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Abstract

Peptides are an important nutritional source of amino acids and display
many specific biological functions, such as direct killing of bacteria and
modulating the innate immune response. Host defense antimicrobial
peptides (AMPs) are produced by various mammalian cells and excreted
into bodily fluids including colostrum and milk. The most well character-
ized AMPs are defensins and cathelicidins. Both peptide classes have a
high content of cationic amino acid and amphiphilic regions in their
structure. AMPs, if present in colostrum, may be responsible for combat-
ing invasive pathogens, preventing infection and stimulating the innate
immune response of newborns. AMPs have been detected in both colos-
trum and milk using both immunoassays and proteomic approaches.

The aim of this doctoral work was: i) to use proteomic tools to identify
AMPs in colostrum; ii) to investigate antimicrobial properties of bovine
colostrum and a potential role of colostrum as a modulator of an appro-
priate innate immune response; iii) to gain further insight into the role of
peptides as growth promoting substances.

A non-selective proteomic approach (Nanostructure-Assisted Laser De-
sorption/lonization - NALDI) was used to identify bioactive peptides from
colostrum. The most abundant peptides identified were fragments from
caseins. Although the antimicrobial B-casein fragment was detected,
even if the analyte was 10° fold diluted no host defense AMPs were
found in bovine colostrum samples. Furthermore, initial attempts to
detect antimicrobial activity in colostrum were unsuccessful. Because the
presence of AMPs in colostrum has been previously demonstrated, we
presumed that our negative results were due to suppressing effects
caused by proteins in the colostrum. Therefore, a model system of bo-
vine colostrum and added piscidin, a fish-derived AMP, was developed to
study possible interactions that might preclude straightforward detec-
tion of AMPs.



The results showed that colostrum completely abrogated the antimicro-
bial activity of the added piscidin, which strongly bound to high
molecular weight components in colostrum, presumably casein micelles.
No apparent binding to IgG or whey proteins was observed and degrada-
tion of piscidin in colostrum was found to be negligible. In fact,
colostrum even protected piscidin against degradation by additional
proteases. The antimicrobial activity of the piscidin in this model system
could be recovered using strong denaturants. Colostrum treatment with
strong denaturants and fractionation did not display any antimicrobial
activity against bacteria and we concluded that colostrum from a healthy
cow does not contain host defense AMPs in amounts that inhibit micro-
bial growth.

However, the dialyzed LMW colostral fractions displayed AMP-like activi-
ty with respect to the innate immune response using a murine intestinal
cell line. Low molecular weight colostral components appeared to inter-
fere with bacterial lipopolysaccharides (LPS). AMPs that bind strongly to
LPS have previously been shown to prevent LPS from binding to specific
immune cell surface receptors and reduce or dampen the inflammatory
response. Thus, specific colostral LMW components may have immune-
modulating effects in mammals.

Besides inhibitory effects, small peptides can also promote microbial
growth, even in media abundant in free amino acids. Experiments with
N-labelled yeast hydrolysates showed that both free and peptide-
bound amino acids were consumed by Lactococcus lactis in parallel. The
proportion of amino acids derived from peptides was up to 60 % of the
total amino acid consumption. During later stages of fermentation the
utilization of peptide-bound amino acids decreased, thus indicating that
the more readily assimilated peptides are gradually exhausted from the
growth medium. A considerable efflux of many free amino acids oc-
curred during growth.
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These findings helped us to identify potential metabolic bottlenecks and
this knowledge can be applied to design novel yeast hydrolysates tai-
lored for specific bacterial strains with an optimized content of bioactive
peptides that will maximize growth rates and production yields.

This dissertation contributes to our understanding of the effects of vari-
ous bioactive functions of small peptides, including, antimicrobial
effects, immune enhancement, and growth inducing activity. Our results
indicate that known host defense AMPs, even when present in colos-
trum, cannot display antimicrobial activity because of ionic interactions
with caseins. A more apparent role of small peptides in colostrum is their
ability to modulate the innate immune response of mammals. Finally,
bacterial consumption patterns of several amino acids helped us to iden-
tify potential metabolic bottlenecks.
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Resumé

Peptider er vigtige kilder til aminosyrer, og mange specifikke peptider
har interessante biologiske aktiviteter, som f.eks. direkte drab af
bakterier og modulering af det innate immunsvar. Antimikrobielle
peptider (AMP’er) bliver produceret i forskellige mammale celler og
udskilles i kropsveesker, herunder maelk. De mest velkarakteriserede
AMP’er er defensiner og cathelicidiner, som har et hgjt indhold af
kationiske aminosyrer og amfifile strukturer. AMP’er er fundet i ramaelk,
hvor de kan medvirke i forsvaret mod patogener, forhindre infektioner
og stimulere det innate immunforsvar i nyfgdte. AMP’er i ramalk og
maelk er pavist i immunassays og ved proteomics analyser, men ikke ved
direkte antimikrobielle effekter overfor patogener.

Formalet med dette PhD projekt var at opnd @get forstdelse for
fysiologiske effekter af peptider fra forskellige fégdevarematricer — 1) at
undersgge antimikrobiel aktivitet i forskellige fraktioner fra ramaelk fra
keer og vyderligere undersgge om ramalk pavirker det innate
immunsvar; 2) at anvende proteomics veerktgjer til at identificere og
karakterisere AMP’er i ramelk; 3) at male forbrugsmgnstre af frie og
peptidbundne aminosyrer for en specifik stamme af Lactococcus lactis
for at opna stgrre forstaelse for peptiders rolle som aminosyrekilder ved
overskud af frie aminosyrer.

