation mechanisms. Incekaseurrence of thrombosis has been linked to
platelet hyperreactivity, high levels of haemostaproteins (e.g., fibrinogen), defective
fibrinolysis and hyperviscosity of the blood (Erdmneet al, 2008). Therefore, antithrombotic
drugs are commonly used to reduce platelet aggoegand enhance fibrinolysis. Similarities
between the mechanisms of milk clotting, definedry interaction ok-casein with chymosin,
and blood clotting, defined by the interactionibfihogen with thrombin, have been reported. To
date, food derived peptides with antithromboticpgemies are mainly the result of enzymatic
hydrolysis ofk-casein (Erdmanet al, 2008) {ab. 3). The dodecapeptide of fibrinogen and the
106-116 sequence ofk-casein show functional homologies. Another peptideith
MAIPPKKNQDK sequence, functions mainly because loé fpresence of three amino acid
residues (lle108, Lys112, Asp115). It inhibits bttle aggregation of ADP activated platelets as
well as the binding of human fibrinogerchain to its receptor region on the platelet stgfa
(Smacchi and Gobbetti, 2000).
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Table 3. Examples of anti-hypertensive and antithrombogptles deriving from different food

sources.

sequence source reference
Anti-hypertensive FFVAP aCN23-27 Maruyamaet d., 1985
APYPQR B-CNf177-183 Maruyamaet d., 1986
YGLF oLAf50-53 Mulally et al., 1996
ALPNVHIR BLGf142.148 Mulally etal., 1997
KVLPVPQ B-CNf169-174 Maeno et d., 1996
LVYPFPGPIPNSLPONIPP B-CNf58-76 Migud etal., 2006
LHLPLP B-CN 133138 Migud etal., 2007
YP o-CN 146-147 Maeno et d., 1996
FRVAPFPGVFGK oCNf23-34 Keshmirian and Nogrady 1983
RYLGY o-CN 90-95 Cortreras e d., 2009
AYFYPEL o-CN f90-96 Cortreras & a., 2009
PP B-CN(84-86) Nakamura et dl., 19%
IPP B-CNf(74-76) Nakamura et d., 19%
YRGGLERPINF Eggwhite Migud etal., 2007
ESIINF Eggwhite Migud etal., 2008
YAEERYPIL Eggwhite Migud etal., 2005
RADHPFL Eggwhite Migud etal., 2006
IVF Eggwhite Migud etal., 2007
Hydrolysate Eggwhite Migud etal., 2008
FRADHPFL Ovabumin Fujtaetal., 1995
QVSINSGYY Dhordein Gobbetti et al., 1997
SAYPGOITSN ozein Gobbetti et al., 1998
F\Q azein Yanoetal., 1996
LAY azein Yanoetal., 1997
LLP ozen Yanoetal., 1998
LNPA azein Yanoetal., 1999
LQQ ozein Yanoetal., 2000
AY ozen Yanoetal., 2001
NWGPLV Soy (dycinin) Koderaand Nio, 2006
1AP Wheat (gliadin) Matoi and Kodarra, 2003
Whea protein hydrdysate Koderaand Nig, 2006
GA(Hyp)GL(Hyp)GP Chicken leg colagenhydrdysate Sap etal., 2008
GFHyp)GP Porcine skin collagen hydrdysate Ichimura et d., 2009
LKP Mea (chicken muscle) Fujitaet al., 2000
IKW Meat (chicken muscle) Fujtaetal., 2001
LAP Meat (chicken muscle) Fujtaetal., 2002
ITTNP Meat (porcine muscle) Nakashima et d., 2002
IMNPPK Meat (porcine muscle) Nakashima et d., 2003
YYRA Chicken bone extract hydrdysate Nakadeetal., 2008
KRVIQY porcine myosin hydrdysate Muguruma et d., 2009
OLTDY Oyster pratein hydrdysate Shiazaki et al., 2010
DY Oyster pratein hydrdysate Shiazaki et al., 2011
Hydrolysate Oyster pratein hydrdysate Shiazaki et al., 2012
Hydrolysate Salmon muscle protein hydralysate Ono &t al., 2003
Hydrolysate Squid skin collagen hydraysate Linetal., 2012
VFE Insects hydrolysis Vercruysse e d., 2010
AVF Insects hydrolysis Vercruysse et d., 2011
Antithrormbatic MAIPPKKNQDK k-ONf106-116 Jollesetal., 1986
KDQDK k-ONf112-116 Qaneta., 194
KRDS Lactatransferrin f39-42 Qianet a., 19%
k-ON f106-112 Battazzi, 1996
k-CN f106-116 Battazzi, 196
k-ONf112-116 Battazzi, 1996
k-CNf113-116 Battazzi, 1996
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2.3.3. Hypocholesterolemic and hypotriglyceridemipeptides

A destabilised blood lipids profile (hypercholesiemia and/or hypertriglyceridemia) is
another risk factor for CVDs. It has been reportkdt dietary proteins with low ratios of
methionine/glycine and lysine/arginine, such as sapd fish protein, favour a
hypocholesterolemic effect, whereas bovine andicakaving higher amino acid ratios, tend to
elevate cholesterol levels (Erdmagtnal, 2008). The most studied hypocholesterolemicigept
derive from soy proteinddb. 4). Peptides produced from this source revealedalmgidrophobic
region is required for biological activity. Moreayea proline residue seems to be a key
component. Hypotriglyceridemic activities have bedso detected in different animal species
when hydrolyzed globin has been provided. Thisctffeay depend on the capability of the
peptides to decrease intestinal fat absorption tanaégnhance the lipolysis of triglycerides
(Erdmanret al, 2008).

Table 4. Examples of antioxidant, hypocholesterolemic amuioid peptides deriving from

different food sources.

sequence source reference
Antioxidant MY Fish (sardine mruscle) Erdmannetal., 2006
LLPHH Soy (B-conglycinin) Chenet a, 195
YFYPEL Mik (casein) Suetsuna et a., 2000
VHIRL Mik (B-actoglabulin) Hemandez-Ledesmaetal., 2005
YVEEL Mik (BHactoglabulin) Hemandez-Ledesmaet al., 2006
WYSLAMAASDI Mik (BHactoglabulin) Hemandez-Ledesmaet al., 2007
YAEERYPIL Egg (egg white) Davalos et d., 2004
3-CN98-105 Rival etal., 2001
B-CNf177-183 Rival etal., 2002
-CNf169-176 Rival etal., 2003
B-CNf170-176 Rival etal., 2004
k-ON f96-106 Kudoh et ., 2001
Hypochad esterdemic LPYPR Soy (dlycinin) Yoshikanaet al., 2000
IAVPGEVA Soy (gycinin) Pak et dl., 2006
Opiad RYLGYLE aCN190-9% Loukes et d., 1983
YIPIQYWSR k-ON25-34 Chiba et d., 1989
B-CN 60-63 Meisel, 1997
B-CNf60-70 Fatetal, 1993
GYYPT duen Fukudome and Yashikawa, 1992
GYYP Fukudome and Yashikawa, 1993
YGGTL Fukudome et dl., 1997
YGGT
YPISL
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2.3.4. Antioxidant peptides

The use of antioxidants as preservatives has bgstensatically applied in the food
industry. Recently, the use as health producteod{derived peptides has also attracted interest,
because they can supplement endogenous antioxidgaiast oxidative stress (Farmg al,
2002). Recent studies have shown that peptidesaitiloxidant properties can be released from
food sources such as milk casein, whey protein, @&yd) soy protein and food by-products
(Erdmannret al, 2008; Bougateét al, 2010). Some examples of bioactive peptides ddrivom
different protein sources are listedtable 4.

Some suggested mechanisms influencing the antiokig@perties of peptides have been:
metal ion chelation, scavenging or quenching ottrea oxygen species (ROS), inhibition of
enzymatic (lipoxygenase- mediated) and nonenzyniroxidation of lipids and essential fatty
acids (Udenigwe and Aluko, 2012). The antioxidactivity has been attributed to certain amino
acid sequences, in particular histidine, prolingsteine, methionine, and aromatic amino acids.
Chen and co-workers reported that histidine residofepeptides are able to chelate metal ion,
guench active oxygen, and scavenge OH (Ghext, 1998) through its imidazole group, which can
participate in hydrogen atom transfer and singdetebn transfer reactions (Chan and Decker 1994).
This activity can be increased adding hydrophobina acids (such as proline and leucine) to the
N-terminus of a dipeptide His-His. This hydropholpart is important because it can lead the
antioxidant peptides to interact with hydrophoballudar targets (Chemt al, 1998). Although
selected information about the specific activibésingle peptides has been reported, it is natrcle
how protein hydrolysates contribute in these preessLiet al (2008) noticed that there is a dose-
dependent relationship between hydrolysate coretgmir and antioxidant activity. The highest

antioxidant activity was found in peptides betw&@0-1500 Da.

2.3.5. Opioid peptides

Opioid peptides are small molecules naturally poeduin the central nervous system
(CNS) and in various glands throughout the bodyeyTbontribute to some behaviours, such as
motivation, emotion, and attachment, the controfoafd intake and the response to stress and
pain. They work in the same way of classic alkalomates (such as morphine and heroin)
(Froehlich, 1997). Exorphins, a class of peptideth wpioid activity, were found in pepsin
hydrolysates of wheat gluten and soyprotein (Fanciulliet al, 2003; Zioudrouet al. 1979)
(tab. 4) and others, called cytochrophins and hemorphimsye been produced from
enzymatically treated bovine blood (Braetlal, 1986).
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2.3.6. Immunomodulatory peptides

Immunomodulatory peptides are able to enhance timetibns of immune system,
including regulation of cytokine expression, antlpoproduction, and ROS-induced immune
functions (Hartmann and Meisel 2007; Yaegal, 2009). It has been reported that a tryptic
digest of rice protein can promote phagocytosis @odease superoxide anion production in
human leukocytes (Takahashi al, 1994). In addition, egg-derived peptides aredudering
cancer immunotherapy to increase immune functiokBng and Kovacs-Nolan, 2006).
(Udenigwe, 2012) Chicken meat proteins, especiaypsin, tropomyosin and collagen, contain
bioactive peptide fragments with immune-stimulatpr@perties which, theoretically, could be

released through the activity of proteinase K (Daiet al, 1996).

2.3.7. Anticancer peptides

A number of studies on anticancer peptides haven beeused on soy peptides, in
particular in Lunasin (Hernandez-Ledesetaal, 2009). The anticancer property of lunasin is
predominantly against chemical and viral oncogenkeiced cancers, and based on the
modulation of histone acetylation and deacetylapathways specifically. The final effects are
repression of cell cycle and promotion of apoptasisancer cells (Hernandez-Ledessataal.,
2009). Recently, 2 large peptides (Leu-Pro-His-Mal-Thr-Pro-Glu-Ala-Gly-Ala-Thr and Pro-
Thr-Ala-Glu-Gly-Gly-Val-Tyr-Met-Val-Thr) from tunadark muscle by-product hydrolyzed with
papain and protease XXII were isolated by Hsu and/orkers (2011). These peptides exhibited
dose-dependent antiproliferative activities agamdtured breast cancer (MCF-7) (Hst al,
2011). This result demonstrates the potential chtrpeoducts and meat by-products as valuable

sources of bioactive peptides for incorporation iininctional foods (Ryast al, 2011).

2.3.8. Antimicrobial peptides

One of the first lines of defence against infediarsed by animals, plants and insects is
the production of antimicrobial peptides. Accordity data already reported, antimicrobial
peptides should be relatively short (12 to 100 ananids), positively charged (to interact with
lipids) and amphiphilic (to enter into the cell mamane). Despite their similar properties,
antimicrobial peptides have very limited sequenomdlogies with a wide range of secondary
structures. To date, hundreds of such peptides lmeen identified and their different
mechanisms of action have been elucidated (Jeretsaln 2006). There are at least four major
groups (Mackintoslet al., 1998):
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1) Linear helical peptides without cysteine, sushtl& cecropins from insects and pigs
(Boman, 1995);

2) Peptides with an antiparall@lsheet structure stabilized by two or three intratwalar
disulfide bonds, such as defensins (Ganz, 2003);

3) Peptides with one intramolecular disulfide bosd¢ch as bactenecin (Romeb al,
1988);

4) Linear peptides containing high proportions né@r more amino acids, in particular
tryptophan-, arginine- and proline-rich peptiddss drosocin (Bulet and Stocklin, 2005).

Jenneseret al (2006) reported that the antimicrobial actionpeptides is given by
permeabilization through the microbial cells. Itlsicase, a model has been proposed to describe
the mode of actionfif. 2): first, in the “aggregate” model (A), there isr@orientation of the
peptides spanning the membrane and forming an gagrethen, on the “toroidal pore” model
(B), peptides form pores; in the “barrel-stave” rabfC), peptides are inserted in a perpendicular
orientation to the plane of the bilayer, form tlstates” in a “barrel’-shaped cluster, and in the
“carpet” model (D), peptides aggregate in paratfbethe lipid bilayer, showing a detergent-like
activity. Peptides that do not act by permeabigjsine membrane can work at different levels:
inhibiting DNA and RNA synthesis (E), decreasingtpin synthesis (F), reducing the enzymatic
activity (G), modifying aminoglycosides (H), or foing structural components (I) that can
disturb the normal bacterial growth. Bacteria antnobial peptides (bacteriocins) are among the
first ones to be isolated and characterized. Theyeoduced as defence from other bacteria that
might compete in the same environment. One of tlannstudied bacteriocins is nisin, a
lanthionine containing a peptide, used for neaflyyBars as a food preservative (Jensseal.,
2006).

Even though it has not been as well-studied astitiexidant capacity of food peptides,
the hydrolysis of food proteins can generate ned @wtent antimicrobial peptide&b. 5). The
most investigated food-derived antimicrobial peptid lactoferricin, the fragment 17-41 of the
iron-binding glycoprotein lactoferrin. This peptideas antimicrobial activity against Gram-
negative bacteria ardandida albicangFarnaud and Evans, 2003).

Peptides released from milk proteins are the riclsesirce of antimicrobial peptides
(AMPs). Peptides obtained from bovingi-casein and produced hyactobacillus acidophilus
DPC6026, are active against both Gram-positive @raim-negative bacteria; these have been

proposed as bioprotective compounds if suppliedilk food products (Hayest al., 2006)
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Figure 2. Mechanisms of action of antibacterial peptideppsed by Jensset al, 2006.

Muscle foods as source of antimicrobial peptidesless documented. A peptide obtained
from bovine meat (GLSDGEWAQ) inhibited the growthboth Gram-positive and Gram-negative
pathogens. It was also reported that GFHI and Fhi@bited the growth of the pathogéh
aeruginosa(Ryanet al, 2011). Moreover, a cysteine rich antimicrobiapfde was produced
from the digestion of oyster muscle, using a cormatiam of alcalase and bromelin (Lat al,
2008). This peptide also resulted active inhibitthg growth of the fungBotrytis cinereaand
Penicillium expansur(Ryanet al, 2011)
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Table 5. Examples of antimicrobial peptides deriving froifiedent food sources.

sequence source reference
Antimicrobial YQEPVLGPVRGPFPIV cdostrum Bikemoetal., 2009
YQEPVLGPVRGPFPI cdostrum Bikkemoetal., 2010
RPKHPIKHOGLPOEVLNENLLRF |cdostrum Bikemoetal., 2011
IKHQGLPQE casein Hayes etal., 2004
VINENLLR casein Hayes etal., 2005
SDIPNPIGSENSEK casein Hayes etal., 2006
GLSDGEWQ beef sarcoplasmic protein hydrolysate Ryanetal., 2011
GFHI beef sarcoplasmic protein hydrolysate Ryanetal., 2012
FHG beef sarcoplasmic protein hydrolysate Ryanetal., 2013

2.3.9. Multifunctional peptides

The functions described above can be detectedffierelit peptides, but sometimes one
peptide show multiple activities at the same tinethis case it is defined as a multifunctional
peptide (Udenigwe and Aluko, 2012). A hexapeptilEMPLW) derived fromas;-casien (f194—
199), through trypsin-catalyzed digestion, exhibit®th ACE-inhibitory and immunomodulatory
activities (Meisel, 2004); in addition, &lactoglobulin-derived3-lactorphin (YLLF) inhibited
ACE activity and also possessed opioid-like agtiiMullally et al, 1997). Moreover, crude
chemotryptic a-casein hydrolysates displayed sevenal vitro bioactivities such as ACE
inhibition, antioxidant, Zfi-binding, and antibacterial activities (SrinivasdaRrakash, 2010).
Four peptides (GFHI, DFHING, FHG, and GLSDGEWQ)samt in beef sarcoplasmic protein
hydrolysates have been reported to possess ardgicaantimicrobial, and ACE-inhibitory

properties (Jangt al, 2008).
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CHAPTER 3.

GLYCOPEPTIDES
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Glycopeptides are molecules present and produceature. The study of sugars bounded
to amino acids has become increasingly interessimge these structures have been showed to play
important roles in fertilization, the immune systemnain development, the endocrine system and
inflammation (http://en.wikipedia.org/wiki/Glycopege). Some glycopeptides, isolated from
microorganisms, are already used as antibiotichiigat al, 2005), while some others instead are
produced by the insects as the first defence apbaderial infections (Bulet and Stocklin, 2005).
The synthesis of novel glycopeptides can be ugefelucidate glycan function in nature, but the
current major challenge is to uncover their theséipeand biotechnological applications in food
(http://en.wikipedia.org/wiki/Glycopeptide).

3.1. Structure

Glycopeptides are short sequences of amino acidsnjm 7-8) bound to one or more
mono-, di- and oligosaccharides. The function & fugar group has not been fully elucidated,;
even though the absence of that sugar inside tlan cban reduce around 100 times the
glycopeptide bioactivity (Otvost al, 2002). In general it could be hypothesized thatpresence
of the sugar determines a chemical and physicararegement of the peptide conformation,
similarly to what occurs in proteins, as describbdve.

Different studies that tried to design non-glycasgtl analogues of glycopeptides in order to
explore the role of glycosylation have been pulgisiKauret al. (2006), for example, reported that
it is possible to obtain a functionally equivalenbn-glycosylated analogue from a native
glycosylated peptide just by performing strategmdifications of the sequence. This means that the
presence of the sugar provides the peptide witleva spatial distribution. At the same time, the
peptide, and in particular the type of amino acal) influence the special sugar conformation once
it is linked (Hindleyet al., 2005).

Some of the most studied glycopeptides belong seats and they are produced as a
mechanism of defence against bacterial invasioes&Ipeptides, most of them rich in proline, can
undergo glycosylation with one, two, or three glycaesidues, forming a O-glycosylated
substitution with a conserved threonine residuebf@®oet al, 2002). The first characterized
glycopeptide was Drosocin, a O-glycosylated peptmnsisting of 19 amino acid residues (of
which nearly one third are proline), and three ahtaristic Pro-Arg-Pro motifs. Drosocin is
glycosylated on Thr 11 by either a monosaccharisieci{ as N-acetyl-galactosamine) or a
disaccharide. The presence of the disaccharideentiddle of the molecule may open the turn

comprising residues 10-13 to a more extended cov#ton, thus helping drosocin to assume the
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most suitable orientation to bind to its putatimgracellular target. In many cases the integritjhef
carbohydrate side chain is also necessary for #twemum activity of the glycopeptides (such as
formaecin and diptericin); however, it has alsorbeeported that unglycosylated peptides, like
pyrrhocoricin, appear to be more potent than thev@glycosylated form. To date, it has not been
possible to define a specific structure for "thgcgpeptide, and in particular many studies até sti
in progress (Gobbet al., 2002).

A well-studied glycopeptide, already patented gmnt drug is Vancomycin. It was first
isolated in 1953 from a soil sample and it is ptliby the bacteridamycolatopsis orientalidt is
a 1449.3 Da molecule and from its structure sevewakl compounds were isolated, produced and
designed. The common structure in all, called "eamgcin-related”, contains a homologous
heptapeptide scaffold. Five out of the seven resdn vancomycin are aromatic, and the remaining
two residues are modified tyrosines, with chloriehe meta position of the aromatic ring, and an
OH substitute at the benzylic carbon of the sidairthThe electron-rich side chains of these
aromatic amino acid residues facilitate the oxigatirosslinking, leading to a rigid architecture of
the heptapeptide scaffolds. Finally, the peptidemiwork is glycosylated, by a mono- or
disaccharide on residue 4 (Kaheteal, 2005). Another glycopeptide with bioactive prdpes was
isolated by Yangt al (2009) from a fermentation broth Bénicilliumsp. M03. This molecule is a
1017 Da and contains five aminoacids (Ala, Glu,,G¥p and lle) plus two monosaccharides
(glucose and xylose). PGY is also a low moleculargit glycopeptide; it was isolated by Wu and
Wang (2009) from the fruiGanoderma lucidumwad his molecule possess a peptide part with a
Ser-Arg-[(Ala)2(Gly)2] sequence, and a carbohydrgi@t, coupled by O-linkage via Ser,
constituted of a backbone of & 3)-f-glucan with (1 — 6)-linked Ard branches. The
carbohydrate moiety, especially the side chaintgewhinal a-L-Araf residues, is essential for the

preservation of the activity of this class of glgeptides.

3.2. Antifreezing activity

It is already well known that many O-glycan-richygdproteins, especially isolated from
artic fish, act asn vivo “antifreezer”, preventing nucleation of ice antb@aing them to survive at
temperatures of -2 °C (Gamblat al, 2009). In fact, antifreeze glycopeptides (AF@RJ peptides
have been isolated from 37 species of Antarctit. fidre glycopeptides are made up of a tripeptide
repeat (alanine-alanine-threonine), with a disacdeamoiety attached to the threonyl residues
(Wohrmann, 1996). Their molecular weights rangenfi2600 Da to 34000 Da (Wohrmann, 1996).

These compounds kinetically depress the temperatumghich ice grows, in a non-colligative
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manner, and hence exhibit thermal hysteresis,ai.positive difference between the equilibrium
melting point and the ice growth temperature (dragerature at which seed ice crystals will grow
in the solution) (Hardingt al, 2003)

3.3. Sensory properties

Certain glycopeptides and peptides provide an ingmtdaste function, in particular for the
kokumi taste function. These molecules could be us@ wide range of industrial applications and
enhance the basic tastes, as well as impart théskrspread, continuity, and unity of the final

product (https://usgene.sequencebase.com/pate23068083847).

3.4. Glycopetides bioactivities

Just like peptides, the glycopeptides have revediféerent properties and bioactivities. The
main studied property is the antimicrobial one. &hiveless, their additional properties have been

reported to a lesser extent.

3.4.1. Antioxidant activity

Wu and Wang (2009) isolated from the fruiting bedad G. luciduma new water-soluble
glycopeptide (PGY) with higher levels of antioxidaproperties against superoxide radicals,
compared with a selected antioxidant (BHT). Thisvatg strictly depends on the carbohydrate
moiety, while the peptide moiety appears to be gssemtial for their antioxidant activity.
Furthermore, they demonstrated that PGY providgheri levels of antioxidant characteristics

against superoxide radicals, in comparison with dha selected antioxidant (BHT).

3.4.2. Antitumor activity

Natural ecosystems play an important role as aceoof new antitumor compounds. The
antitumor bleomycin (BLM) was first isolated fro8treptomyces verticillyst provided the name
to a class of natural antitumor glycoconjugatesgdenaf complex polypeptide aglycones with a
variety of mono-, di-, and tetra-saccharides agdctiThe BLM, clinically known as Blenoxane
(Bristol-Myers Squibb), treats several types of dums, such as testicular cancer (90% efficiency),
Hodgkin’s lymphoma, and carcinomas of the skin,dcheamd neck. However, the cytotoxic
therapeutic efficacy of BLM is limited, due to inction of lung fibrosis. The mechanism of action
of BLM depends on a metal-dependent oxidative @gavof DNA and RNA, which leads to cell
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death. Three functional domains can be recognimsitleé the structure of BLM: the N-terminal
domain, represented by pyrimidoblamic acid (PBAYngl with 3-hydroxy-histidine, is the metal-
binding domain and enables the activation of mdéraaxygen; the C-terminus is the DNA-binding
domain, and it is formed from a bisthiazole moietth a cationic tail; and the hydroxyl group of b-
OH-His, which that participates in cell recognitiamd uptake and in metal ion coordination.
NC0604 is a BLS analogue isolated fro&treptomyces verticilluvar. pingyangensis with
enhanced antitumor activity and lower pulmonarydibx (La Ferlaet al, 2011).

Other natural antitumor glycopeptides have beendan macromycetes (macro-fungi). PSP
and PSK, from the macro-funguSoriolus versicoloy for example, are well known for their
immunomodulatory and antitumoral activities. Bollgcgpeptides stimulate the T-cell activation,
and induce cytokine productian vitro andin vivo, enhancing “killer” cytotoxic activity against
tumours; they are considered biological responseifiecs. The glycopeptides 220-GP and 120-GP
obtained from pronase- treated ovomucin (an eggewhliycoprotein) were found to have high
direct antitumor activity at low concentrationstibglycopeptides have shown to promote complete
rejection of direct tumours and slight growth intidn of distant tumours. A number of muramyl
glycopeptides (fragments of murein, a bacterialtideglycan from the cell wall) are known to
cause growth inhibition and necrosis of experimetot@ours. For example, glucosaminylmuramyl
dipeptide (GMDP) was reported to enhance tumoricadévity of macrophages, by inducing the
secretion of TNFa, one of the key players of macrophage cytotoxieigainst tumoural cells.
GMDP also augmented the cytotoxic effect on tunull lines, when combined with TNF-a and

cisplatin; in this case, 100% tumour cells wetkedi(La Ferlaet al, 2011).

3.4.3. Antimicrobial activity

Vancomycin was the first glycopeptide antibiotic lbe discovered. Despite its toxicity
profile, it gained prominent use to face the problef the emergence of a large-scale resisgant
aureus The mechanism by which vancomycin exerts itsoactepends on the inhibition of cell
wall synthesis in Gram-positive bacteria, as opgose the Gram-negative, because the outer
membrane in the Gram-negative bacterial membraepskéhe glycopeptides from reaching their
targets at the periplasmic face of the cytoplasmembrane (Kahnet al, 2005). The large
hydrophilic molecule is able to form hydrogen banteractions with the terminal D-alanyl-D-
alanine moieties of the NAM/NAG-peptidefgg( 3). In this way, it prevents the transglycosylation
and subsequently affects the transpeptidation, wisiessential for bacterial cell wall cross-lindin
(Sujatha and Praharaj, 2012). Several studies ptiegnto develop new molecules mimicking

vancomycin have been reported (Cletral, 2002). Hence, glycopeptides having effect onnGra
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negative microorganism have been isolated as Wefact, Drosocin, a glycopeptide isolated from
insects, works in a low micromolar range of congaiin, and it is mainly active towards Gram-

negative bacteria (Bullet and Stocklin, 2005).
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Figure 3. Mechanisms of action of Vancomycin towords sewmsiind not sensitive bacteria
(http://en.wikipedia.org/wiki/Vancomycin).

The relatively slow-killing kinetics of drosocin @rhe observation that an all-D analogue is
50 to 150-fold less active than the native isomuggested that the peptide do not seem to have a
membrane permeabilization mechanism, which is thagkedly dissimilar to that of lytic peptides
such as cecropins.

As already indicated, deglycosylation significantgduces the antimicrobial activity of
drosocin. The syntheses of differently glycosylgtegtide analogues showed that the antimicrobial
activity against several Gram-negative bacteriaffscted by the type of sugar and the type of
glycosidic linkage, particularly in the caselfcoli D21 and thék. pneumoniaestrains (Gobbet
al., 2002).

The mechanism of action of these proline-rich ghgqatides could depend on the interaction
with the lipopolysaccharides (LPS) of Gram-negatiacteria and/or with the bacterial
chaperone/heat shock proteins GroEL and DnaK; srchinteraction inhibits protein folding
(Kragolet al, 2001). The fact that some of these glycopeptidespyrrhocoricin analogues) do not
show selectivity towards Gram-negative or Gram{pasistrains, has confirmed that their toxicity
for bacteria is not strongly related to membramelinig. At the same time, the specificity to certain
bacterial strains may derive from altered bindimdnaK (Otvoset al, 2000). An additional effect
of glycopeptides is the protection of host celtsrirpathogen adhesion. The anti-adhesive capacity
of the glycopeptides was reported by Yang and cdk@rs wher3-conglycinin hydrolysates were

produced. These glycopeptides have both a D-mahnesigue and a hydrophobic region; it was
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suggested that the presence of the mannose substruaf glycopeptides prevents. coli and
Salmonellaadhesion to the intestinal epithelium (Yastgal, 2008). Glycopeptides with antibiofilm
properties have been also reported. In particpkyptides with an amino acid sequence bound to a
casein or a fragment of casein, comprising at leastglycosylated amino acid, can prevent dental

caries, gingivitis and periodontitis (http://wwweépatentsonline.com/y2012/0283174.html).
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CHAPTER 4.

PROTEASES
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According to the Enzyme Commission (EC) classifaatproteases belong to the hydrolase
family (group 3), which hydrolyse peptide bondsbigmoup 4). The processing of many food
products depends on proteolytic activities, becahsg can enrich the characteristics of the final
product or generate innovative food and ingredi¢8tesnanthaet al, 2006). Until fairly recently,
proteases were considered primarily to be protegrading enzymes. However, this view
dramatically changed when their important rolesphysiological processes such as generating
signalling and/or functional molecules was discederConsequently, they immediately attracted
the interest for commercial applications, becomimg of the three largest groups of industrial
enzymes, and accounting for approximately the 63%he total worldwide sales of enzymes.
(http://acd.ufrj.br/proteases/ProteaseApres.htmfobd processing, proteases can be derived from
the food matrix, generated by microorganisms orpke@ as additives. Because of their wide
applicability, the microbial proteases represerd #9% of the commercial enzymes currently
present in the market (Rab al, 1998).

Proteases can be separated into two major growgedlan their ability to cleave peptide
bonds: when they act at the terminus of polypeptitieins (amino- or carboxy- peptidases), they
are classified asxopeptidases(EC 3.4.11-19); if they act internalljthey are considered
endopeptidasesor proteinases (EC 3.4 21-99he exopeptidases are used for their debittering
action and they are becoming increasingly availablihe industrial enzyme market (Raksakulthai
and Haard, 2003). Additionally, proteases can bbsalassified according to: their optimal pH (as
acidic, neutral or alkaline); substrate specificitpllagenase, keratinase, elastase, etc.); or thei
homology with well-studied proteins (trypsin-likgepsin-like, etc.) (Sumantle al, 2006).

A more detailed classification is presentedrigure 4.

4.1. Exopeptidases

The exopeptidases act only near the ends of thggplide chains at the N or C terminus.

The aminopeptidases act at on the free N termifiukeopolypeptide chain and liberate a single
amino acid residue, a dipeptide, or a tripeptidege&neral, the aminopeptidases are intracellular
enzymes. The commercial Aminopeptidse | and Il Ha@en generated frofscherichia coliand
Bacillus licheniformisrespectively In contrast, the exopeptidases act on the freer@inus, to
liberate a single amino acid or a dipeptide; thayehbeen isolated mainly froRenicillium spp.,
Saccharomycespp., andAspergillusspp. Additionally, the omega peptides are enzymeking
on isopeptide bonds, i.e. an amide bond not presenhe main chain of the protein (Rabal,
1998).
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Aminopeptidase .!O—O-O—O
Dipeptidyl peptidase “!O-O—O
Tripeptidy! peptidase .—.—.!O—O

Carboxypeptidase O—O—O—O!.

Endopeptidase O_.!.'Q'O

Serine protease
Cysteine protease
Aspartic protease
Metalloprotease

Figure 4. Classification of protease8rrows show the sites of action of the enzyme.

4.2. Endopeptidases

The endopeptidases work preferentially on the pepbonds away from the N and C
termini. The presence of freeamino ora- carboxyl groups has a negative effect on theviagtof
the enzyme. According to the reactive groups atattteve site involved in catalysis, they can also
be divided into serine- (EC 3.4.21), cysteine- (B@.22), aspartic-peptidases (EC.3.4.23) and
metallo-peptidases (EC 3.4 24). Among these, thalink proteases are the most industrially
significant (Sumanthat al, 2006).

4.2.1. Serine proteases

They are characterized by the presence of a sgrou in their active site, and they are the
most conserved proteases among eukaryotic and rguadla organisms. Even if the primary
structure is different among the members of thes<| their general catalytic reaction depends on
three common amino acids, i.e. serine (nucleophalgpartate (electrophile), and histidine (base).
They are active at neutral and alkaline pH (betwa@édry and 11), and they have molecular masses
between 18 and 35 kDa. Subtilisin is one of the tmasdl-studied serine proteases isolated from
Bacillus subtilis although other enzymes have also been discower8d cerevisiagMizuno and
Matsuo, 1984)Y. lipolytica (Li et al, 2009), Conidiobolusspp. (Phadataret al,1993) and
Aspergillus spp. (Hajji et al, 2008). Some of these enzymes have already bestuged for
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industrial purposes, such as Alcalase® (frBawillus licheniformi}, Savinase® (fronBacillus

lentug, Esperase®Bacillusspp.), etc. (Novozymes, Denmark) (Raal, 1998).

4.2.2. Aspartic proteases

The aspartic proteases owe their name to the presdraspartic acid residues necessary for
their catalytic activity. The active-site aspawitid residue is situated within the motif Asp-X-Gly
where X can be Ser or Thr. Because most of theriaspaoteases show a maximal activity at low
pH (pH 3 to 4), they are also known as acidic @eés; their molecular masses are in the range of
30 to 45 kDa. Most of the acidic proteases have Iséadied in fungi and yeasts (Reioal, 1998).
A significant property of aspartic proteases is &hdity to coagulate milk, as it is evidenced by
their widespread application in the dairy indugtvycoagulate casein during the manufacturing of
cheese (Yegiet al, 2010).