En non-selektiv proteomics tilgang (Nanostruktur-Assisteret Laser
Desorption Inonisering —NALDI) blev anvendt til at identificere sma
peptider i ramaelk. Peptider, der kunne identificeres ved sekventering,
var fragmenter fra kaseiner, specielt et fremtraedende antimikrobielle B-
kasein fragment, der kunne detekteres selv efter 10° ganges fortynding.
Der kunne ikke detekteres antimikrobielle peptider. Desuden var mine
forspg pa at male antimikrobiel aktivitet i rdmaelk og derigennem at
identificere AMP’er uden succes.
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Derfor udvikledes et modelsystem til at studere mulige interaktioner
mellem ramaelk og tilsat piscidin, et AMP fra fisk, der kunne forklare
vanskelighederne ved direkte pavisning af AMP’er. Mine resultater viste,
at ramaelk fuldstaendigt eliminerede den antimikrobielle aktivitet af tilsat
piscidin, og at fluorescens-maerket piscidin binder kraftigt til
komponenter i ramalk med hgj molekylvaegt, formentlig kasein-miceller,
uden binding til IgG eller valleproteiner. Da nedbrydning af piscidin i
rameaelk var ubetydelig, faktisk beskyttede ramaelk mod nedbrydning af
piscdin efter tilseetning af proteaser, viser mine resultater, at kaseiner er
potentielle transportgrer af AMP’er, som defensiner og cathelicidiner, i
ramaelk og meelk. Selvom tilsat piscidin kunne genisoleres fra ramaelk og
kaseiner ved hjalp af denaturerende reagenser, kunne jeg ikke pavise
endogene AMP’er i ramalk. Hverken ramalk eller lavmolekylzere
fraktioner herfra udviste antimikrobiel aktivitet over for bakterier.

Imidlertid viste fraktioner fra rameaelk AMP-lignende aktivitet med
hensyn til innat immunaktivitet over for en muse tarm celle linie.
Lavmolekylaere komponenter fra rameelk interfererede tilsyneladende
med bakteriel lipopolysakkarid (LPS), som ogsa kunne ses for AMP’er,
der binder kraftigt til LPS, en binding der forhindrer LPS i at binde til
specifikke receptorer pa immuncellernes overflade og derigennem
reducerer det inflammatoriske respons.

Sma peptider kan ogsa fremme vaekst af bakterier. Tilsaetning af
hydrolysater fra geer til veekstmedier, der allerede indeholder overskud
af aminosyrer og nukleotider, forggede vakstraten af bakterier. Forsgg
med °N-maerkede geer hydrolysater viste, at bade frie og peptidbundne
aminosyrer blev forbrugt af Lactococcus lactis parallelt. Andelen af
aminosyrer fra peptider udgjorde op til 60% af det samlede forbrug af
aminosyrer. Senere i vakstforlgbet reduceredes forbruget af peptid-
bundne aminosyrer som tegn p3, at de lettere optagne peptider gradvist
blev forbrugt i vaekstmediet. Der var en betydelig frigivelse af iseer frie
aminosyrer i veekstforlgbet.
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Denne afhandling bidrager til forstaelse for forskellige bioaktive
funktioner af smad peptider: antimikrobielle effekter, immun-
stimulerende og veekst inducerende. Vore resultater indikerer, at AMP’er
enten er tilstede i ramalk i meget lave maengder eller er teet bundne til
kaseiner og derfor ikke har en direkte antimikrobiel effekt over for
patogener. Modelsystemet med piscidin og ramaelk gav indsigt i en mulig
rolle for kaseiner som transportgrer og beskyttere af AMP’er. Den mere
oplagte rolle af rameelk vil derfor vaere at modulere det innate
immunsvar hos pattedyr. Endelig hjalp bestemmelse af forbrugsmgnstre
for flere forskellige aminosyrer os til at identificere begreensninger i det
bakterielle stofskifte. De sidstnaevnte resultater vil kunne anvendes til at
designe nye geerhydrolysater med optimeret indhold af bioaktive
peptider til at opna forbedrede veaekstrater og produktudbytter for
bestemte bakteriestammer.
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Kokkuvote

Peptiidid on olulised aminohapete allikad erinevatele organismidele,
lisaks on neil veel bakterite kasvu inhibeeriv, aga ka indutseeriv ning
immuunsisteemi tugevdav toime. Antimikroobseid peptiide ekspressee-
ritakse paljude imetajate rakkudes, kust nad omakorda satuvad
ringlusega organismi erinevatesse kudedesse. Nii jouavad antimikroob-
sed peptiidid imetajate rinnapiima, kus nende funktsiooniks on vdidelda
organismi tungivate patogeensete bakteritega, hoida dra infektsiooni
tekkimist ning lisaks stimuleerida vastsiindinu immuunsiisteemi. Hetkel
on koige paremini ja tapsemini kirjeldatud kaks suurt antimikroobsete
peptiidide rihma — defensiinid ja katelitsidiinid, millel on hulgaliselt alu-
selisi, positiivselt laetud aminohappeid ja amfifiilset struktuuri.
Ternespiimast (kolostrumist) on antimikroobseid peptiide leitud nii im-
munoloogiliste kui ka proteoomika meetoditega, aga (Ullatuslikult
puuduvad uuringud, mis otseselt téestaks selle olulise imetajate sekreedi
patogeensete bakterite kasvu inhibeerivat toimet.

Kéesoleva uurimuse eesmargiks oli valja selgitada ternespiimas leiduvate
peptiidide bioaktiivne toime, kontsentreerudes otsestele voi kaudsetele
antimikroobsetele omadustele ning lisaks uurida ternespiima rolli im-
muunsisteemi tugevdamisel. Selleks arendasime ja katsetasime
erinevaid, nii biotestidel kui ka proteoomikal pdhinevaid metoodikaid.
Lisaks arendasime valja metoodika uurimaks peptiidide transporti ja
ainevahetust bakterirakkudes, kasutades '°N-margist ja mass-
spektromeetriat.

Proteoomika meetoditest kasutasime esmakordselt madalmolekulaarse-
te peptiidide detekteerimiseks ternespiimast nanostruktureeritud laser-
desorptsioon-ionisatsiooni (NALDI). See vdimaldas meil identifitseerida
B-kaseiini antimikroobse fragmendi, kuid kahjuks mitte Ghtegi defensiini
ega katelitsidiini.
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Ternespiima bakterite kasvu inhibeerivat toimet ei Onnestunud de-
monstreerida ka otsestes bioaktiivsuse testides. Kuna aga kirjanduse
andmed viitasid selgelt defensiini ja katelitsidiini olemasolule ternespii-
mas, kontrollisime bioloogilise testi toimimist kaladest parit
antimikroobse peptiidiga piscidin, millel on vaga sarnane molekulaarne
struktuur eelmainitud bioaktiivsete peptiididega. Testid naitasid, et kui
piscidini lahus inhibeeris nii Gram positiivsete kui ka negatiivsete bakteri-
te kasvu, siis kolostrumi lisamisega see efekt kadus. Edasised katsed
demonstreerisid veenvalt, et piscidin seondub tugevalt ternespiimas
leiduvate kaseiinidega. Veelgi enam, kolostrum kaitses seotud piscidini
proteoliilisi eest. See viitab kaseiinide vbimele siduda ja transportida
madalmolekulaarseid, kaasa arvatud antimikroobseid komponente ime-
taja seedetraktis. Siiski, hoolimata asjaolust, et me olime vdimelised
vabastama seotud piscidini kaseiinidest guanidiinhldrokloriidi toimel, ei
suutnud me ternespiimast samu votteid kasutades vabastada ega ka
identifitseerida lihtegi teist antimikroobset peptiidi.

Edasi jatkasime katsetega tGestamaks lehma ternespiima immuunsis-
teemi aktiveerivat toimet imetaja seedetrakti rakkudes. Katsete kaigus
tdestasime, et kolostrumi madalmolekulaarne komponent seondus bak-
teriaalse lipopolisahhariididega labi elektrostaatilise interaktsiooni, nagu
seda teeb ka enamik antimikroobseid peptiide. Selline seondumine takis-
tab lipopolisahhariididel koerakkude seintele kinnitumast ning
seondumist spetsiifiliste rakupinna retseptoritega ning hoiab dra edasise
poletikulise reaktsiooni tekke. Seega, ternespiimal vdib olla imetaja im-
muunsisteemi aktiveeriv ja tugevdav toime.

Lisaks antimikroobsele efektile uurisime peptiidide vdimet stimuleerida
rakkude kasvu. Tootasime valja mudelslisteemi, kus peptiidide allikana
kasutasime °N margistatud parmiekstrakti. To6tasime vilja metoodika
LC/MS-ile, et maarata peptiid-seotud (*°N rikastatud) ja vabade amino-
hapete tarbimist Lactococcus lactises.

Tulemused néitasid, et L. /actis tarbis nii vabu kui ka pdarmi hidroliisaa-
dist saadud aminohappeid paralleelselt. Kui katse alguses tarbis bakter
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umbes 60% ulatuses aminohappeid peptiidsel kujul, siis fermentatsiooni
Idppedes oli margata rohkem vabade aminohapete tarbimist, kuna pa-
remini omastatavad peptiidid I6ppesid toitekeskkonnast otsa.

Antud t66 annab Ullevaate peptiidide funktsionaalsusest ternespiimas,
seda nii bakterite kasvu inhibeerimise ning stimuleerimise kui ka im-
muunsisteemi tugevdamise aspektidest. Meie tulemused nditasid, et
antimikroobseid peptiide esineb lehma ternespiimas kas vdga minimaal-
ses koguses vdi on nad tugevalt kaseiinidega seotud ning seega ei saa
nad vdhemalt enne nende vabastamist toimida. Teisalt naitasid katsed
piscidiniga, et kaseiinide roll on olla antimikroobsete peptiidide sidujaks
ja kandjaks, kaitstes neid imetaja seedetraktis proteoliitiliste ensiitimi-
de eest. Tahtsam kui ternespiima otsene antimikroobne aktiivsus on
pigem tema immuunsiisteemi toetav ja aktiveeriv toime. Viikeste pep-
tiidide toime wuurimine mikroorganismidele lubab oletada, et ka
ternepiimas vdivad need bioaktiivsed komponendid pigem stimuleerida
kui inhibeerida mikroobide kasvu.
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1. Introduction

Besides possessing nutritional value, peptides have several important
functions in various organisms: antibacterial, antifungal, antiparasite,
antiviral, antitumor, antioxidative, antihypertensive, anti-inflammatory,
immunoregulating, cell growth inducing, hormone signaling and health
activities (Fig. 1). Peptides with antimicrobial activity provide defense
against invasive pathogens and have excellent properties to kill many
common antibiotic-resistant bacterial strains (Noga et al. 2009;
Tomasinsig et al. 2010; Wang et al. 2011). Antimicrobial peptides (AMPs)
are generally considered an important part of the innate (non-adaptive)
immune defense system.