4.2.3. Cysteine proteases

The activity of cystein proteases depends on tlesence of a dyad of Cys and His in the
catalytic site. These kinds of enzymes occur inhbotokaryotes and eukaryotes and have an
optimal neutral pH. Papain (fro@arica papay3 bromelain (fromAnanas comorysficin (from
Ficussp.) are the most studied proteases from foodnprigjostripain and Streptopain are produced

by Clostridium histolyticumandStreptococcuspp., respectively (Sumantbaal, 2006).

4.2.4. Metalloproteases

Enzymes belonging to this class are the most hggeepus proteins according to the
catalytic site structure. The only common charastier among them is the requirement for a
divalent metal ion to perform their activities; fhiuhey can be endo- or exopeptidases. Collagenase,
a member of this family, has been discovered intdvec (Clostridium hystolyticumand
Achromobacter iophaglisyeasts Candida albicansLima et al, 2009) and fungi, and it is very
specific for the proteolysis of collagen and gelat{Racet al, 1998).

4.3. Functions and Applications

The estimated value of the worldwide sales of itrialsenzymes is $1 million a year, with
proteases accounting for about 60 % the total (@gdénd West, 1996). Proteases have been
widely applied, mainly in the detergent and foodustries. For example, acidic proteases are used
in the dairy industry for their ability to coagwamilk protein (casein) to form curds, from which
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cheeses are prepared (Neelakarggaal, 1999). Alcaline proteases, instead, are usefldaking
processes (for biscuits, crackers and cookies,irfstance), because they can hydrolyse flour
proteins and thus enhance the texture, flavourcatalr of the final product. Commercial enzymes
commonly used in the food industry include Alca@séleutrase®, and Novozym®. In addition,
mixtures of enzymes are available, such as FlayoweZ™ and Kojizyme™. These are fungal
complexes of exopeptidases and endoproteases didrve the fermentation of soy sauce by
Aspergillus oryzaeProteases fronBacillus subtilishave been used to deproteinize crustacean
waste and obtain chitin (Yare al, 2000)

Other fields where proteases have been succesafybjed are in pharmaceutical, cosmetic
and bioremediation processes. Even though appiiedhnological methods have significantly
improved the production of these enzymes in the feas years, the search for innovative sources
of enzymes, revolutionary production techniques] aovel applications of such enzymes in
unexplored fields has continued uninterrupted (Suhwet al, 2006).
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CHAPTER 5.

Yarrowia lipolytica
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A "non-conventional” yeast is defined as “a micganism easily distinguished from the
well-studied and widely usedaccharmyces cerevisagnd Schizosaccharomyces pombe”
Among the "non-conventional” onegarrowia lipolyticais one of the most studied as a model
system in physiology, genetics, dimorphism, gen&imdation, protein expression, and lipid
accumulation research works (Bankairal, 2009). Since a few amount of sugar is neededgor
growth, it has been isolated from diverse enviromisieich in lipids and proteins; its natural
habitats include oil-polluted environments, rivarsl foods such as cheeses, yogurt, kefir, shoyu,
meat, and poultry products (Banlketral, 2009). It is considered a non-pathogenic orgaraad
it is generally recognized as safe (GRAS) by thed~and Drug Administration (FDA, USA)
(Coheloet al, 2010). Isolated for the first time in 1928 byrM&zi, it just reached industrial

interest by the late '40s, especially for the daidustry and later as a producer of citric acid.

5.1. Taxonomy and morphology

Y. lipolytica is a yeast belonging to the Fungi kingdom, divislscomycota class
Saccharomycetesorder SaccharomycetalesThe wild form of Y. lipolytica presents different
morphology ranging from smooth and shiny to wrinki®lonies. These characteristics depend
on the growth conditions (oxygen, carbon, ammonailability), but also on the genotype and
strain (Rodriguez and Dominguez, 1984). It is aatphic fungus that can come in the form of
single cells, pseudo-hyphae, or septate hyphaethBamd Gaillardin, 1997). The yeast-to-
mycelium transition is associated with unipolarwgtio, asymmetric division, large polar-located
vacuoles, and repression of cell separation aftesidn. It is believed that yeast dimorphism is
related to a defence mechanism against adversetiomsd such as temperature and nutritional
changes (Cohelet al, 2010). The nam¥. lipolyticawas given in 1980 by van der Walt and von
Arx, but it is still possible to find it with therpvious nomenclature, as followstycotorula
lipolytica (1928),Candida lipolytica(1942),Candida olea(1949), Azymoprocandida lipolytica
(1961), Candida paralipolytica(1963) Candida pseudolipolyticg1973) (Kurtzman and Fell
1998).

5.2. Methabolism

Y. lipolyticais a unique, strictly aerobic yeast, with the iapibf efficiently degrade
hydrophobic substrates such as n-alkanes, fatgysaéats and oils, for which it has specific
metabolic pathways (Fickeet al, 2005). Even if, from the genome point of vietisirelated to
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Saccharomyces cerevisjag has significantly different genetic mechanisr®articularly, the
genome displays an expansion of protein familie genes involved in hydrophobic substrate
utilization (Cohelo, 2010).

5.3. Industrial relevance ofY. lipolytica

There are two reasons fi¥r lipolyticato be extensively studied: its secreted metalslite
and enzymes, and its activities during the celmgino Without a doubt, the main interesting
feature about this microorganism is the expressibits extracellular and cell-bonded lipases
(Otaet al, 1982). Lipases are lipolytic enzymes able torblyae the triglycerides in glycerol
and fatty acids, and they are also exploitableséweral applications in the detergent (substituting
chemical surfactants), food, and environmental stides. Some of these lipases possess also the
capability to work under cold conditions (Parfegteal, 2011) and this aspect is progressively
getting interesting for industrial applications géphet al, 2007). Being capable to consume n-
alkanes, isoprenoids and aromatic hydrocarbonte@agroup of naphthalenes and the group of
phenanthreney. lipolyticacould be also applied in bioremediation of contaated environments
(Bankaret al, 2009) or for the treatment of olive mill wasté@ra (Lanciottiet al, 2005).

Yarrowia lipolyticais recognized as one of the most frequent spasigsciated with milk
(Lanciottiet al, 2004; Gardinet al, 2006) and meat products (Patrignainal, 2011 a; 2011b) ,
due to its enzymatic activities, it has been regdrals a good candidate for accelerating ripening
(Guerzoniet al, 1998; van den Tempetl and Jakobsen, 2000; Lanetcal, 2005; Patrignaret
al., 2007). In fact, thanks to its high proteolytreddipolytic activities, some yeast species may
play an important role in the production of aromacorsors from amino acids, fatty acids and
esters (Suzzet al, 2001).y-Decalactone is a peach-like aroma compound, regart several
food and beverages, that can be produced biotenfjically, e.g. byy. lipolyticawhich is able to
biotransform ricinoleic acid (12-hydroxy-octade@®eic acid) into the lactone (Cohelo, 2010).

Another important application of this yeast is ffireduction of citric acid. Currently, the
conventional procedure depends on the bioconverdiomolasses into citric acid byspergillus
niger. This production is estimated to be approximatefy million tons per year (Sauet al,
2007) However, the use of. lipolyticamay bring some more benefits: a larger substratiety
(n-paraffin, fatty acids, glucose), a smaller sevisy to low dissolved oxygen concentrations and
heavy metals, and higher product yields. One piatentisadvantage of this process is the

secretion of isocitric acid (ICA) as by-product; evhit is above 5% of the citric acid
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concentration can generate problems in the crimsithn of CA during the purification process
(Cohelo, 2010).

5.4. Proteases oYarrowia lipolytica

The production of proteases b lipolityca and their possible applicability are two
aspects that need to be studied in deytHipolyticais a natural secretor of proteins, and it was
used especially for this property as eukaryotict Hos secretion of heterologous proteins. In
common with many strains of yeasY,. lipolytica expresses also proteolytic enzymes
(extracellular and intracellular proteases). Intipakar, an acidic extracellular protease (AXP)
and an alkaline extracellular protease (AEP) haenbmainly studied (Yourgf al, 1996). From

1 to 2% of the total cell proteins belong to AERNbe, over 1 g of AEP per litre has been

estimated (Matobat al, 1988) at high cell densities.

5.4.1. Extracellular proteases

5.4.1.1. Alkaline protease

The genexpr2, coding for the AEP, has been cloned and sequeiix@ddowet al, 1987).
It has a functional promoter region greater thad @BP, maybe as a result of the complex regulation
of the gene. The regulatory region, consisting imfAI'A box and other two major activation
sequences, is deeply influenced by the environn(éaung et al, 1996). In fact, the gene is
transcripted during nitrogen or sulphur starvatitatk of carbon sources, and the presence of
extracellular proteins (Davidoet al, 1987). According to the mRNA sequence, AEP igioally
synthesized in an immature form, having some pgieres added (Herndndez-Montafetz al,
2007). Most probably a 55 kDa precursor is syn#eskiirst, and then after different cleavages and
maturating steps, 52, 44, and 36 kDa polypeptatesgenerated. In the final step, in which an
intracellular protease participate, the 32-kDa meathEP is formed (Matobat al, 1988). It has
been also reported that the pro-region is glyctegildYounget al, 1996). Studies regarding the
AEP sequence showed a strong homology with thelisutbtfamily serine proteases. The highest
homologies belong to the region referring to thigvaesite of the enzyme (Davidoet al, 1987); in
particular, a 32% homology with tHgacillus subtilisDY subtilisin (Nedkovet al, 1983), 32%
homology toThermoactinomyces vulgarteermitase (Melourt al, 1985), and 42.6% homology
with the Tritirachium albumproteinase K (Jangt al, 1986). Once the enzyme is in its mature

form, it has been reported that the AEP secretiongss is rapid.
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5.4.1.2. Acidic protease

Initially, three acidic proteases were reportedniéda and Ogrydziak, 1983), but upon
additional studies and the development of more istiphted techniques, it was demonstrated
thatY. lipolyticaproduces just one acidic protease under spedadifizty conditions. The AXP1
gene encoding the acid protease has been charactenmd genetic control of the synthesis has
been reported (Younet al, 1996; Gonzalez-Lépeat al, 2002). As the AEP, the AXP is also
synthesised as a pro-enzyme, having 397 residwka arlecular weight of 42 kDa. The mature
37 kDa enzyme is produced by cleavage of the pseclretween Phgand Alas. In this case no
glycosylation of the pro region has been reportéduqg et al, 1996). According to the final
primary sequence, AXP shows a 44.94% identity wadh36 amino acid overlap with
Endothiapepsin, an aspartyl protease from the oheslight fungusCryphonectria parasitica
(Razanamparanyet al, 1992), and Candidapepsin, the aspartic endajsseti of Candida
albicans(Younget al.,1996).

5.4.2. Intracellular proteases

Although there is scarce evidence, the presencsoofe intracellular proteases ii
lipolytica has been reported. An aminopeptidase (yylAPE)prmgphg to the metalloprotease
group, has been intracellularly detected in a delfilwrm, whereas a dipeptidyl aminopeptidase
(yyIDAP) activity has been reported both in theubb® and in the membrane fractions. The
membrane form of yyIDAP is a serine protease mamgbelved in the maturation process of
AEP; in contrast, the soluble form yyIDAP is a nllefarotease probably involved in the
dimorphic transition of the yeast. Finally, no sfiecfunctions have been described for the
discovered soluble carboxypeptidase (yylCP) beluptp the serine protease family (Hernandez-
Montafezet al, 2007).

5.4.3. Proteases production

The main element that discriminates the produatbAEP or AXP is the environmental
pH. In general, neutral and high pH values (6-@dIéo AEP production, while low pH (2-6)
favours AXP (Ogrydziak, 1993).

Also carbon and sulphur compounds, as well asgettGsources (ammonium ions, amino
acids) can play a role in repressing the proteaséugtion. On the other hand, their production
can be induced if a protein source is presentengtiowth medium (Nelson, 1986). Moreover, it

has been reported that an extra carbon sourceoggliceduces AEP production (Akpiredral.,
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2011). Thus, if the type of synthesized proteasgristly dictated by the environmental pH, both
proteases are similarly induced at the end of ¥p@mential phase on complex media (Gonzalez-
Loépezet al, 2002).

5.4.4. Industrial applications

Due to its lipolytic and proteolytic activitie¥.. lipolyticahas a high industrial potential.
In fact, its use as a co-starter for the producttbrsome cheese varieties has already been
proposed by several Authors (Bintsis and Robins2@04; Lanciottiet al, 2005). The
extracellular proteases have important commer@hlesand multiple applications can be found
in various industrial settings. Although there arany microbial sources available for protease
production, only few are recognized as commercradpcers. Sincé/arrowia lipolyticais a
GRAS microorganism it could be used in differerdustrial processes; however there is missing
evidence referring to the applicability ¥f lipolyticaproteases. One of the first studies by Nelson
and Young (1986) considered the use of these ermyméhe brewing industry as a chill-
proofing agent for beer. Additional work reportdte tuse ofY .lipolytica enzymes for meat
tenderisation; hence Krasnowsld al (2006) showed that yeast preparations had better
proteolytic (and collagenolytic) activities thanpsen. All enzyme preparations showed different
activity against beef meat proteins according te piH. Instead, Patrignaret al (2007)
demonstrated that the surface-inoculatedipolyticadid not have a deep effect on the immediate

proteolysis of dried fermented sausage when cordgaf@ebaryomyces hansenii
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Microorganisms elaborate a large array of proteasdsch are intracellular and/or
extracellular. Intracellular proteases are impdrfanvarious cellular and metabolic processeshsuc
as sporulation and differentiation, protein turngwenaturation of enzymes and hormones and
maintenance of the cellular protein pool. Extradall proteases are important for the hydrolysis of
proteins in cell-free environments and enable tbik to absorb and utilize hydrolysis products
(Kalisz, 1988). At the same time, the extracellyesteases have also been widely commercially
exploited to assist protein degradation in varimdustrial processes (Kumar and Takagi, 1999;
Outtrup and Boyce, 1990; Guptaal, 2002).

Commercial protease preparation usually consist wixture of various enzymes. They are
largely utilised in food processing to

» improve the workability of dough (as backing enzgnparticularly for crackers and
biscuits);

» optimize and control the aroma formation of chesas# milk products;

* improve the texture of fish products;

* tenderize meat;

+ stabilize beer

Due to their large consumption and applications ro@ntial preparations do not have a
specific action apart from the protease used ferpitoduction of hypoallergenic foods. In Europe
there are about forty commercial protease premarsiton the market. Fifteen of these preparation
are produced with genetically modifiedspergillus and Bacillus spp. Their optimal activity is
between 35 and 50 °C.

The resource that | have explored to identify pasés with different promising attitudes has
been the collection of about 112 strainsyafrrowia lipolytica isolated from different ecosystems
(cured meat, Po river alkanes contaminated watersmercial chilled foods, cheeses, irradiated
poultry meats or light butter) and characterizedrduthe last 20 years. All the strains belonghie t
DISTAL Alma Mater Studiorum, University of Bologn&reliminary research on 112 strains
showed great strain-related differences in the gmmobreakdown profiles (Badiali, 2004). In
particular, the cluster analysis of electrophoreticfiles obtained when- andp-caseins had been
separately exposed to cell free supernatants ofdhieus strains showed that the profiles of stain
isolated from the same ecosystem clustered togefimethe basis of these results | selected for each
cluster one strain having the typical proteolytiofpe representative of the group. In particular,
selected the following strains ¥t lipolytica 1IIYL4A and 1IIYL8A, both isolated from speck, bu
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characterized by different RAPD-PCR profiles (B#di2004); 16B from irradiated poultry meat;

PO19 from Po river water; CLCD from salami; Y16rmfr@aommercial chilled food.

The main objectives of my research on these strame been to:

1) evaluate the suitability of proteases releasgd blipolyticato hydrolyse proteins of
different origins available as industrial food bwgucts. In particular | have taken into

consideration gluten, gelatin, milk and meat prodei

2) identify proteases with "cold attitude", i.eof@olytic activity at temperature 10 °C, in
order to save energy consumption during indusjiacesses. In fact, the main technological
criterium to assess the suitability of a biologipabcess to exploit by-products regards the energy
consumption during all the phases. Therefore timyrae to be selected for the biotransformation

should be active within a temperature range betwleamd 20°C;

3) obtain and characterize peptides having spebibtogical activity (namely antioxidant,
anti-hypertensive, antimicrobial, cytotoxic)

4) improve the bioactivity of the peptides throughnovel process based on their

glycation/glycosylation.

The sequence of the activities performed on thectsdl strains can be summarized in the

following scheme:
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CHAPTER 7.

MATERIAL AND METHODS
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7.1.Yarrowia lipolytica strains and culture conditions

The strains ofYarrowia lipolyticaused in this Ph.D. thesis belong to the Departnoént
Agri-Food Science and Technologies (DISTAL) - AliMater Studiourum, University of Bologna.

The strains selected have different isolation laditsalami (CLCD), speck (1lIYL4A,
1IIYLBA), irradiated poultry meat (16B), commerciehilled foods (Y10, Y16) and superficial
waters of Po river (PO19). The strains were culistain Sabouraud broth (Oxoid, Basingstoke,
England) at 27°C for 72-96 h.

7.2. Protein matrices

The proteolytic activity ofY. lipolyticawas evaluated on proteins of different origin also
available as industrial food by-products, and ngngglatin, meat protein, dairy proteins (skim-
milk, a- andp-caseins), and gluten from wheat.

In particular,a- andp-caseins were purchased from Sigma-Aldrich, skirkfinom a local
dairy processing plant, gelatin and meat proteiegevextracted from meat by-products used for the

production of salami.

7.2.1. Total meat protein extraction

Total proteins were extracted from 2 g of sample. (neat by-products) with 40 ml of 1.1
M potassium iodide, 0.1 M sodium phosphate, pH Bu#fer (Cordoba, 1994). The sample was
homogenized for 3 minutes and then centrifuged KBem Coulter Avanti J-10, Fullertn, CA,
USA) at 8000 »g for 15 min at 4°C. The supernatant was filterethvdi.22um filter and then used

for the enzymatic activity assay (paragraph 7.4.4.)

7.3. List of chemicals used

Alcalase (Alc, EC 3.4.21.14, froBacillus licheniformi3 and Flavourzyme (Flv, from
Aspergillus oryzag Glycine-Glutamine (Gly-GIn), Glucosamine hydramide (GIcN), 2,2-
diphenyl-1-picrylnydrazyl (DPPH), TransglutaminagE€Gase) from guinea pig liver, Hanks’
Balanced Salt Solution (HBSS) were purchased frogm&-Aldrich (St. Louise, MO). All
chemicals used in SDS-PAGE electrophoresis, Sizdugion Chromatography (SEC), LC-MS/MS
and MALDI-TOF were of HPLC grade supplied by Sigilarich (St. Louise, MO), whereas other
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chemicals were of analytical grade. Fetal bovineurse (FBS) was purchased from Atlanta

Biologicals (Lawrenceville, GA).

7.4. Proteolytic activity of Y. lipolytica

7.4.1. Extracellular proteases recovery and charaetization

For the production and the recovery of extracellplateases, the protocol used by Vannini
et al. (2001) was followed with some modificatiofi¥ie strains olY. lipolyticawere pre-cultured
for 72 h at 27°C in Sabouraud Broth under agita{@®0 rpm). After centrifugation at 8000gx
(Beckman Coulter Avanti J-10, Fullerton, CA, USA) 4C for 15 min the supernatants were
collected and were used as the source of the p®temzymes and thus referred to the
“supernatants”.

A preliminary characterization of the extracellufaoteases released by the various strains
was made by analyzing the cell-free supernatanth thie technique of substrate-incorporated
polyacrylamide gel electrophoresis (zymography)clSa technique was used to separate and
characterize the enzymes produced by culture¥.dfpolytica and to evaluate their activity on

substrates (i.e. gelatine and casein) incorpoiliatedhe gel.

7.4.2. Characterization of proteases by Zymography

The characterization of the extracellular proteases performed by the technique of
substrate-incorporated polyacrylamide gel electoopsis (Zymography). In particular two different
precast Zymogram gels, containing gelatin or casas substrate incorporated into the gels (Bio
Rad), were used to see if proteases showed adtitfepecificity for the substrates. p0 of the
cell-free supernatants of the various strain& ofipolytica were mixed with an equal volume of
Zymogram sample buffer 2X (Bio Rad) and let to fest10 min at room temperature. 3b of
each sample was loaded on the gels. Aill@liquot of Precision Plus Protein Standard Alu8l
(Bio Rad) was used as standard. Gels were runMmaProtean Cell System with a Tris-Glycine
SDS Running Buffer at 100 V for the first 10 mindaat 120 V for 1 h. After running, the gel was
soaked into the Zymogram Renaturing Buffer (Bio Raidd incubated with a gentle agitation for
40 minutes at room temperature. Subsequently, fhaogram Renaturing Buffer was washed
before (30 min) and then replaced with the ZymogEeweloping Buffer (Bio Rad). The gel was
incubated in this buffer overnight at 37°C to allemzymatic digestion of the protein.
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Gel was stained for 1 hour with the Staining solit(0.5 % Bromophenol blue, 50 %
methanol and 7% glacial acetic acid) and de-staioe@ hours with the Destaining solution (40%

Glacial acetic acid, 10% methanol).

7.4.3. Preliminary evaluation of the "cold attitudée' of the proteolytic enzymes

The ability of the extracellular proteases to hyyse the different proteins was evaluated
both at 27 and 6°C. In particular, the supernatahtee various strains were tested on gluten agar,
skim-milk agar and gelatin.

Gluten agar was prepared according to Wiese (1®86)some modifications (1.5 % gluten,

1 % glucose, 0.5 % universal peptone, 1.7 % agan ©xoid). The media was boiled in stirring
conditions and then poured into Petri plates. @irtyi] skim-milk agar (1 % skim-milk and 1.7 %
agar from Oxoid) was boiled in stirring conditioasd then poured into the Petri plates. Both the
media contained suspended solid particles whichentfaglagar plates cloudy.

Gelatin liquefaction was estimated preparing atsmiuof 12 % gelatin, 1 % glucose, 0.5 %
universal peptone. After autoclaving it was disgehsito glass tubes.

Aliquots of 10uL of the cell-free supernatants were spotted oncird@re of the agarized
media. The plates were incubated at 6 or 27°Cderaio assess enzyme activity at cold and control
temperatures, respectively. After 3 days (when biation was at 27°C) or 10 days (for the cold
conditions) plates were checked in respect to drpadntaminants and enzymatic digestion of the
proteins. In particular proteolytic activity resedtin the formation of clear zones onto the agdrize
media (for skim milk and gluten) or liquefactiorofgelatin). In general, the proteolytic activity

was carried out at least in triplicate.

7.4.4. Evaluation of the proteolytic profiles geneated by Y. lipolytica proteases

Enzymatic activities of the extracellular proteaséthe various strains were determined by
using the following substratesi-casein andB-casein from bovine milk (Sigma), commercial
gelatine and meat protein extract.

The assay mixture containéd lipolytica supernatants, sterile distilled water (1:2) and 1%
(w/v) of gelatin or meat protein extract, or 0.184\() of caseins. The hydrolysis was performed in
stirring conditions. After 48, 72 and 96 hours wfubation at 27°C, the reaction was stopped by
heating at 100 °C for 5 min and the collected saspVere stored at -20°C before their use for
protein analysis by SDS-PAGE electrophoresys (papy7.4.5), chemical (paragraph 7.6) and
biological (paragraph 7.7) characterization.
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7.4.5. SDS-PAGE electrophoresis

The hydrolysis of the proteins was detected bywsuoddodeceyl sulphate polyacrylamide
(SDS-PAGE) gel electrophoresis. For the denatura®uL of each sample were mixed with an
equal volume of Laemmli Sample Buffer 2X (Bio-Radboratories, Milan, Italy) containing-
mercaptoethanol. The mixture was incubated at @f 10 min and then charged on a precast
gel. Different gels (Bio Rad) were used accordiaghte protein analysed: a gradient 4-20 % gel
was used for the casein samples and a 4-15% g#hdomeat protein and the gelatin samples. 10
uL of Precision Plus Protein Standard All Blue (Btad) was used as standard, anqiB®f each
sample were loaded on the gels. Gels were runNitnaProtean Cell System with a Tris-Glycine
SDS Running Buffer at 100 V for the first 10 mirdaat 200 V for 1 h.

Gels were stained for 1 hour with the Staining solu (0.1 % Bromophenol blue, 50 %
methanol and 7% glacial acetic acid). Subsequeftlypurs of Destaining solution (40% Glacial

acetic acid, 10% methanol) were performed.

7.5. Improvement of peptides bioactivity

7.5.1. Model System

7.5.1.1.Model system preparation and UV spectrieciodn

A model system consisting of a dipeptide Gly-GIrtD@M) and GIcN with different molar
ratios of 1:1, 1:3 and 1:10 was prepared. Sampkre wissolved in 0.05 M (NfHCOs/NH,OH
buffer at pH 8.8 with or without TGase (2 unit/gfase was activated with 5 mM calcium chloride
solution. In addition, 0.03 M and 0.12 M solutioos GIcN in the absence of the peptide were
prepared separately as control. These solutiongs weated in the same way as the mixtures of
peptide and GIcN. About 5 mL of the mixture was mgaliinto screw-cap tubes (15 mL) and
incubated at 25 and 37°C with shaking (200 rpm)0fd8.5 and 7 h. All aliquots were kept at -20°C
upon incubation for further use. The UV-Vis absoid& spectra (250 - 500 nm) of the samples
were measured using a spectrophotometer SpectrdMizxplate reader (Molecular devices,

Sunnyvale, CA) in order to create the UV profiles.

7.5.1.2. LC/MS analysis

Samples prepared as above described were dilutagligous 25 % (v/v) acetonitrile and 0.2
% (v/v) formic acid, and ionized by using nanofldédPLC (Easy-nLC Il, Thermo Scientific,
Mississauga, ON) coupled to the LTQ XL-Orbitrap hglmass spectrometer (Thermo Scientific,
Mississauga, ON). Nanoflow chromatography and edeptay ionization were accomplished by
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using a PicoFrit fused silica capillary column (eaPepll, C18) with 10@m inner diameter (300
A, 5um, New Objective). Samples were injected onto tieran at a flow rate of 3000 nL/min and
resolved at 500 nL/min using 30 min linear acetdaitgradients from 5 to 50 % (v/v) aqueous
acetonitrile in 0.2 % (v/v) formic acid. Mass speateter was operated in data-dependent
acquisition mode, recording high-accuracy and mggelution survey Orbitrap spectra using

external mass calibration, with a resolution o080 and m/z range of 100—-2000.

7.5.1.3. Production of hydrolysates

Exactly 5 % (w/v) of gluten was suspended in 0.05NW,)HCOs/NH,OH buffer, the final
pH of the mixture was pH 7.5 — 8. It was homogemiseh an Ultra-Turrax homogenizer, model T
25 (IKA Works, Inc. Staufen, Germany) at 10,000 rffmm1 min. Then it was heated at 80 °C for 10
min. The gluten mixture was cooled to 50 °C betudding Alc or Flv, respectively at 1:10 volume
ratio of enzyme to buffer, followed by incubatiama shaker (50 °C, 3.5 h, 200 rpm). Incubation
was terminated at 80 °C for 10 min, the hydrolysatere centrifuged at 10,000g410 °C) for 15
min and filtered by using Whatman No. 1 filter papEhe filtrate was collected, Iyophilized and

stored at -18 °C before their chemical and biolalgtharacterization.

7.5.1.4. Preparation of Glycated/Glycosylated pukgsti

Samples of the lyophilized hydrolysate powders nffréc or Flv respectively) were
weighed at 1.5 g each and added to GIcN at thehwesgio of 1:1. Each of the weighed powders
was dissolved in 30 mL of 0.05 M (NHHCOs/NH,OH buffer (pH 7.0 £ 0.5) and each incubated at
25 °C and 37 °C for 3.5 h. Samples with GIcN wettgected to incubation with or without TGase
(2 unit/g of lyophilized hydrolysate) at pH 7.5nM calcium chloride were added prior to use in
order to activate TGase. Controls consisiting &f yophilized hydrolysate were incubated at the
same temperature without GIcN. At the end of intioioa all the mixtures were passed through a
0.2 um nylon syringe filter (13 mm, Mandel, Ontario) lem/ed by ultra-filtration with a molecular
weight cut-off membrane of 10 kDa (3,900gx20 min, 10 °C, Amicon Ultra Centrifugal filters
(Millipore, Cork, Ireland)). Excess of GIcN was rewed by dialysis membrane with a molecular
weight cut-off membrane of 100 — 500 Da (Spectruabdratories, TX). The retentates were
collected and lyophilized, samples were then statedl8 °C before their chemical and bioactive

characterization.
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7.6. Chemical characterization of the proteins andhydrolysates

7.6.1. Degree of hydrolysis (DH)
The measurement of DH was carried out accordirthgdOPA method as stated by Nielsen
et al (2001) by using serine as a standard for hydimlgstermination. Protein contents of gluten

samples were assessed. The percent of DH was a@dwccording to Alder-Nissen (1986).

7.6.2. Size exclusion chromatography

After filtration with 0.2 nm filters, the sampleseve subjected to size exclusion
chromatography using a 120 mL HiLoad 16/60 Super@8® pg column (GE Healthcare
Amersham Biosciences) connected to a fast protejnid chromatography (GE Healthcare
Amersham Biosciences). A sample volume of 3100 (1 mg/mL of the freeze-dried peptide
mixture) was injected and eluted isocratically dkosv rate of 0.5 mL/min with 50 mM phosphate
buffer containing 0.15 M NaCl. Eluted molecules &veetected at 215 nm (for gelatin) or 280 nm
(for gluten). The mass calibration was performemgis protein mixture (200 to 12.4 kDa) [f

Amilase, Alcohol Deidrogenase, Albumin, Carbonid#drase and Cytocrome C (Sigma Aldrich).

7.6.3. Determination of peptides and glycopeptidesolecular weights by Matrix-
assisted laser desorption ionization-time of flightnass spectrometry (MALDI/TOF-MS)

For the MALDI-TOF-MS analysis, the protein hydradye samples were diluted tenfold in
50 % (v/v) acetonitrile/water + 0.1 % (v/v) triflumacetic acid/water. One microliter of each sample
was mixed with luL of a-cyano-4-hydroxycinnamic acid (matrix) (4-H&C10 mg/ml in 50 %
acetonitrile/water + 0.1 % trifluoroacetic acid/@gt One microliter of the sample/matrix solution
was then spotted onto a stainless steel target plad allowed to air dry. All mass spectra were
obtained using a Bruker Ultraflex MALDI/TOF-MS (Beer Daltonic, GmbH). lons were analyzed
in positive mode after acceleration from the iomrse 174 by 25 kV. External calibration was
performed by use of the following standard peptidigture ((M+H)" monoisotopic masses are
reported in Da): Bradykinin fragment 1-7 (757.399Angiotensin Il (human) (1,046.5423),
synthetic peptide (1,533.8582), ACTH fragment 18(8@man) (2,465.1989), Insulin oxidized B
chain (bovine) (3,494.6513), Insulin (bovine) ()7&087) (Sigma Aldrich).
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7.7. Biological characterization of the peptides

7.7.1 Antioxidant properties

7.7.1.1. 2,2-diphenyl-1-picrylhydrazyl (DPPH) raaliscavenging activity

DPPH radical scavenging activity was assessed @diogpto the method of Yen and Wu
(1999) and modified by Hsu (2010). Exactly 200 of each sample (10 mg/mL for gelatin and
meat extract or 1 mg/ml for caseins, referringhte starting protein utilized) were mixed into ates
tube containing 40@L of 0.5 mM DPPH and 1.4 mL of 99.5 % methanol.dc@rbic acid (0.1
mg/mL) was used to replace sample and referreds tpoaitive control. The whole mixture was
mixed thoroughly and incubated for 30 min in thekdat room temperature. Then the absorbance at
517 nm was measured using a spectrophotometer. pEneentage of inhibition of radical

scavenging activity was calculated as follows:

% DPPH scavenging activity = ((ABstrol - AbSsampid / ADScontro)) X 100

where: Absonirol IS the absorbance of reference solution contaiomyg DPPH and water, and Abs
sample IS the absorption of the DPPH solution with samgfiier 30 min. Methanol was used as a
blank. A lower absorbance represents a higher D&faMenging activity.

When reported, the EC50 value (concentration requiior 50 % reduction of activity) was

calculated through software Prism 5.

7.7.1.2. Inhibition of linoleic acid peroxidation

Linoleic acid was oxidised in a model system acemydo Mendiset al (2005) with
modifications from Liet al (2007) Reagent mixtures consisting of 1.5 mL df M sodium
phosphate buffer (pH 7.0), 1.5 mL of ethanol cantey 50 mM linoleic acid and 2 mL of 10
mg/mL of gelatin or gluten hydrolyxed samples wprepared. For the positive control, peptide
mixture samples were replaced with 2 mM alpha-tbeopl and 2 mM butylated hydroxytoluene
(BHT); for the negative control, samples were repthby water. All the mixtures were kept sealed
and incubated in the dark at 40 °C. The oxidatewell was measured every 24 h over 7 days by
using a ferric thiocyanate method as described $gw@ and Namiki (1981). Exactly 5@ of the
mixture were mixed with 10QL of 1 M HCI, 50 uL of 30 % (w/v) aqueous ammonium
thiocyanate, 5Q.L of 20 mM ferrous chloride in 3.5 % HCI and 2.23 mof 75 % ethanol. The

mixture was gently agitated and incubated at roempierature for 5 min before reading the optical
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density at 500 nm. The linoleic acid peroxidatioaswnonitored for 7 days following the increase

of the absorbance at 500 nm.