Antimicrobial peptides are encoded by AMP genes and produced ribo-
somally, mainly as prepropeptides. Host-defense AMPs are produced in
specialized immune-competent cells by all living organisms, including
bacteria, fungi, plants, invertebrates, and vertebrates. Roughly 2400
peptide sequences with antimicrobial activity have been described to
date (Wang et al. 2009). In addition, some bioactive peptides are encod-
ed within protein sequences with no obvious antimicrobial or other
specific function. These peptides are either released during food pro-
cessing, enzymatic degradation, or gastrointestinal digestion (Korhonen
& Pihlanto 2006; Phelan et al. 2009). Some peptides with antibiotic
properties, such as vancomycin and surfactin, are produced by bacteria
and fungi using non-ribosomal peptide synthetases (Wiesner & Vilcinskas
2010; Marahiel 2009).

AMPs are relatively small molecules that typically possess a net positive
charge and rapidly bind to bacterial membranes, form pores, and Kkill
bacteria (Boman 2003; Cormican et al. 2008; Conlon & Sonnevend 2010).
Host defense AMPs work to enhance host organism immune systems
(Hancock & Sahl 2006; Steinstraesser et al. 2011).

They are able to stimulate the expression of cytokines, which, in turn,
control the subsequent immune response (Garofalo 2010).
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Furthermore, some AMPs play an anti-inflammatory role by blocking the
inflammatory response and septic shock in host organisms (Zhang & Falla
2010).

Antibacterial
Antifungal
Antiviral

Non-ribosomal antibiotics

Bioactive peptide

Derived from proteins

y

Antibacterial Antibacterial

Antifungal Antithrombotic
Antiviral Antihypertensive
Antitumor Antioxidative
Anticancer ACE-inhibitory
Anti-inflammatory Antiparasite
Antiparasite Immunoregulating
Immunoregulating Inducing the cell growth
Inducing the cell growth

Wound healing

Figure 1. Different types of bioactive peptides and their activities.

Other AMPs are effective agents against various fungi and commensal
yeasts, which could turn infectious after the attenuation of the immune
systems in several plants and animals (Ng 2004). Some fungi also pro-
duce antifungal peptides to combat other competing fungi (Gun Lee et
al. 1999).
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Many bacteria have adopted the same strategy, such as Lactococcus
lactis, which produces an antibacterial peptide nisin that is able to Kkill
other Gram positive bacteria (Reddy et al. 2004).

Some AMPs are thought to impede the spread of Human Immunodefi-
ciency Virus (HIV) and herpes (Zasloff 2002). Furthermore, studies show
that AMPs could prevent the transmission of HIV from mother to infant
during breast feeding (Bosire et al. 2007; Kuhn et al. 2007). Besides their
use in virus therapy, AMPs have also been implicated in the control of
cancer. When these peptides are not toxic to healthy eukaryotic cells,
but interact electrostatically with bacteria and cancer cells, they could be
used to develop new anticancer drugs (Hoskin & Ramamoorthy 2008).
Finally, AMPs also function as growth promoting factors and participate
in wound healing, thereby contributing to the integrity and health of the
organism (Yeung et al. 2011).

Milk and particularly colostrum are considered sources of useful AMPs
that are beneficial by specifically defending the mammalian organism
from infection. Colostrum peptides have been suggested to provide
antimicrobial defense against invasive pathogens and support both the
mother and newborn immune system. The most well characterized
AMPs in both the human and bovine genomes are defensins and catheli-
cidins. Both families are comprised of small AMPs that range between
20-40 amino acids with cationic and amphiphilic structures (Wiesner &
Vilcinskas 2010). Besides AMPs, milk and colostrum are rich in small
peptides derived from proteins that inhibit the angiotensin I-converting
enzyme (ACE) (Korhonen & Pihlanto 2006; Korhonen 2010) and provide
antioxidative and growth promoting effects that accelerate both growth
and healing of the organism (Korhonen & Pihlanto 2006; Erdmann et al.
2008; Godhia & Patel 2013).

The aim of this work is to investigate the presence of various AMPs in
colostrum and characterize their potential role as antimicrobial and im-
mune system enhancing agents.
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2. Literature review

2.1. Milk and colostrum

Milk is a complex bio-fluid synthesized in the mammary gland and pro-

vides an ample supply of nutrients and protective factors (Table 1).

Colostrum is a term for the early milk produced a few days before and

after delivering the baby and is rich in proteins compared with milk (Fig.

2). These include lactoferrin, immunoglobulins (Ig) and growth factors
(Playford et al. 2000; Korhonen 2010; Godhia & Patel 2013). The protein
concentration in bovine colostrum can be 149 mg/ml and is much higher

than the 37 mg/ml typical of human colostrum (Table 1).

Table 1. Nutritional composition of human and bovine colostrum and milk.