7.7.2. Angiotensin I-converting enzyme (ACE) inhiliory activity

The hydrolysis of N-[3-(2-furyl) acryloyl]-L-phenglanylglycylglycine (FA-PGG), which
represents a substrate for angiotensin convertimgyrnee, was used to assess the angiotensin
converting enzyme inhibitory activity (Bunnireg al, 1983). The assay was performed according to
Vermeirsseret al (2002) and Shalabgt al (2006). Buffers were made according to Haual
(2003) and the volumes were reduced to fit intow@dl- plates. FA-PGG was dissolved at a
concentration of 1.75 mM in 50 mM Tris-HCI buffgad 7.5, containing 0.3 M NaCl. The ACE
solution (0.25 units/mL) was freshly prepared byiagd purified water to a vial containing 0.25
units of enzyme (Sigma). The assay was performen 96-well, clear, flat-bottomed polystyrene
plate. Exactly 10uL of ACE solution and 1QuL of protein hydrolysate samples were placed
separately in the well at room temperature. §1b0of pre-heated (37 °C) substrate solution (FA-
PGG) was added quickly to each well with an eidgtgnmel pipette to start the reaction. The plate
was immediately transferred into a SpectroMax M&telreader. Enzyme activity at 37 °C was
based on the initial linear rate of change in dbasoce at 340 nm, recorded every 3 min for 30 min.
The control contained all reaction components,\watkr instead of the protein hydrolysate sample.
Blanks with no enzyme (substituted by water) othwib substrate (substituted by 50 mM Tris-HCI
buffer, pH 7.5, containing 0.3 M NaCl) were usetleACE activity was expressed as the slope (m)
of the decrease in absorbance at 340 nm and theiA@ition (%) was calculated from the ratio
of the slope in the presence of sample to the siy@ined without added sample, according to the

formula:

% ACE inhibition = (1- (Nample/ Mcontro) X 100

7.7.3. Cytotoxicity of the hydrolyzed and conjugaté samples on human HepG2 cells

HepG2 cells were grown in growth medium (EMEM s@ppénted with 10 % Fetal Bovine
Serum - FBS), 50 units/mL penicillin and f@/mL streptomycin) and were maintained at 37°C
and 5 % CQas described by Wolfe and Liu (2007). Cells usethis study were between passages
5 and 10. Cytotoxicity was determined using thequols of the Water Soluble Tetrazolium Salts
(WST1) assay by using protein hydrolyzed samplées different concentration, i.e. 0.1, 0.5 and 1
mg/ml. The inhibition of cell growth by the testptbtein hydrolyseate samples was expressed as
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the percentage of cell viability with respect tottol. Concentrations of samples that decreased the

absorbance by >10 % when compared to the contna@ eensidered to be cytotoxic.

7.7.4. Antimicrobial activity

The antimicrobial activity of the protein hydrolysasamples was determined by the
modified micro-dilution technique against some beet i.e. Escherichia coli 555, Listeria
monocytogene86Ly, Bacillus subtilisFAD 110 andSalmonella enteritidisl55, and yeasts, i.e.
Pichia membranaefacien@C70,P. membranaefacien®C71, Pichia anomalaCBS 5759 andP.
anomalaDBVPG 3003. The bacterial strains were grown C3ih Brain Heart Infusion broth
(BHI, Oxoid), while those of yeasts at 27°C in Safamd (Oxoid). The microbial cultures were
prepared at T0cfu/mL in the 96-well microplates. Diluted sampdelutions of the protein
hydrolysates were dispensed into the wells progidinal concentrations in the range of 16 to 0.06
mg/mlfor gelatin and 40 to 0.097 mg/ml for glutdine same tests were performed simultaneously
to check for the growth in control conditions (rmeedi microorgaism) using water instead of the
samples, and sterility control (media + the protgydrolysate samples tested). The final volume in
each well was 20QL; plates were incubated at the optimal growth terafures typical for each
microorganism for 24 or 48 hours. The MIC valuesavdefined as the lowest concentrations
preventing any discernible growth. From the sam€ MeEll, 10uL of the suspension was plated in
Luria Broth LB agar plate and incubated at 37 °€Z4 h (for bacteria) or 27°C for 48 h (for
yeasts). The absence of growth in the plate reptedethe MBC value, thus the capacity to
completely kill all the bacteria or yeasts. All thBC and MBC values were evaluated in triplicate.

In order to obtain information on the antimicrobaativity of protein fractions with specific
molecular weights, samples of gelatine, hydrolys&tl the strain 111IYL4A and collected after 96
hours, were also ultra-filtered with a moleculangi® cut-off membrane of 3 kDa (3,900 x g, 20
min, 10 °C) (Amicon Ultra Centrifugal filters (Mibore, Cork, Ireland)). The retentates
corresponded to the fraction > 3 kDa, whereas ittexed part corresponded to the < 3kDa. Both

the fractions were used for MIC analysis.

7.8. Statistical Analysis

Data were reported as means + standard deviatiat tdast triplicates. Means obtained
were analysed by one way analysis of variance (ARD\separated by Duncan test using

STATISTICA statistics software (ver. 6.0). Meansra&veonsidered significant when p < 0.05. As
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for model study, the results from UV-Vis spectrareveanalysed by using bidimensional

hierarchical clustering analyses (heat map) asrregpdy Hrynet®t al (2013).
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CHAPTER 8.

RESULTS
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8.1. Evaluation of the proteolytic activity ofYarrowia lipolytica on different

proteins

Due to its physiological attributes and biotechgatal potentialities)yarrowia lipolyticais
one of the most studied "non-conventional” yeasts iaiis classified as “generally recognized as
safe.” It is able to growth in different environmg and many strains have been isolated from oil-
polluted environments, rivers and foods such asigesfited foods, cheese, irradiated meats,
sausages, salami and other products (Basikak, 2009).

In addition to its potential use as adjunct asnipg agent of dairy and meat products
(Suzziet al, 2001; Lanciottet al, 2005; Patrignaret al, 2007; 2011a; 2011bY,. lipolyticahas
been exploited also for the production of singlésgeroteins for feeds and the treatment of olive
mill wastewaters (Lanciottet al, 2005). Without any doubt, the most studied festof this
microorganism are the production of lipases (@taal, 1982), citric acid ang-decalactone
(Cohelo, 2010). In particular some strains havenbaescribed as producers of "cold" lipases
(Parfeneet al, 2011) and this aspect is progressively getimeresting for industrial applications
(Joseptet al, 2007). Proteases are another class of enzyraeard produced and secretedyby
lipolytica. In particular, an acidic extracellular proteageXP) and an alkaline extracellular
protease (AEP) have been mainly studied (Yowtgal, 1996). The main element that
discriminates the production of AEP or AXP is thevieonmental pH. In general, neutral and
high pH (6-9) lead to AEP production, while low @&-6) favours AXP (Ogrydziak, 1993).
However, both proteases are similarly induced atdhd of the exponential phase (Gonzéalez-
Lépezet al, 2002). The screening of novel enzymes that apalde of generating compounds
with specific and improved functional bioactivitissconstantly necessary. In particular this kind
of research can have a relevance for the food tndas a possible strategy to transform cheap
food by-products into active compounds with anaased market value.

In my research, seven strains¥oflipolyticahave been used to evaluate the capability of
the extracellular proteases to produce bioactivatipes from different matrices. In particular
gelatin, gluten, milk and meat by-product protdiase been considered. The possibility to obtain
biologically active peptides, endowed with techigidal properties from different matrices
through the use of lactic acid bacteria has beported. But on the other hand the biotechonolgal
properties of yeast concerning this aspect haven me# explored. The wide diversity and
specificity of proteases are used to great advantagleveloping effective therapeutic agents.
Proteases fromAspergillus oryzaehave been used as a digestive aid to correctircdstc

enzyme deficiency syndromes. An asparaginase &bléiom E. coli is used to eliminate
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asparagine from the blood stream in various forfmMsukaemia. In addition microbial proteases
have been used for the synthesis of dipeptidesr¢gBat al, 1999) and tripeptides (Sat al,
2000) Nutritionally enhanced meat products havenbagained by using microbial proteases
able to restructure and improve appearance, texndenutritional quality of animal parts of
poorer technological quality (Marquesal, 2010)

8.1.1. Preliminary characterization of proteases byymogram

The Zymograms of the 72 h old supernatants of tls&ains obtained both on casein and
gelatin are shown in figures 5A and 5B, respecjivil figure 5A, two main bands were detected,
one at low molecular waight (MW) nearby 37 kDa Y14, 16B, Y10) and one at high MW higher
than 200 kDa (Y16, 111YL8 and Y10). While the firshe corresponds to the acid protease typical
of Y. lipolyticareported by many Authors (Yourgg al, 1996), the other one presents a band with
an unusual MW never reported in this species. Tteens 11lYL4 and 16B were characterized by
an intense protein clearness zone nearby 37 kDde e strain PO19 showed a weak band
suggesting either a lower activity or a lower rekeaf the protease. The strain CLCD, isolated from
salami, did not show any apparent activity. A sanibehaviour was observed in the presence of
gelatin although the bands were less intefige5B).

8.1.2. "Cold attitude" of the proteolytic enzymes

In order to evaluate the cold attitude of the pases, the supernatants were spotted onto
agar plates containing gluten or skim milk as salbs$ for the enzymatic reactions. Theivity
was evaluated on the basis of the clearance of the media after 10 days of incubation at 6 °C.
A 72 h sample incubated at 27 °C was used as aotolm addition, the ability to hydrolyse gelatin
in the same conditions was assessed in tubes nregathe depth of liquefaction.

At the optimal temperature (27 °C), 1lILY4A, 16B1& and 1IIYLBA were the strains with
the highest ability to hydrolyse the skim milk agldten, whereas CLCD was not active under these
conditions. The incubation at 6 °C did not affdw final capability of all the strains to work htst
low temperature, except for 11IYL8A on gluten a¢ab. 6aand6b)

Regarding gelatin, similar behaviours were obseate®l7 °C for all the strains, except for
Y16 and 1lIYL8A which showed a reduction of thedatigity. On the other hand, the strain Y10,
which was unable to hydrolyze both skim milk andtgh, showed a significant activity. The
reduction of the temperature moderately affecteditial degree of the proteolysislf. 60). In fact
the strains 1llYL4 and 16B presented a band at B& while the 11IYL8A and Y16 showed an
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intense band at 200 kDa. By the comparison of tiheselts with the two Zymogram it is evident

that the two proteins visualized display theiratgiboth on gelatin and casein.

8.1.3. Proteolytic profiles generated by. lipolytica proteases

Four different protein matrices (meat proteinscasein, p-casein and gelatin) were
resuspended in water and incubated with the sugzerisaof the 7 strains of. lipolyticafor 72 h at
27 °C. The proteolytic profiles were evaluated IDSSPAGE electrophoresis.

Figure 6 reports the proteolysis efcasein.a-casein includes two main isoformsl and
as2 that migrate in the SDS PGAE electrophoretograti a final MW of around 34 kDa. After
incubation with Y. lipolytica supernatants, a significant proteolytic activityasvdetected. In
particular, 111YL4A, 16B and Y10 significantly reded the intensity of the casein bands. A partial
hydrolysis, with the formation of several detecéabands having different low MWs, was observed
with CLCD, PO19 and Y16. Comparing these strainsCD and PO19 were the least active since
both the bands ofisl- andas2- caseins were still present. Taking into consitten the bands
present in the control, the bands at 30 and 34 B still visible in the samples of the strains
11IYL4A CLCD, PO19 Y16 and 1IIYL8A while they disgpared in 16B and Y10. The band of 24
kDa disappeared in all the samples except forrstr&019, whereas the band at 22 kDa was
detected in CLCD, PO19 and Y16. New bands at 202dnkDa were formed with PO19 and Y16,
and a band at 18 kDa was detected with CLCD, YII&L8BA and PO19. It can be noticed that the
strains 1lILY4A and 16B, which showed in the zymergs a 37 kDa protease, were characterized
by similar breakdown profiles and a strong protesly On the other hand the strains Y16 and
1IIYLBA, which displayed in SDS-PAGE electrophorgtam a lower proteolytic activity, were
characterized in the zymograms by a protease haviv higher than 200 kDa.

In figure 7 thep-casein profile of hydrolysis is reported. Also mgathis protein, the strains
1IIYL4A and 16B, characterzed by the 37 kDa proteadisplayed a very strong proteolytic
activity. In fact, not only the bands pfcasein including the principal one at 31 kDa Hsb all the
bands having MWs ranging from 25 to 15 kDa disapgukaAlso the strain PO19, having a weaker
37 kDa protease in the zymogram, displayed a goo@lytitc activity also if at lower extent than
the former. The comparison of all the proteolyirofiles of a- andp-caseins demonstrated that a
strong activity was displayed by all the strainsrofipolyticg except for Y10, againgtcasein. In
fact, also the strains Y16 and 1lIYL8A, characteddy the protease > 200 kDa, showed a strong
proteolytic activity againgt-casein.

In figure 8, the meat protein breakdown profiles obtained with supernatants of the

various strains are showed. With this protein matwo different behaviours can be identified: the
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strains 1lIYL4A, 16B and PO19, characterized by 8i¢& kDa protease, displayed a strong

proteolysis with the formation of peptides havingMower than 10 kDa and the fading of higher

MW peptides. In particular, the 75, 70, 47, 26,kDla MW bands faded, whereas those at 65, 37
and 24 kDa disappeared. On the countrary CLCD, Y15, 1IIlYL8A showed only a weak

hydrolytic activity as most of th bands were agmse ad the control samples.

8.1.4. Proteolysis of gelatin

The strains having the highest activity in gelamar plate (tab. 6), were incubated with
gelatin for 72 h and the corrisponding hydrlysethgkes were analysed through SDS-PAGE gel
electrophoresidig. 9).

Figure 9 showed that not all the strains were able to Hydeogelatin at the same extent.
Looking at the higher MW, above 100 kDa, it carobserved that the intensities of the two typical
bands of gelatine were reduced in the samples 18B13lYLBA, while they were completely
absent in 1lIYL4A. As far as the bands with theemtediate MWs (75-20 kDa), none of the
samples had the 37 kDa band. Moreover some diffeseoan be detected in the sample 16B, where
the band at 23 kDa disappeared, while the 25 kZabmtame more intense. The same behaviour
was partially shown by the sample Y16. Comparingtla samples together only the sample
1IIYL4A showed a general increment in the intemsitiof the bands in the range 37-20 kDa.
Instead, molecules below 10 kDa were generatedl tiyeasamples, also if with different extents.

In order to have a wider overview on these profiEge exclusion chromatography was
applied to the gelatin hydrolyzed samples. The mlatograms reported figure 10 showed how in
many samples, the peak corresponding to gelativigaan elution volume of 40 mL) reduced
comparedofigure 10 A, which reprents the gelatin before its hydroly#s. the extent of the
hydrolysis increased, more peacks having lower MWpeared on the left side of the
chromatogram with higher elution volumes. In soramgles, such as CLCD, Y10 and POfi§. (
10 D, F, G there was mainly an increment of the peaks ajubetween 50 and 100 mL, whereas
peaks eluting between 90 and 140 mL representech#ie one for the samples 111YL4A, 16B and
1IIYL8A (fig. 10 B, C, B. Among all these conditions, the sample that gtbthe best hydrolysis
with the formation of smaller MWs was the 1llYL4An overlay of the two chromatograms
(before and after hydrolysis) is reportedigure 11.

On the basis of the comparative results of the siausion chromatograms the strain

11IYL4A was chosen for a more detailed characteiozeof the peptides obtained.
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8.1.5. Characterization of the products of gelatirydrolysis obtained by Y. lipolytica
1IIYL4A protease

The gelatin hydrolysis by proteases fromtipolyticalllYL4A was followed over time (time
0, 48, 72, 96 hours) in stirring conditions (usdful the enzyme activity). Ifigures 12the SDS-
PAGE electrophoretogram8) and size exclusion chromatograrB3 ¢f the hydrolysates collected
over time are reported, respectively. In particufeyure 12 B represents a closeup of the final
elution volume of the size exclusion analysis idesrto show better the progressive increment of
the lowest MWs (lower than 10 kDa). It is possilite see that three main regions are
distinguishable: the first one, ranging betweerl26-mL, the second one between 115-125 mL and
the third one between 125-135 mL. These three aveas integrated and the relative abundances
are reported in thégure 13. Among the three areas, the first one, rangingvéet 90-115 mL,
reached its maximum abundance already at 48 htaswhmed constant at 72 and 96 h. However,
looking at figure 12B it is possible to see thagmvf the final area of 72 h and 96 h samplesés th
same, the peak at 48 h is smaller and broader.|dés aspect has to be taken into consideration
because it suggests that different MWs are preaeehiat area. On the contrary, in the peaks of 72
and 96 h samples ranging between 90-115 mL, the MN@sild be more similar among them. A
sensible decrease in the abbundance of the secmaid (panging between 115-125 mL) and a
sensible increase of the third peak (ranging betwl&&-135 mL) was observed over time.