Nutritional Colostrum, (mg/ml) Milk, (mg/ml) Reference
component
Human Bovine Human Bovine
Protein 37.0! 149* 12.0% 32.0° }(Godhia & Patel 2013)
?(Ballard & Morrow 2014)
3(Haug et al. 2007)
Casein 3.0% Low 3.2-5.6* 28.0° 4(Kunz & Lénnerdal 1990)
concentra- 5(Christiansen 2010)
tion® 5(Morris, G 2002)
Immuno- 0.43- 20-1508 0.04-1.07 0.5-1.0% ’(Stelwagen et al. 2009)
globulin 17.357 8(Korhonen & Pihlanto 2006)
B-lactoglobulin  Not 8.0%° Not found® 3.3 (Korhonen 2009)
detected® %(Korhonen 2010)
a-lactalbumin 3.6-5.01  3.0% 1.03-1.57* 1.2% (Montagne et al. 1999)
2(Ldnnerdal & Glazier 1985)
Lactoferrin 7.08 1.5 1.0% 0.18 3(Brock 1980)
Lactose 53.0 26.0* 78.07 53.0°
Fat 29.0* 67.0* 36.0? 33.0°

Senda et al. (2011) found that the concentration of caseins and immuno-

globulins drastically decrease in bovine colostrum 48 hours postpartum,

while the concentration of both a-lactalbumin and B-lactoglobulin in-

crease (Senda et al. 2011).
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Later, colostrum turns into mature milk that is more dilute and contains
less protein mass and more sugars than colostrum (Table 1). For exam-
ple, human milks contains 87 % water, roughly 4% fat, and 9% other
compounds such as lactose, proteins, vitamins, and minerals (Zimecki &
Kruzel 2007).

2.1.1. Major proteins in milk and colostrum

The milk and colostrum of most mammals contains many casein micelles,
which act to fluidize proteins and solubilize both calcium and phosphate
(Farrell et al. 2002). Milk and colostrum contain asi-casein, as;-casein, B-
casein, and k-casein and the molecular weights of these proteins range
between 20-26 kDa. Caseins are phosphorylated on several serine resi-
dues in the Golgi complex to promote interaction with calcium:
Osi- casein has eight, B-casein has five, and k-casein one phosphoserine
residue (Kumosinski et al. 1991; Kumosinski et al. 1993a; Kumosinski et
al. 1993b). These phosphate groups bind calcium and form large molecu-
lar micelles to encapsulate and deliver Ca?* (Farrell et al. 2002). k-casein
is responsible for stabilizing casein micelles and causes micelle coagula-
tion after hydrolysis by rennet (Creamer et al. 1998). In addition, casein
micelles are capable of binding antioxidants of plant origin through both
hydrophobic and hydrophilic interactions (Bourassa et al. 2013). Moreo-
ver, electrostatic binding to casein provides protection against enzymatic
degradation for some important small molecules, including insulin
(zhang et al. 2008) and piscidin (Kitt & Stagsted 2014).

The most abundant class of proteins in colostrum and milk are whey
proteins. During normal lactation, the proportion of whey proteins with-
in total protein in human milk varies from 80% in early lactation to 50%
in late lactation (Lonnerdal 2003).

In bovine colostrum, the proportion of whey proteins and caseins is 60-
80% at first and decreases to ~20% in mature milk (Korhonen 2010). The
major bioactive proteins in whey are immunoglobulins, B-lactoglobulin,
a-lactalbumin, lactoferrin, lactoperoxidase, lysozyme, and growth factors
(Ibeagha-awemu et al. 2010; Korhonen 2010).
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The most abundant immunoglobulin in bovine colostrum and milk is
IgG1, while IgA is the most abundant immune protein in human milk
(Stelwagen et al. 2009). Still, bovine colostrum also contains 1gG,, I1gM,
and IgA (Stelwagen et al. 2009). Immunoglobulins are acquired intact
from both colostrum and milk and play a critical role in providing passive
immunity to mammalian newborns (Korhonen et al. 2000; Stelwagen et
al. 2009). During late lactation, immunoglobulins are partially replaced
by a-lactalbumin (16 kDa) and B-lactoglobulin (19 kDa) (Levieux & Ollier
1999; Senda et al. 2011). B-lactoglobulin constitutes between 5 to 10%
of all proteins in bovine milk (Table 1) and half of all proteins found in
whey. It functions as a carrier for vitamins, lipids, and peptides, and
provides antioxidative, immune system enhancing, anticarcinogenic, and
antibacterial properties (Korhonen 2009; Korhonen 2010). a-lactalbumin
functions within the lactose synthase protein complex in mammary
glands, and is an important factor for lactose production and a valuable
source of essential amino acids for newborn mammals. Moreover, pep-
tide fragments from a-lactalbumin hydrolysis display ACE-inhibitory,
antimicrobial, and anticarcinogenic activity (Chatterton et al. 2006).
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Figure 2. The main components of bovine colostrum.

The main antimicrobial protein within colostrum and milk is lactoferrin,
which is a glycoprotein with a molecular weight of ~80 kDa (Brock 1980;
Saito 2009; Korhonen 2010). Both human and bovine lactoferrin is en-
coded by the LTF gene and the protein is stored in secondary granules of
neutrophils. Degranulation releases this bioactive protein into blood or
colostrum and milk, depending on the location of the neutrophils (Brock
1980; Adlerova et al. 2008). In human colostrum, the lactoferrin concen-
tration is seven times higher than in bovine colostrum (Table 1). The
main function of lactoferrin is to bind and facilitate absorption of ferric
ions in newborn mammals (Brock 1980; Gonzalez-Chavez et al. 2009).
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Furthermore, lactoferrin possess antibacterial, antiviral, anti-
inflammatory, antioxidative, and antiparasite activity (Adlerova et al.
2008; Gonzalez-Chavez et al. 2009; Park 2009; Korhonen 2010). These
functionalities are all facilitated by the tight binding or sequestering of
iron, which is essential for bacterial metabolism, which explains the ob-
served antibacterial effect (Fig. 3) (Zimecki & Kruzel 2007).

/
)
sk 60
\_- (
Fe%4 §TYR 92
w A

HIS 253

Figure 3. A predicted structure of lactoferrin. a) Lactoferrin polypeptide con-
tains two homologous globular domains, termed the N (amino)-and C
(carboxy)-lobes. These both contain two subdomains, N1, N2 and C1, C2. The N-
lobe contains one iron binding site and the C-lobe another (indicated with small
white globes). The small c illustrates the C-terminus and small n the N-terminus
and rainbow coloring indicates the transition from the C- to the N- terminus. b)
Iron-binding pocket in the N-lobe of lactoferrin. The iron interacts with one
aspartic acid, one histidine, and two tyrosine residues; the arginine residue is
responsible for binding a carbonate ion (adopted from (Garcia-Montoya et al.
2012)).

There are several small peptides that result from the enzymatic degrada-
tion of lactoferrin that display strong antimicrobial activity. For example,
lactoferricin B (FKCRRWQWRMKKLGAPSITCVRRAF) is generated from the
lactoferrin36-%° sequence after pepsin digestion. Lactoferricin B has anti-
fungal and antibacterial activity and induces bacterial membrane
perturbation (Wakabayashi et al. 1999).
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Lactoferrampin (WKLLSKAQEKFGKNKSR) is a bioactive peptide derived
from the N1-domain of lactoferrin?68-284 and has antibacterial and anti-
fungal activity. The antimicrobial activity of this peptide is due to the
positively charged amino acids near the C-terminal end, whereas the N-
terminal part forms the helical structure (van der Kraan et al. 2005)

Another antimicrobial protein is lactoperoxidase (69 kDa), which forms
1% of whey proteins and is the most abundant enzyme in bovine milk
(Smolenski et al. 2007; Saito 2009; Alonso-Fauste et al. 2012). The main
function of lactoperoxidase in milk is to catalyze the oxidation of thiocy-
anate by hydrogen peroxide (Saito 2009) to produce a strong
antimicrobial agent hypothiocyanite (Fonteh et al. 2002).

Cytokines are polypeptides expressed in the human and bovine mamma-
ry gland that have pro- and anti-inflammatory properties (Compton et al.
2009; Garofalo 2010). Cytokines, such as interleukins (IL) and the tumor
necrosis factor (TNF), tend to bind with cellular factors and contribute to
both developmental and immune system functions (Garofalo 2010).
Furthermore, osteopontin (~31 kDa), the major matrix protein in bones
that is also found in milk, has cytokine-like properties (Reinholt et al.
1990) that are primarily responsible for both the maintenance and
health of bones and teeth, but also accelerates wound healing (Sodek et
al. 2000). In addition, a mixture of proline-rich polypeptides (500-3000
Da), termed clostrinin, can be derived from colostrum. Clostrinin pep-
tides are either specifically secreted or arise from the degradation of
proteins. Clostrinin peptides are responsible for leukocyte proliferation
and induce expression of cytokines (Kruzel et al. 2001). The antiviral
activity of colostrum is provided by mucins, which are high molecular
weight glycoproteins that are secreted into milk and transferred into the
immunologically naive neonatal gut to suppress the invasion of rotavirus
causing diarrhea (Dowbenko et al. 1993; Newburg & Walker 2007). Mu-
cin-lipid aggregates impede the virus through a fat globule-mucin
conglomerate, which binds the virus and deactivates it (Yolken et al.
1992).
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2.1.2. Small peptides in milk and colostrum

Milk and colostrum both contain short peptide sequences embedded
within various proteins that are inactive when part of the proteins, but
become active when released during food processing, fermentation, and
gastrointestinal digestion by pepsin, trypsin, and chymotrypsin
(Korhonen & Pihlanto 2006; Zimecki & Kruzel 2007; Korhonen 2010).

During fermentation of cheese, yoghurt, and sour-milk, bioactive small
peptides derived from milk proteins are released (Korhonen & Pihlanto
2006; Erdmann et al. 2008). These peptides have antihypertensive ef-
fects by inhibiting the activity of ACE and therefore reducing blood
pressure. ACE-inhibitory peptides are only a few amino acids long and
are mainly derived from casein and whey proteins (Fitzgerald et al.
2004).

The most well described ACE-inhibitory peptides are VPP and IPP derived
from B- and k-casein by Lactobacillus helveticus in fermented sour milk.
Both of these tripeptides have been tested in clinical trials (Korhonen &
Pihlanto 2006; Zimecki & Kruzel 2007; Sharma et al. 2012). Antihyperten-
sive peptides are found in cheese (aS:- casein fragments 1-6, 1-7, and 1-
9 and B-casein fragments 58-72 and 60-68) and in sour milk (B-casein
fragments 74-76 and 84-86 and k-casein fragment 108-111). Yoghurt also
exhibits weak ACE-inhibitory activity, however, the peptide fragments
have not yet been identified (Korhonen & Pihlanto 2006).

Moreover, milk peptides have other health promoting activities. For
example, the glycomacropeptide (GMP) is derived from k-casein after
enzymatic digestion. Chymosin cleaves k-casein between Met % and
Phe 1%, thereby releasing para-k-casein fragment 1-105 and GMP frag-
ment 106-169 (Saito 2009). GMP prevents cavities, clotting of blood, but
also provides antiviral and antibacterial activity (Shah 2000; Korhonen &
Pihlanto 2006; Zimecki & Kruzel 2007). These GMPs are also active in the
intestines of infants and induce growth of bifidobacteria (Idota et al.
1994; Park 2009).
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In addition, para-k-casein is an important source of disulfide/sulfhydryl
groups derived from cysteine/cysteine residues that promote bifidobac-
terial growth (Poch & Bezkorovainy 1991). A flourishing commensal
microbiota effectively inhibits the growth of invasive pathogens and
prevents development of gastrointestinal diseases of the newborn
(Brody 2000). Furthermore, small peptides released from caseins have
antioxidative effects via free radical scavenging and thereby prevent lipid
peroxidation (Korhonen & Pihlanto 2006).