The following analysis were performed only on tlepides with low MWs because it has
been reported that many peptides having antioxjdamniti-hypertensive, antimicrobial, and cell
modulating activities are characterized by MWs weld kDa (Liet al 2008; Ryaret al, 2011).
However, the size exclusion technique is not ablsdparate and identify the exact MW of the
peptides, and particularly those lower than 10 KBa.this reason the samples were analysed also
with MALDI-TOF after ionization {ig. 14 A andB). The reduction of MWs is well evidenced by a
shift of the signals towards the left side of tipecrum fig. 14 B). In particular all the peaks
ranging between 7 and 3.3 kDa disappeared, while signals manly ranging from 4 to 1 kDa
appeared.

Taking into consideration all the signals detectatlle 7 reports the flow over time of the
peptide MWs. In this table the evolution of sometmkes, present in at least two sampling times, is
reported. All the red numbers derive from the tihen particular from the native gelatin added
with the supernatant of. lipolyticalllYL4A; in green the peptides produced after 4&id in blue
that ones released at 72 h.

The MALDI-TOF results fig. 14, tab. 7 are comparable with the SDS-PAGE imafig. (
12A) where it was highlighted that strong differenageshe hydrolytic profiles occurred only after
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how 72 h. Moreover, at 96 h the main peptides dherenewly originated or deriving from those
detected at 72 h, although the number of peptidiestified at 72 and 96 h was similar.

8.1.6.In vitro bioactivity evaluation of the peptides
Preliminary investigations on the biological prdapms of the peptides obtained were

performed on the gelatin hydrolysates producedxinaeellular protease of. lipolyticalllYL4A.

8.1.6.1. DPPH radical scavenging activity

A DPPH assay was performed to establish if theakegf proteolysis, and in particular the
mixture of peptides whose MWs had been determingld MALDI-TOF analysis, affected the
antioxidant properties of the hydrolysates colldaéer 0, 48 72 and 96 h of incubation.

According tofigure 15 a progressive increase of the DPPH activity whin hiydrolysis time
was observed. In particular the antioxidant agtjwthich was 19.7 £ 6% at time O with respect to
the ascorbic acid chosen as a reference sam@@eaittvalues of 39.4 £ 1.4 and 48.3 + 0.5% after

72 and 96 h, respectively. The latter differencesansignificant (p < 0.05).

8.1.6.2. Inhibition of the linoleic acid peroxidati

The capability to inhibit the peroxidation of limdt acid by the peptide mixture collected
over time was also evaluated. As previously showthe DPPH assay, the progressive incubation
time gave rise to a significant increase (p < 0.05)he antioxidant activity in particular for the
samples at 72 and 96 hg( 16). On the other hand the sample collected at tighén £4howed a
behaviour much more similar to that at time 0. Th®copherol, chosen as a reference for the
inhibition of the peroxidation, has been used 890ng/ml. Its activity was higher than that of the
peptide mixture, but it is necessary to outling theompared the antioxidant properties of a pure
compound with a mixture of peptides of 20 mg/meélze-dried powder/water) having a peptide
content of about 1.3 mg/ml. Moreover, it can beuassd that only few peptides included in the

mixture were endowed with antioxidant properties.

8.1.6.3. Cytotoxicity activity in human cells

The assessment of the cytotoxicity is a prerequisit the use of a new ingredients, such as
peptide mixtures having technological propertiesfood formulations. On the basis of thgure
17 potential cytotoxic molecules are generated orignvthe proteolysis was extended over 72 h
and the cells HepG2 were exposed to a concentrafibrmg/ml.
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8.1.6.4. Antimicrobial activity

The bacteria species used for evalutation of thien&robial activity wereEscherichia coli
555, Salmonella enteritidid 55, Listeria monocytogenes6Ly, Bacillus subtilisFAD 110, Pichia
membranaefacien®C71,P. membranaefacier@C70,Pichia anomalaCBS 5759, ané. anomala
DBVPG 3003. None of the bacteria resulted senstbvilde compounds at any concentration tested.
However, it has been observed a progressive indrbidf the growth of some strains Bichia
membranefaciens relation to the degree of hydrolysis. In partée MIC values of 8 mg/ml were
observed for gelatin hydrolysates collected atdd@ &2 h. The extension of the hydrolysis up to 96
h resulted in a two fold reduction of the MIC valldoreover, when the sample at 96 h was
separated into fractions with MWs higher than 3 k@8 IC value of 2 mg/ml was detected. On the

contrary, no activity was observed for the fractimtow 3 kDa.

8.2. Improvement of peptides bioactivity

The technological attitudes of the peptide mixtwas be regarded as promising, but need
to be improved. A new frontier to be explored, twhance the properties of peptides, is their
transformation into glycopeptides. The enhanceménihe functional and biological properties in
the glycoproteins with respect to the native foras been explored (Bielikowie al, 2010; Liuet
al., 2012) and the importance of this peptide tramsé&bion on some physiological processes (such
as immune-system, inflammation, brain developmemntlocrine system and fertilization) has been
emphasised (Spiro, 2002).

The reaction involving sugars and amino acids aairiggered either through enzymes or
spontaneously occur under specific conditions. @Gytation, as an enzyme driven process, is one
of the main processes occurring in eukaryotic arukaryotic cells. In fact, it is known that the
majority of proteins are subjected to post-tramsfetl modifications, such as the attachment of
glycans. This reaction is crucial in many biologigathways (Spiro, 2002). On the contrary,
"glycation” is the term universally used to defthe chemical bounding of sugars with proteins or
peptides. This second reaction is spontaneous,candoccur both in human body and in food
systems (Liwet al, 2012). As reviewed by Oliveat al (2006), glycation via the Maillard reaction
can improve several important functional properoé$ood proteins (Livet al, 2012). One of the
main requirements for the glycation through thelMad reaction is the use of high temperatures or
a prolonged heat treatment, in order to favour réection between sugars and aminoacids. A
controlled Maillard-induced glycosylation is fundantal to limit the progress of the reaction into
undesired advanced stages; advanced Maillard oeactnay result in reduced food digestibility
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(Erbersdobleet al, 1981), formation of mutagenic compounds (Bragtdal, 2000), development
of off-flavors (Moor and Ha, 1991), and excessivewning (Guerra- Hernandezt al, 2002).
(Wang and Ismail, 2012). Due to the low reactivofysugars and amino acids, high temperatures
are necessary to promote the reaction (Wang andillsg®12). On the other hand, amino-sugars
demonstrated to have a higher reactivity compatingormal sugars (Kraehenbuedtl al.,2008).
The amino-sugar glucosamine (GIcN) can be obtainexligh the hydrolysis of chitosan, the main
by-product from shrimp and other crustacean shmleessing. The acetylated form of GIcN is
fundamental for the building the bacterial cell Waid the particular cartilage in the human body
(Wang SXet al, 2007).

Aminosugars binding, exploited through the trantghinase (TGase) enzymatic process,
has been already proposed, in particular betweeN @hd peptides. However, results have been
inconclusive (Jiang and Zhao, 2010). The above imeed enzyme (TGase), discovered in
eukaryotic and prokaryotic cells, and extensivedgdiin food processing, is responsible for the
acyl-transfer reaction between thecarboxyamide group of glutamine residue and thengmy
amino group. Moreover, this reaction can be dritewards the formation of inter- and intra-
molecular cross-linkages (if the primary amino graderives from other amino acids, such as
lysine) or deamidation (in absence of primary angnaups, a molecule of J is used). The first
two types of bonds are stable and resist to prggen(Greenbergt al, 1991)

Wheat gluten, a by-product of the wheat starch sthguis massively produced worldwide.
Due to its modest price, it can industrially congpetith milk and soy proteins, as an economic
protein source (Konget al, 2007). Because of their functional propertiaschsas solubility,
foaming and emulsifying capacity, the wheat glupeptides obtained by hydrolysis attracted the
interest of food industries (Kongt al, 2007, Wanget al, 2007) focused on the preparation of
hypoallergenic nutritional mixtures (Dagaal, 2006). Additional studies have reported antiarid
properties of gluten hydrolyzates, including thpatality to inhibit the linoleic acid peroxidatiar
to quench DPPH radical. Moreover, Kab al, (2011) demonstrated that gluten hydrolysates
exhibited taste-enhancing properties. Wang andilg@@12), instead, reported the production of
some partially glycosylated wheat protein. My siggt to improve the boactivity of peptides
obtained by enzymatic proteolysis of gluten andeptiproteic by-products was based on
glycosylation/glycation. The experiment has beerettged in two steps:

1) a single peptide was employed to prove the @eoge of the glycation (through a mild
Maillard reaction) and glycosylation (TGase-medijteand to optimize the main reaction
parameters to be pursued (such as concentratiopgetature). This process is totally new and never

ever exploited before,
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2) a more complex system, based on gluten hydraysaas taken into consideration and

the bioactivities of the glycopeptides mixtureabed was assessed.

8.2.1 Model system

To establish the novel conjugation method, andrdento determine the most appropriate
conditions for the reaction, a simplified model teys involving glucosamine (GIcN) and the
dipeptide glycine-glutamine (Gly-GIn) was consiakrdt has been reported that GIcN at high
temperature is able to undergo rearrangements;cauidensation processes and Maillard reaction
(in presence of amino-acids), with a yield higheart with the simple sugars. Hence, in the first par
of this model, different concentrations of GIcN wéested to detect the threshold conditions for the
formation of its side-products and hence to avbértproduction.

The reaction involving the peptide Gly-GiIn (chodmtause of its simple structure and the
presence of glutamine) and GIcN (molar ratio 1:13 &nd 1:10, dipeptide/glucosamine) was
monitored over time (0, 3.5 and 7 hours) at 2571C3 As control, GIcN alone was incubated at the
same conditions and monitored over time. The UWBpe(280 - 420nm) of the samples during
incubation are shown ifigure 18. The temperature and the sugar concentration glaye
fundamental role in both the increased and progesshift of absorbance to high wavelength
values. The highest absorbance was revealed wetli:ttD ratio at 37°Cfi§g. 18 A). As the sugar
ratio increased, its augmented by-products createderences when monitoring the sugar-peptide
interaction and evolution. On the other hand, thigos 1:3 and 1:1 at 25 or 37 °C promoted a
suitable arrangementid. 18 B and18 C, respectively). At 1:3 ratio, an increase in theabance,
due to the sugar auto-condensation and rearrangemas reported. However, these absorbance
increases were < 1 after 3.5 hours (compared t0, ivhere Abs ranged from 1 to values higher
than 2.5). To monitor the reaction behaviour, tlevelengths corresponding to the typical Maillard
markers were selected, as follows: 280 nm for fn®s320 nm for the soluble pre-melanoidin
compounds, and 420 nm for the melanoidins (Radaddzmet al, 2002; Wijewickremeet al.,
1997). The results are summarized in a heat nfigp 19). The conditions able to generate
significant increases of the optical densities &@,2320 and 420 nm clustered together and were
characterised by a high amount of sugar (1:10 mal@o peptide/sugar), long incubation time (>
3.5 h) and high temperature (37°Qhe sugar concentration (1:10 peptide/sugar raifonoted
the highest increase in the selected wavelengtitgpendently from the peptide presence. For
instance, following the sample N37C or C37C ovemeti a progressive increase was initially
observed in the absorbance at 280 nm, and theB0aai®d 420 nm, from the 3.5 h time point. In
contrast, N37B_7 and C37B_7 reached a comparallerladnce at 280 nm after 7 h. This results
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confirms that glucosamine generates either Maillegdction intermediatgroducts (MRP) or
condensation products; thus, less native sugarddoeilavailable for the conjugation. Temperature
reduction to 25°C required a longer incubation tifvieh) to show an increase of the absorbance
(which was detectable in N25C_7 and C25C_7). Sasnpith a low peptide/sugar ratio (1:3 and
particularly 1:1) had lower or no detectable glause degradation/rearrangement products.
Therefore, the lowest peptide/sugar ratio (1:1) gnedlowest incubation time (3.5 h) were selected
as the most suitable conditions to carry on theagylation reaction.

To confirm the conjugation (both glycation and glgglation), the peptide was incubated
with and without TGase in the presence of glucosamand then analysed using Orbitrap-LC/MS.
The spectrum of peptide plus glucosamine and T@ése incubation is reported iRigures 2Q
The MW of reactants are indicated as follows: n8@.08 for GIcN and m/z 204.09 for Gly-GIn. To
calculate the glycated form of the peptide, thadgfprelease of kD in the Maillard reaction was
considered. Hence, a mass shift of +161 Da (i.8-18/Da) from the original MW of the peptide
was predicted. One mole of ammonia was released TfGase-catalysed reactions (Ransbsl,
2001). Thus, the MW of glycopeptides resulting frgiycosylation of peptides with GIcN, in the
presence of TGase, can be predicted based on ashitissf +162 Da (179 - 17 Da).

In figure 20, products of both glycation and glycosylation aeported: m/z 366.15 is
related to the MW of the glycosylated glycopeptigehereas m/z 365.16 corresponds to the
glycated glycopeptide. The Orbitrap-mass spectrbows also a protonated ion at 162.07 m/z,
which is a typical adduct of glucosamine. As showefigures 2Q the intensity of glycoconjugates
produced are low compared to the intensity of rdegents. However, this result does not reflect
the actual concentration of glycopeptides produdedfact, according to Itoket al (2009),
glycopeptides are poorly ionized in mass spectrom&toreover, their MS signal can be reduced
or suppressed if a mixture of peptides and glycbogep is analysed. The final hypothesised
mechanism of the glycosylation and glycation inuadvGIcN and Gly-GlIn is summarisedfigure
21

8.2.2. Characterization of wheat gluten and its hyalyzates

The first step of the process was the gluten hydrel In this phase, focused on the
optimisation of the process, | preferred to use encial proteases (Alcalase and Flavourzyme)
instead ofYarrowia lipolytica enzymes which have not been purified yet. The rolatograms
obtained by size exclusion analysis of the hydmlys confirmed the enzyme activities.figure
22, it is possible to observe the shift of the pe&ksn high to low molecular weights after
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hydrolysis. The estimated degree of hydrolysis (Ibi)Alcalase was 4.70 £ 0.2%, whereas the
Flavourzyme DH was 11.85+1.2%.

8.2.3. Chemical evaluation of glycoconjugation oflgten peptides by MALDI-
TOF/TOF-MS

After the glycation/glycosylation process, the M\Wfles of the samples were determined
using MALDI-TOF-MS. The analysis of the controlsAB and GFH) revealed different profiles
when Alcalase or Flavourzyme were used. The Alealaeptides ranged from 500 to 3000 Da,
whereas those in Flavourzyme were from 300 to 2280This distribution was expected, because
Alcalase is an endopeptidase that generates a lemogs distribution of MW, while Flavourzyme
produces a more scattered profile including low higher MW, due to its mixture of endo- and
exo-peptidases.

To estimate the glycation of the peptides, all slemals present in the spectra have been
checked for their mass before and after the reactio particular the MWs of glycopeptides were
calculated adding a mass shift of 161 Da (or anlfipte of it, in case of additional sugars attached
to the original peptide MWs, due to the productminl mole of water. Hrynetst al, (2013)
proposed that a potential glycation reaction, wath initial release of water, and a subsequent
ammonia molecule, may occur with an additional nstsft of 144 Da to be add to the peptide
MW. Hence a mass shift of 162 Da in the MW of the peptides wansidered to identify the
glycosylated peptide in the presence of TGase.

The total amount of glycopeptides estimated whenr#tio peptide:GIcN was 1:1 (both at
25 and 37°C) was 5 fold higher than the amountyfapeptides observed at 1:3 ratio (5 vs. 25); in
general, GAT25 (1:3) and GFT25 (1:3) presentedraonmumber of glycopeptideshis would be
because GIcN tends to auto-condensate resultireg lower free GIcN amount available for the
glycation/glycosylation process when present ahdligconcentrations (Zhet al, 2007). Among
the samples with the lowest (1:1) ratio, at leastd different glycopeptides were produced through
glycation, independently from the temperature sgd22 and 23. Only one glycosylated peptide
was estimated in GFT37id. 24). The MW profiles of the glycopeptides were diéfet if their
origin was considered: gluten Alcalase glycopeptidere mainly constituted of 1322 and 1676 Da
glycopeptides, whereas gluten Flavourzyme glycageptpresented MWSs ranging from 1775 to
3112 Da.
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8.2.4.1n vitro bioactivity evaluation of glycopeptides mixtures

8.2.4.1. DPPH Radical Scavenging Activity

The quenching activity of the samples against DR®4 assessed and the EC50 values
estimated are reported fable 8 As shown intable 8 all the samples that underwent glycation
improved their antioxidant activity, because neit@®H nor GFH (peptides not glycated) had a
concentration-dependent activity. Among GA samp@8C37 was the most active, followed by
GAT25, GAT37 and GAC25. Nevertheless the final EGalles were not significantly different
amongst them. GFT37 was the most active among @¥plea. Anyway all the samples incubated
with TGase (GFT25 and GFT37) had a EC50 lower tharcorresponding control with no enzyme
added (GFC37 and GFC25). The reaction mixture Wighpeptide/sugar ratio, where glycopetides
had not been generated, was used as control, ér todassess if other Maillard reaction products
could prevent oxidation. None of the tested samgplesved any activity similarly to GAC37 and
GFC37, as reported table 8.