Small peptides, such as immunopeptide (LLY) and [-Casokinin-10
(YQQPVLGPVR), derived from B-casein have immunostimulatory effects
(Park 2009). Moreover, casein fragments can have both opioid agonist or
antagonist activity, meaning that these peptides have morphine-like
effects that either activate or block opioid receptors (Shah 2000). For
example, some opioid agonists are derived from B-casein (YPFPG; YPFVE;
YPFP-NH;) and opioid antagonists from k-casein (YPSY(O-CHs); YPSY-
GLNY; YPYY(O-CHs); YIPIQYVLSR) (Shah 2000; Park 2009).

Other milk proteins also contain sequences of small active peptides, such
as a-lactalbumin®®>® (YGLF) and B-lactoglobulin#*14® (ALPMHIR), that
have ACE-inhibitory activity (Shah 2000). Small bioactive peptides within
functional foods may strengthen resistance towards cardiovascular
(Erdmann et al. 2008) and gastrointestinal diseases (Donnet-Hughes et
al. 2000; Playford et al. 2000), prevent arthritis (Korhonen 2010), and are
used in the therapy of both psoriasis (Pouliot & Gauthier 2006) and
Crohn’s disease (Fell et al. 2000).

2.1.3. Growth promoters in milk and colostrum

Colostrum may be the most important source of bioactive peptides in
the early stage of newborn development and may provide growth pro-
moting and health-strengthening components (Fig. 2).
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The main growth factors in bovine colostrum are the epidermal growth
factor (EGF) family that includes beta cellulin, fibroblast growth factors
(FGF1 & FGF2), insulin-like growth factors (IGF-1 & IGF-Il), transforming
growth factors (TGF-B1 & TGF-B2) and platelet-derived growth factor
(Gauthier et al. 2006; Korhonen 2010). These growth factors are be-
tween 6-30 kDa, and are found in higher concentrations in colostrum (up
to 40 mg/L) compared with milk (up to 2 mg/L). Their concentrations are
highest during the first hours after calving and drop dramatically after-
wards. These bioactive molecules may contribute to cell growth, induce
immune system responses and protect and repair tissues (Korhonen
2010). It has been shown that growth factors will survive heat treatment,
pasteurization, and strong denaturants, which indicates that these pep-
tides are stable and may retain their functionality in processed colostrum
and milk products (Gauthier et al. 2006).

2.1.4. AMPs in milk and colostrum

AMPs in milk and colostrum provide protection for the mammary glands
of lactating mammals (Murakami et al. 2005; Armogida et al. 2011) and
are probably important for defense against mastitis (Roosen et al. 2004;
Swanson et al. 2004). However, AMPs also provide growth-inducing and
immune-enhancing molecules for the newborn (Bosire et al. 2007; Wang
et al. 2014). Milk and colostrum contain two major groups of AMPs:
defensins and cathelicidins. These are either secreted into the milk by
epithelial cells of the mammary gland or by immune cells, e.g. neutro-
phils, present in both milk and colostrum (Reddy et al. 2004). The
research that explores the roles of these AMPs in both milk and colos-
trum is analyzed in the following sections.

2.2. Peptides with antimicrobial activity

There are two major classes of antimicrobial peptides. The first class is
mainly produced by bacteria and fungi and represents non-ribosomally
synthesized peptide antibiotics, which contain non-proteinogenic, D-
amino acids and often have a cyclic or branched structure (Wiesner &
Vilcinskas 2010).
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These antimicrobial peptides, such as tyrocidine, bacitracin, bacillibactin,
vancomycin, cyclosporine, and surfactin, are produced by non-ribosomal
peptide synthetases (Marahiel 2009; Wiesner & Vilcinskas 2010).

The second class is gene encoded and synthesized by ribosomes in a
wide variety of organisms. Proteomic studies in mammals show that
from all identified proteins and peptides, between 15 to 30 % are in-
volved in various defense mechanisms (lbeagha-awemu et al. 2010;
Addis et al. 2011; Hettinga et al. 2011). This class of peptides can be
subdivided into subgroups (Fig. 1). Cryptic peptides are one such group
and are produced by enzymatic degradation of proteins (Zimecki &
Kruzel 2007). Another subgroup, termed lantibiotics, contains members
that are widely used as preservatives in the food industry. The most well-
known lantibiotic is nisin from Lactococcus lactis (Liu & Hansen 1990; de
Vos et al. 1993; Willey & van der Donk 2007), which contains unusual
residues of dehydroalanine and dehydrobutyrine and has Gram positive
antimicrobial activity already at nanomolar concentrations (Yeaman &
Yount 2003; Reddy et al. 2004). The third subgroup are AMPs which
include defensins and cathelicidins that are specifically expressed in
immune-competent cells and released in response to infection or injury
(Hancock & Lehrer 1998). It is this group that is the primary focus of the
work presented herein.