8.2.4.2. Inhibition of Linoleic acid peroxidation

The capability of the samples to inhibit linoleicic peroxidation was evaluated in
comparison ta-tocopherol, generally used as positive controk Tésults obtained are reported in
Figures 25and26. On the basis of the monitoring of the absorbames time, GAC25 (1:1) was
the only sample with a low lipid oxidation levéig( 25). It was observed that during the first three
days of the trial, no differences were detectaelevben GAH and GAC25. However, the oxidation
curves significantly diverged over time (p < 0.0%¢flecting the improved capability of the
conjugated sample to inhibit the linoleic acid pedation. All the other GA samples (both 1:1 and
1:3 ratio) did not show any significant antioxidativity (p < 0.05).

The GF samples (1:1)ig. 26) not only did not show any antioxidant activity<€®.05), but
also one of them, GFC25, resulted as the mostfgigntly pro-oxidative sample. In fact, it reached
the highest absorbance after three days, followgdabrapid decline associated with the

decomposition of (hydro) peroxide.

8.2.4.3. Anti-ACE activity

Samples were tested for their anti-hypertensivivigtmeasuring the capacity to inhibit the
ACE enzyme (fy. 27). In the samples GAH and GFH (with a concentratddnlO mg/ml) the
enzyme inhibition was 64.1 £ 1.95 % and 50.3 + %0@espectively. The glycation had negative
effects in almost all the samples, in particularthose corresponding to the GF. In fact, a half
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reduction in the final activity was measured int# GF samples except for the GFC37, whereas in
the GAC37, GAT25 and the GAT37 a significantly loweduction was detected (p < 0.05).

8.2.4.4. Antimicrobial activity

The antimicrobial activity of the samples, befoned aafter glycation/glycosilation, was
tested against two bacterial straigscherichia coliandBacillus subtilis(Gram negative and Gram
positive, respectively). The peptide mixtures befthe treatment (GAH and GFH) did not show
any antimicrobial activity. However, despite thesatce of activity in the 1:3 samples, the majority
of the 1:1 ratio samples resulted active agdinstoli (tab. 9). Specifically, all the conjugated GF
samples inhibited the cell growth at 40 mg/ml, &EC25 and GFT37 were also bactericidal.
Among the GA samples, GAT37 was both inhibitor dadtericidal (40 mg/ml) foE. coli. None of
the samples (1:1) was active agalssubtilis

It can be outlined that the peptide mixture inckigeptides not glycated and about three
glycopeptides. Therefore the MICs values are ouarated and presumably the MIC really

effective againsk. coliare lower than that obtained.

8.2.4.5. Cytotoxicity in human cells

The cytotoxicity of the peptides and glycopeptidésl peptide/sugar ratio) was tested
against human hepatocyte HepG2, using three differoncentrations (1 mg/ml, 0.5 mg/ml and
0.1 mg/ml). When comparing GAH vs. GFH, no effeats cell viability were shown on human
carcinoma cellsfig. 28), even at 1 mg/ml (p < 0.05). However, enhancedtoyicity was detected
in all the conjugated GF samples, resulting in gnifcant reduction of the cell viability of
approximately 50% at 1mg/ml (p < 0.05). High cytatity was detected in GFT25 and GFT37 at
0.5 mg/ml. Similarly GAT37 showed a strong activetyl mg/ml (p < 0.05), while the citotoxicity
of the other GA samples was not significant.
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8.3 Tables

Table 6. Proteolytic activity of different strains of. lipolytica towards three different
matrices &, milk proteins;b, gluten;c, gelatin) at two different temperature (27 and@. “The
proteolytic activities on skim milk and gluten agegre evaluated measuring the clear zone formed.
The proteolytic activity on gelatin was estimatedasuring the volume of liquefied gelatin. The
values were obtained after three (for 27 °C) or(fen6 °C) days of incubation.

(a) skim milk agar (b) gluten agar (c) gelatin

strain 27 C 6 C 21 C 6T 27 C 6 C
CLCD 05* 0.5* 0.5* 0.5* 0.5** 0.5*
1IILY4A 3 2.6 2.3 2.3 1.5 0.8
16B 25 2.3 2 2 1.8 0.7
PO19 05 0.5 1.3 0.5 0.5 0.5
Y10 05 0.5 0.5 0.5 1.9 0.5
Y16 32 2.3 2.3 2.5 0.8 0.5
1IIYL8A 3 2.3 2 0.5 0.5 0.5

* refers to the clear zone diameter expresses irrtnmefers to liquefied volume in a glass
tube expresses in cm
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Table 7. The evolution of some peptides, present in at eas sampling time, are reported.
All the red cells correspond to the time O, in patar to the native gelatine added with the
supernatant of. lipolyticalllYL4A; the green ones correspond to the peptmlesiuced after 48 h,
the blue ones correspond to those released at 72 h.

MW+ (Da)
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Table 8. DPPH scavenging activity of Alcalase (GAH) and Bamzyme (GFH)
hydrolysates (control samples not conjugated) aedcbrresponding conjugated peptides obtained
without enzyme (GAC25, GAC37, GFC25, GFC37) or wathzyme (GT25, GAT37, GFT25,
GFT37). The EC50 values (mg/ml) are reported. Adlse samples refer to the mixture obtained
incubating peptide/glucosamine in a 1:1 ratio. 8iadl the 1:3 ratio did not show any activity,

GAC37 1:3 is just reported as an example.

Alcalase Flavourzyme
sample EC50 (mgim) R? sample EC50 (mgm) R 2
Before glycation GAH nd”* GFH nd
After glyaction with higer
ammountof sugar (1:3) GAC37 nd GFQ37 nd
After glycation GAC25 27.45 0.98 GFC25 32 0.99
GAC37 20.25 0.99 GFC37 35.3 0.97
After +Tgase GAT25 21.82 0.99 GFT25 22.1 0.99
GAT37 25.15 0.99 GFT37 10 0.64

* not detectable.
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Table 9. Antimicrobial activity of Alcalase (GAH) and Flaumyme (GFH) hydrolysates
(control samples not conjugated) and the correspgndonjugated peptides obtained without
enzyme (GAC25, GAC37, GFC25, GFC37) or with enzy@d25, GAT37, GFT25, GFT37)
againstE. coli. MIC and MBC (both expressed in mg/ml) refer téeef exerted by the mixture

obtained incubating peptide/glucosamine in a 1tib.ra

E. coli
sample MIC MBC sample MIC MBC
Before glycation GAH - - GFH - -
After glycation GAC25 - - GFC25 40 40
GAC37 - - GFC37 40 -
After +Tgase GAT25 - - GFT25 40 -
GAT37 40 40 GFT37 40 40

"-" no activity was observed for concentratod0 mg/ml
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8.4 Figures
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Figure 5A. Casein zymography of different. lipolytica culture supernatants. Culture
supernatants were recovered by centrifugation df @days culture. The lable of the strains is
reported above each lane. M: Molecular weight markee reported in kDa.
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Figure 5B. Gelatin zymography of differenY. lipolytica culture supernatants. Culture
supernatants were recovered by centrifugation df @days culture. The lable of the strains is
reported above each lane. M: Molecular weight markee reported in kDa.
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Figure 6. SDS-PAGE electrophoresis afcasein hydrolyzed by different strains %f
lipolytica at 72 h of incubation. Gi-casein alone, M: Molecular weight markers are regubin
kDa.
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Figure 7. SDS-PAGE electrophoresis @fcasein hydrolyzed by different strains %f
lipolytica at 72 h of incubation. (B-casein alone, M: molecular weight markers wereketiin
kDa.
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Figure 8. SDS-PAGE electrophoresis of meat protein exdrdmtdrolyzed by different
strains ofY. lipolyticaat 72 h of incubation. C: meat protein extractsnal] M: molecular weight
markers were marked in kDa. 1, CLCD; 2, 1IIYL4A18B; 4, PO19; 5, Y10; 6, Y16; 7, 11IYL8A.
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Figure 9. SDS-PAGE electrophoresis of gelatin hydrolyzed different strains ofY.
lipolytica at 72 h of incubation. C: gelatin alone, M: molecweight markers were marked in kDa.
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Figure 10. Size exclusion chromatograms of gelatin incub&ed?2 h with the supernatant
of different strains of .lipolytica Gelatin alone (A), 1IIYL4A (B), 16B (C), CLCD (DLIIYL8A
(E), Y10 (F), PO19 (G), Y16 (H).
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Figure 11. Overlay of two size exclusion chromatograms regmgsg the gelatin at the
starting point (time 0) and after hydrolysis witietsupernatant of 1IIYL4A (time 72 h).
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Figure 12. Gelatin hydrolysed by . lipolyticalllYL4A collected over time (time 0O, 48, 72
and 96 h). (A) SDS-PAGE electrophoretogram of thmses after different incubation times. M:
molecular weight markers are marked in kDa. (B) iayeof size exclusion chromatograms of the
gelatin hydrolysed byy. lipolytica 11IlYL4A collected over time time O (blue and browri8

(green), 72 (red), 96 h (light blue). In particuéacloseup of the MW < 25 kDa (estimated on the
basis of a standard mixture previously injectechiswn.
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Figure 13. Relative abundance of the three main area reféorditk figure 8B. In particular,
range between 90-115 mi)( 115-125 mL 2) and 125-135 mL3) for each chromatogram were

considered.
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Figure 14. MALDI-TOF spectra of ultrafiltered (cut-off < 100a) gelatin hydrolysed by.
lipolytica 11IYL4A. The spectrum A refers to time 0, the sjpem B refers to time 96 h.
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Figure 15. DPPH radical scavenging activity of gelatin incidowith the supernatant §f
lipolyica 111YL4A and collected over time (0, 48, 72 andt96Ascorbic acid (0.1 mg/ml) was used
as reference standard. Values are expressed as tn&ihin triplicate experiments.
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Figure 16. Antioxidant activity, in a linoleic acid oxidatiomodel system, played by gelatin
hydrolysates by. lipolyica 11IYL4A protease collected over time (YO, 48, B8, h). BHT andu-
tocopherol were used as reference standards. Comai prepared with linoleic acid and water
instead of the sample. Values are expressed assmedD in triplicate experiments.
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Figure 17. The cytotoxic effect of the gelatin hydrolysatedtained at different times,
against Hepatocellular carcinoma (HepG2). Cellsevtezated with different concentrations of the
gelatin hydrolyzed (1, 0.5 ad 0.1 mg/ml). Values akpressed as means + SD in quadruplicate

experiments. Control refers to untreated cellsatijekefers to cells treated just with gelatin.
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Figure 18. UV-spectra of samples absorbance (Abs) of the Glutine (N) and peptide
plus glucosamine (PN) were monitored during incumatt two different temperatures (25 or
37°C), for different incubation times (0, 3.5 an).7A, B and C represents the 1:10, 1:3 and 1:1

molar ratio of peptide/GIcN or GIcN alone, respeely. Values are expressed as

experiments.
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Figure 19. Hierarchal clustering of peptide—sugar (or justasydJV-Vis absorbance data
for Gly-GIn and glucosamine (GIcN). The verticalsarepresent individual wavelengths (280, 320
and 420 nm). The horizontal axis represents indalidylycation treatments. The colours in each
cell indicate the absorbance of a particular samglitive to the mean level from all samples for
the specific wavelength. The colour scale extemdmfbright green (maximum absorbance) to
bright red (minimum absorbance). The samples GNIN GIcN plus peptide (C) were followed
during the incubation, under different temperaty&sor 37°C), different peptide:GIcN ratios (1:1
(A), 1:3(B) or 1:10 (C)) and incubation times 8% and 7h).
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Figure 20. Orbitrap LC-MS spectrum of products resulting froifGase mediated
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Figure 21 Proposed mechanism of reaction at 37 °C for 3dghylsosylation and glycation
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Figure 22. Size exclusion chromatogram of gluten (solid lire)d the hydrolysates

subjected to Alcalase (GA, dots) and Flavourzymig, (@tted line) hydrolysis, respectively.
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Figure 23. MALDI-TOF-MS spectra of gluten hydrolysated by Alase (GAH), gluten
hydrolysate glycated at 25 or 37 °C (GAC25 and GAC3Jluten hydrolysate enzymatically
glycosylated at 25 and 37 °C (GAT25 and GAT 37)ydated peptides are marked with an asterisk

(*), while glycosylated peptides are marked witfillad circle (*).
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Figure 24. MALDI-TOF-MS spectra of gluten hydrolysated by ¥arzyme (GFH), gluten
hydrolysate glycated at 25 or 37 °C (GFC25 and GHC8luten hydrolysate enzymatically
glycosylated at 25 and 37 °C (GFT25 and GFT 37)c&kd peptides are marked with an asterisk
(*), while glycosylated peptides are marked witfillad circle (*).
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Figure 25. Antioxidant activities of Alcalase gluten hydrolysa and its
glycacted/glycosylated samples in a linoleic aciidation system. The antioxidant activity was
measured on the basis of the ability to keep cohdtee absorbance at 500 nm over time.
tocopherol was used as reference positive coritiobleic acid plus water was used as negative
control. Values are expressed as means + SD eé&st friplicate experiments.
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Figure 26. Antioxidant activities of Flavourzyme gluten hgptirsate and its
glycacted/glycosylated samples in a linoleic acdidation system. The antioxidant activity was
measured on the basis of the ability to keep cohdtee absorbance at 500 nm over time.
tocopherol was used as reference positive contiobleic acid plus water was used as negative
control. Values are expressed as means + SD eéat friplicate experiments.
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Figure 27. Anti-ACE activity of gluten samples hydrolysed litAlcalase (GA) and
Flavourzyme (GF). The samples were incubated witNGC) and glucosamine + TGase (T) at 25
and 37°C. Values are expressed as means = SDeasttriplicate experiments.
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Figure 28. The cytotoxic effect of of Alcalase (GAH) and Fawzyme (GFH) hydrolysates
(control samples not conjugated) and the correspgndonjugated peptides obtained without
enzyme (GAC25, GAC37, GFC25, GFC37) or with enzy@d25, GAT37, GFT25, GFT37)
against Hepatocellular carcinoma (HepG2). Cellsswterated with different concentrations (1, 0.5,
0.1 mg/ml) of the mixture obtained incubating pdefglucosamine in a 1:1 ratio. Values are
expressed as means + SD in quadruplicate expesm@antrol refers to cells not treated.
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CHAPTER 9.

DISCUSSION AND CONCLUSIONS
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The extracellular proteases are widely studied .itipolyticg in particular genes encoding
for an alkaline protease (AEP) and an acidic psg#e@AXP) have been cloned and sequenced
(Herndndez-Montafieet al, 2007). However, sinc®. lipolytica is an attractive host for the
production of foreigner proteins, its proteolytigseem must be further studied further because
unspecific proteases may degrade the heterologotsins or in many case protolytic processing is
necessary for the expression of activities suchnamopeptidase, or dipeptidil-aminopeptidase by
the host cells. Youngt al. (1996) cloned and sequenced the gene and pdtesgidatory region of
the extrcellular acid protease of a strairYofipolyticaand showed that the transcription of both the
genes for acid and alkaline is regulated by theoptthe medium. Investigation relative to the strain
diversity, the effect of the temperature or the urence of dimeric or complex forms of the
enzymes are lacking.

A novel finding resulting from my experimental résus the detection of a new high MW
protease in strains of. lipolytica On the basis of the results some of the testedghstreleased
prevalently or only a protease having MW highemt280 kDa active both on casein and gelatin,
while others released only protease, active orntigedad casein, having a MW of 37 kDa. Both the
proteins are released at the end of the expongatitgede. Proteases having MW higher than 150 kDa
have never been reported Yh lipolytica and other yeasts, except for an extracellularepss
having a MW of approximately 200 kDa has been desdrinM. pulcherrima(Reidet al, 2012).
Reidet al, (2012) reported a protein, or a protein complaying a protease activity characterized
by 180-200 kDa MW. Moreover Cheet al, (1997) characterized, i@ryiptococcusspp., an
extracellular proteolytic activityn vitro as a serine proteinase and found it associatédprateins
of approximately 200 kDa. Goodley and Hamilton @P®&olated a 200 kDa proteinase from the
filtrate of C. neoformans

It has been reported that the initial size of ioétlular and extracellular enzymes can change
over time. In fact the MW of a protease can chamgsause of the removal of a molecular fragment
that obstruct the catalytic size. This has beerush®nted as a common activation step of some
mammalian proteases (Naga&gel, 1990). In order to avoid dangerous degradatfantaacellular
proteins, proteases are often synthesised witldditi@anal segment that obstructs the catalytic. site
This latent form (called either pro-enzyme or zyewgdisplays up to 60% of the activity of the
fully active molecule (Woessner, 1995). Outside tledls the fragment is cleaved off and full
activity is achieved. This hypothesis does nothie experimental results. In fact, generally the MW
of the removed fragment did not significantly chartige MW of the active protease (Hoffman and
Decho, 2000). Moreover an activity of 37 kDa wag observed in the supernatant of strains

showing proteolytic activity at 200 kDa, and vicrsa.

96



Microorganisms evoluted in stressful environmetikg marine ones, produce an array of
enzymes having different MWs. In particular the mambacteriunPseudomonas atlantiazleases
high MW (103 kDa) proteases during the exponepti@se. These enzymes are degraded over time
and new low MW enzymes (34, 31, 75, 69 kDa) armém (Hoffman and Decho, 2000).

Also this temporal evolution of released enzymessdnot fit my data because both the
enzymes at 200 and 37 kDa are alternatively pratlicsamples processed the same time, stored
and run under the same conditions and using the saagents. The possibility of artefacts can be
considered negligible.

In Y. lipolytica the aminoacid sequence, deduced by Yoemngal, (1996) from the
nucleotide sequence encoding for AXP, consists 38 a@minoacids and a MW of 37 kDa.
According to Younget al. (1996), the mature extracellular enzyme is preduem a propeptide by
cleavage between Phenylalanine and Alanine. Likewys lipolytica releases an alkaline
extracellular protease from a 55 kDa precursor ypeed after cleavage of a 15 aminocid signal
peptides. This precursor is then processed byraafiapeptidase to generate a 52 kDa proprotein
which is subsequently cleaved to give the mature KBia secreted protein. Generally a
propolypeptide is inactive and can be convertedniture active polypeptide by catalytic or
autocatalytic cleavage of the propeptide.

If, as suggested by Yourgf al (1996),Y. lipolyticais characterized by just one specific
gene for an acidic protease of a MW of 37 kDa,ah de hypothesised that the band having
proteolytic activity and having a MW higher than02kDa corresponds to a complex of the acid
proteases. However, further studies would be nacgds demonstrate why a such a complex of
proteins is active. Moreover all the proproteintbe obstructed proteases generally present a
significantly lower MW. In any case a proteolytictivity of a protein or protein aggregate having
MW higher than 200 kDa has not been reported.ifipolyticaand in genetically related yeast yet
(Rao et al, 1998). Moreover our preliminary results showéattthe two hypothetical acid
proteases (with a MW of 37 and higher than 200 k@a¥ociated to different strains, generated
different profiles from caseins, meat extract aethtn. It could be wondered why a protease coded
by the same gene from the same organism produfesedi profiles on the same proteiw.
lipolytica strains used in my thesis presented different RAWPMiles and different physiological
characteristics as well as different ecologicabios. Therefore it can be postulated that, due to
subsequent environment-induced mutations, the ggetacquires a different substrate specificities
compared to the starting one (Crak al, 1985). It must be considered that the genom¥.of

lipolytica has been sequenced only in the stiaitipolyticaCLIB122 provided by the Genolevures
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Consortium. Therefore it can hypothesised thatrostr@ins of the same species harbour different
genes and protein/enzymes not described yet.

Concerning the biotechnological properties, mostth@f strains used in my work were
endowed with proteolytic activity on gelatin, skimlk and gluten at T 6°C. The intracellular and
extracellular proteolytic systems of. lipolytica have been object of several investigation and
exploited for different technological uses (Gonzdlépezet al, 2002). Different strains of.
lipolytica used as cheese and dried sausage ripening ad{@uszoni et al., 1998, Vanniet al,
2001, Lanciottiet al, 2005; De Witet al, 2005; Patrignanet al, 2007) gave rise to different
proteolysis patterns as well as strain dependerstosg and texture properties.

In any case the physiological attribute that massginguishesy. lipolyticaor its ecological
biotypes from other yeasts species having biotdogimal potential such a®ebaryomyches
henseniji Geotrichumspp.,Candidaspp., (Vakhlu and Kour 2006; Bankatral,, 2009) is the ability
to produce cold active enzymes. The possible agpdic of cold active enzymes in the food
industries are numerous (Gerdal al, 2000). Cold proteases offer potential econonaneffits
particularly through substantial energy savingadrgé scale processes that would not require the
expensive heating of reactors. The typical exangptbe industrial peeling of leather by proteases
which can be done with cold enzymes at temperatoder 10°C instead of 37°C. In general the
cold active enzyme have a more flexible structunel andergo the conformational changes
necessary for catalysis with a lower energy demafwte recently enzymes from psychrotropic
species have become interesting for industrialiegipdns partially because of the ongoing efforts
to decrease energy consumption during industriatgeses. When enzymes from psychrotropic
species are used it becomes feasible to develogn&tant laundry applications that can be
performed at lower temperatures.

Concerning the valorisation of meat by-productse tBnzymes currently used are
characterized by mesophylic or thermophylic chanastics. The quest for valuable proteases with
distinct specificity for industrial applications aways a continuous challenge. Proteolytic enzymes
from plant and fungal sources have received spati@htion for being active over a wide range of
temperatures and pH. In general the commercialreagycurrently used present an optimal activity
near 50-60°C.

The strains ofY. lipolytica taken into consideration are characterized by aitdude,
versatile proteases and diversity as far as thédespprofiles obtained on all the protein sources
considered.

One of the strains taken into consideration has lsedéected, due to its intense proteolytic

activity in the range from 4 to 28°C, to evaluat® performance in the production of peptides
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having antioxidant, antimicrobial and cytotoxic,tishCE properties. The selected protein was
gelatin due to its large availability as industigl-product. The whole peptide mixture obtained
during proteolysis over time were characterizedhbyincreasing antioxidant activity. The peptides
playing this effect are formed during the last Hil &6 h. The latter samples were characterized by
the presence of peptides having prevalently a Mietahan 3 kDa.

The selection of strains having good biotechnolalgmotential is a fundamental tool to
identify natural active compound. However, wildastis and reactions performed with their
enzymes generally give rise to a low level of actwolecules. In order to increase the bioactivities
of the peptides produced by the enzymes releas&d lgyolytica | developed a chemico/enzymatic
approach that has only been suggested in literabutenot explored yet. | would like to highlight
that this process can be exploited not only forglptides produced by proteases frénlipolytica
but also for peptides obtained from other proteidrolysates of food by-products, thus increasing
their added-value.

The formation of a bound between a sugar and amamcid occurs through enzymatic
(glycosylation) and non-enzymatic (glycation) réawcs. Although various techniques are available
to prepare synthetic glycoproteins or glycopeptif@aeret al, 1990; Christopheet al, 1980;
Colaset al, 1993; Hattoret al, 1996; Kitabataket al, 1985), the glyco-conjugates of proteins and
polysaccharides obtained by the Maillard reactiametreceived much attention only in recent years
(Liu et al, 2012). In fact the role of Maillard reaction the improvement of functional properties
of food proteins has been only recently proposdv€Det al, 2006). The main disadvantage of the
Maillard reaction is the use of high temperaturepoolonged heat treatments, to obtain the
glycation (Liuet al, 2012). In my work, | proposed a novel procedireeonjugate sugars and
peptides, exploiting the particular behaviour c¢ #tmino-sugar GIcN, and the use of temperature
not exceeding 37 °C. In the model system developrtten conditions and the validation of the
glycation between GIcN and Gly-GIn at 25-37°C wehewn. Further, the same model system was
used to demonstrate the feasibility of using GlsNa@ubstrate for TGase, and for the production of
glycosylated peptides. TGase is a universal enzgapable of modifying proteins through the
incorporation of amines; it is used in the foodustly to improve the texture of vegetable and
animal proteins and to create innovative food pectslwith different properties (Seguet al,
1996).

Based on the results of the UV spectra, the exmariah conditions optimal to reduce, to a
feasible extent the formation of GIcN side-produgsnerated by its high reactivity, were
determined. Lanciottet al. (1999) reported that Maillard reactions (> 90t&tween sugars and

aminoacids produced antimicrobial and antioxidamhpounds. For this reason, even though lower
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absorbance curves were detected in 1:1 ratio sampl8 ratio was subsequently considered to
assess the possible interference with the finalvides. In general, conjugation leads to the
formation of compounds with different propertiesipared with the native structure. For example,
it has been reported that the presence of sugarsded to the peptides enhances the antimicrobial
effect of the native peptide by approximately 1idfets (Otvoset al, 2002).

Once proved the conjugation in a model systemetltto transfer the process into a more
complex mixture of peptides. Wheat gluten, a bydpat of the wheat industry, is a heterogeneous
mixture of peptides with more than 60 different smllar weights ranging from 30 to 90 kDa. In
particular, the main abundant forms are represenyetthe polymeric glutenin and the monomeric
gliadin (Wang J.et al, 2007) Glutenin can also rearrange forming disulfide boads create
structures with MW of 50 to 2000 kDa (Bietz and Wa&B72). In my work, gluten was employed
after proteolysis with Alcalase and Flavourzyme.

The estimated degree of hydrolysis (DH) was notagkx for Alcalase. In fact higher DH
for wheat gluten has been previously reported (Katgal, 2007). On the contrary, the
Flavourzyme generated a more common DH alreadyribesic for protein hydrolysis. Even if
differences in DH may depend on the selected metbpdts assessment, the low solubility of
gluten at neutral pH could have also played an mapo role (Takedet al, 2001).

The hydrosylated samples obtained were then emgblfmyethe conjugation. All the samples
were mainly glycated rather than glycosylated, ahtkast three glycopeptides were present in all
samples. The excess of GIcN in the 1:3 ratio sasngi@é not interfere with the tested activities. In
these samples very low glycopeptides were detezmtedno interferences, due to possible GIcN
side-products, were induced. Hence, it can be sigde¢hat the reactivity of glucosamine at higher
concentrations can form auto-condensed and reamagrgt products that were not suitable for the
glycation/glycosylation process. On the other hdod; amounts of sugar (1:1) generated more
glycopeptides, and showed enhanced modulationedirtal bio-activities.

The assessed bioactivities were: DPPH scavengitigitac inhibition of linoleic acid
peroxidation, anti-ACE, antimicrobial and cytotakyc As already mentioned, DPPH measures the
free radical scavenging capacity of a sample, based combination of hydrogen atom and
electron transfer reactions (Huaegal, 2005). With this assay all the conjugated sampleowed
an improvement of the final activity compared te ttontrol ones (GAH and GFH). In particular
GFT37, the sample having a glycopeptide obtainedutfh glycosylation, was the most active. |
would like to outline that in all the samples tlentibution of the classical Maillard products can
be regarded as negligible. These activities maguen the sugar moiety of glycopeptides, which

could be both electron donors and electron accefdi@an Boekel, 2001). The 1:3 peptide/sugar
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ratio was also tested to determine whether theeasmd sugacontent in the solutiorcould
influence the reducing power. However, no activitgs detected in any sample when comparing
GAH and GFH (data not shown) because of the lovestent or absence of glycation of the
peptides. It was also confirmed that under theaeti@n conditions, the possibile formation of some
Maillard Reaction Products (MRPs) did not influetice antioxidant activity.

The linoleic acid assay measures the capabilityg specific sample to inhibit or reduce the lipid
oxidation. However, the antioxidant reactions tetur in this case are different from those in the
DPPH analysis. Zhanet al (2008) reported that hydrophobic amino acidsesgnt a key element
to protect against lipid derived-radicals, due heitt ability to interact with lipids (Ajibolaet al,
2011). In contrast, the presence of the sugar maighin a glycopeptide (glycoprotein) could lead
to an increase on the overall hydrophilicity (Waagd Ismail, 2012). This could explain the pro-
oxidative activity found in GFC25, the highest giyed sample as compared to the others. On the
other hand, the antioxidant activity of GAC25 mapednd on the relatively lower MW (1095 Da),
with respect to all the other glycated peptidesetLal (2008) reported that protein hydrolysates
prepared from corn gluten meal had increased éeffecntioxidant capacity when the MWs of
peptides were between 500 - 1500 Da. Hence, glytmes with low MW may also be more
effective in the linoleic acid assay.

The ability of a peptide to inhibit ACE was alsste. This activity is strongly linked to the
peptide amino acid composition and their primamgquemce. Anti-ACE gluten peptides have been
already reported (Kinet al, 2004); in particular, the main activity of thgdnolyzates can be
attributed to the low molecular weight peptides.fdct, after fractionation of the samples, the
inhibitory activity increased by fourf-old. Kinoghiet al. (1993) reported that high molecular
weight peptides fraction reduced the blood pressulg/pertensive rats. The conjugation of gluten
peptides had shown negative effects in almosthallsamples. Jet al (2004) described that the
presence of hydrophobic amino acids in the sequenbances the ACE-inhibitory ability of the
peptides. As a result, the perturbation of thalfimydrophobicity of the peptide (once glycatiors ha
occurred) can have a negative effect in all aadisit depending on the proportion of
hydrophobic/hydrophilic region inside the molecule.

The antimicrobial activity of these samples demi@atst that the glycation was essential for
the improvement of the antimicrobial activity. larficular, this effect is more relevant in GF than
GA. Although the antimicrobial activity of glycopeges has been reported, (Kaheteal,, 2005;
Bullet and Stocklin, 2005) the mechanisms of actltave not been completely described.
Glycopeptides active specifically against Gram-niggabacteria have been reported; for example,

Drosocin, a well-studied glycopeptide isolated frBmosophila melanogasteiis a small proline-
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rich peptide (around 2-4 kDa) with a disacchargkddctose and N-acetylgalactosamine) (Bulet and
Stocklin, 2005). Gluten, on the other hand, is hyaiconstituted by glutamine/glutamic acid
(around 40%), and proline (around 17-20%) (Wief0Q7). The sugar moiety enhances the
antimicrobial effect of the native peptide by appneately 100 times in Drosocin (Otves al,
2002). Thus, the peptide sequence and the preséadeydrophilic part in a specific position of the
peptide are suggested to be important for the &rimial action. Kragokt al (2001) reported that
these glycopeptides may inhibit the protein foldthgough a mechanism involving the bacterial
chaperonine/heat shock proteins GroEL and DnaKe endered into the cells.

The bioactivity of the samples was also assesseelation to human tumor cells (HepG2).
The enhanced cytotoxicity detected in the conjuygteptides implies that the formation of
glycopeptides through a glycation process can ggorssible for the main production of molecules
with higher cytotoxicity. The low TGase-dependerifee could depend on the low/absent
glycosylation reported or on the low affinity ofethpeptides for TGase. The cytotoxicity of
glycopeptides has been previously described; affhahe role of sugar remains unknown, the
carbohydrate moiety is likely to be involved inlaacognition, cellular uptake and DNA binding
(La Ferlaet al, 2011). Indeed, Brahinet al (2008) demonstrated that the deglycosylated
Bleomycin-A2 (a cytotoxic glycopeptide) was lesgitathan its native form, due to the inability to
induce ROS formation. Therefore, the two main el@ménfluencing the studied properties were:
1) the type of starting peptides (which are affédig the enzyme used for the hydrolysis and the
MWs of the resulting peptides); 2) the reductionhaf final hydrophobicity of the peptides.

Although it was demonstrated the formation of glyeptides through TGase both in the
model system and in the gluten system, these segaitted out that the enzymatic process was not
able to create sufficient glycosylated gluten pgsti with improved activities. Indeed, studies
regarding TGase and gluten have been reported. ikt al (2008) demonstrated that
transglutaminase can deamidate gluten peptideatbyducing negative charges. This process was
responsible for the enhanced immunogenicity ofegiuSimilarly, Elliet al (2012) reported the use
of TGase as a tool to incorporate lysine, the firsiting amino acid in wheat products, into gluten
Cross-linking with glutamine using TGase promotggirle availability. However, the incorporation
of molecules to "protect” glutamines as a way thuoe the toxicity of gluten has not been exploited
yet. The attachment of GIUN can represent a poteok in this direction. In this way, the
conjugation method could be highly effective to nfpgeptides. The use of GIuN and TGase can
be employed to create innovative functional peptide mixtures of peptides, using a mild
temperature process. Additional studies have topbdormed to improve the final yield of

glycation/glycosylation process and to test thbeibtg of these new compounds over time.
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| can summarize the results of my thesis taking odnsideration the steps included in the

original project.
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My research can not be regarded as exhaustiveacinskeveral points need to be further
elucidated and developed: i.e. the nature of tigh MW protease release b lipolytica the
identification of the most active peptides in rigat to their specific bioactivities, and the
optimisation of the glycation reaction in relatimthe food by-products and their hydrolysis when
proteases released BNy lipolyticaare employed. However, | tried to integrate thiect®n and
development of strains endowed with valuable bimetogical potential with a
chemico/technological approach aimed at enablirgg dhhancement of the bioactivities of the

resulting compounds.
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