2.2.1. Host defense antimicrobial peptides (AMPs)

AMPs are also termed host defense peptides (Brown & Hancock 2006)
and are produced by immune-competent cells to provide a rapid and
efficient defense against a wide variety of pathogens. AMPs are present
in a wide variety of organisms, including, vertebrates (Andreu & Rivas
1998; Brogden et al. 2003; Zairi et al. 2009; Wang et al. 2011), inverte-
brates (Andreu & Rivas 1998; Dimarcq et al. 1998; Reddy et al. 2004; Li et
al. 2012), bacteria (Aymerich et al. 1996; Corr et al. 2007), fungi (Gun Lee
et al. 1999; Rodriguez-Martin et al. 2010), and plants (Garcia-Olmedo et
al. 1998; Zasloff 2002).
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For example, AMPs have been investigated in the mammary glands and
milk of several domestic ruminants, including, sheep (Addis et al. 2011;
Addis et al. 2013), goat (Zhang et al. 2014), and buffalo (Das et al. 2009).
Australian mammals, such as the tammar wallaby, produce a promising
antimicrobial cathelicidin WAM1 which works effectively against treat-
ment-resistant P. aeruginosa without affecting the viability of human red
blood cells (Wang et al. 2011). Moreover, frogs from tropical areas pro-
duce dermaseptins and magainins in their skin glands which could be
used in the future as spermicidal contraceptives and for sexually trans-
mitted infection control (Zairi et al. 2009). Piscidins, a family of AMPs
derived from fish and used as model AMPs during my study, have strong
bacterial cell disruption activity yet do not harm eukaryotic cells
(Campagna et al. 2007; Noga et al. 2009).

AMPs kill invasive and hazardous parasites, bacteria, fungi, and viruses
and are present throughout the body, from the stomach, intestines, and
kidney to saliva, sweat, blood, and milk, to small cells such as epithelial
and mast cells, neutrophils, and lymphocytes (Bals et al. 1998; Reddy et
al. 2004; Zanetti 2005). AMPs are particularly abundant in cells exposed
to the external environment, e.g., lungs, the gastrointestinal tract, and
skin, because this is the first line of defense and also highest numbers of
pathogenic insults occur in these tissues (Bals et al. 1998; Cole et al.
2000; Dorschner et al. 2003).

Most AMP genes are clustered in one region of the genome and are
translated as prepropeptides. The N-terminal pre-segment is responsible
for forming stable secondary polypeptide structures via disulfide bonds.
The mature C-terminal and often cationic antimicrobial segment ac-
quires its activity only after cleavage of the pro-sequence (Reddy et al.
2004). The antimicrobial part could be cleaved off during subsequent
intracellular processing or as part of the secretion process of the mature
protein into the extracellular space (Bals 2000).
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AMPs usually contain between 12 to 50 (less than 100) amino acids
(Wiesner & Vilcinskas 2010). AMPs are typically cationic and amphiphilic
and contain several positively charged amino acids and a clear segrega-
tion of hydrophilic and hydrophobic parts in their structure. However,
there are also reports of anionic AMPs that contain no basic amino acids
(Lai et al. 2002; Lai et al. 2007). The structure of AMPs varies from a
linear cysteine free a-helix and B-sheet with stabilized disulfide bridges
to unusual structures with an excess of a particular amino acid (Brogden
et al. 2003; Wiesner & Vilcinskas 2010), e.g., tryptophan or proline. Hu-
man and bovine defensins and cathelicidins are two main antimicrobial
families with several members.

2.2.1.1. Defensins

Defensin peptides are between 18-45 amino acids long, amphiphilic, and
positively charged (Fig. 4) (Selsted & Ouellette 2005). Defensins contain
six conserved cysteine residues, and the position of these in the se-
guences divides the group into a- and B-defensins that form triple-
stranded B-hairpin structures with three or four disulfide bridges (Boman
2003; Wiesner & Vilcinskas 2010; Li et al. 2012). a-defensins are only
found in mammals, whereas B-defensins are expressed in many different
vertebrates, invertebrates and plants (Boman 2003). Some primates also
express O-defensins, which are modified a-defensin genes (Selsted &
Ouellette 2005). 8-defensins contain double-stranded B-sheets, made
from two separate defensins and united with disulfide bonds (Boman
2003).
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Figure 4. Monomeric structure of human B-defensin 2 (HBD-2). Rainbow color-
ing indicates transition from the N- to C-terminus. Cationic residues are marked
with blue, hydrophobic residues are orange, and anionic residues are red.
Adopted from (Suresh & Verma 2006).

Human a-defensins are mainly located in neutrophils and macrophages,
but are also found in other leukocytes and small intestinal Paneth cells
(Grigat et al. 2007). Human B-defensins are mainly produced by epitheli-
al cells (Yang et al. 2002).

Defensins have activity against several pathogens, including, viruses,
protozoa, fungi, and bacteria (Yang et al. 2002; Selsted & Ouellette
2005). The direct killing effect of defensins is due to electrostatic binding
to negatively charged bacterial membrane components, followed by
membrane permeabilization and cell death (Yeaman & Yount 2003).
Additionally, defensins take part in innate and adaptive immune defens-
es through toll-like receptor pathways, including, attracting lymphocytes,
inducing epithelial cell growth, and participating in wound healing
(Zasloff 2002; Wiesner & Vilcinskas 2010).
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2.2.1.1.1. Defensins in the bovine mammary gland, milk and colostrum

A study of the Bos taurus genome indicates that several B-defensins
(Table 2) are encoded in a wide range of body parts, like the digestive
and respiratory tracts and reproductive system (Cormican et al. 2008).
However, there is no evidence in the literature or proteomic databases
that cows express a-defensins (Fjell et al. 2008).

Mastitis and rise in somatic cell count (SCC) are the main accelerators
that enhance the expression of AMPs (Isobe et al. 2013; Kawai et al.
2013). Quantitative reverse transcription polymerase chain reaction (RT-
PCR) analyses show expression of the B-defensin family: lingual antimi-
crobial peptide (LAP), tracheal antimicrobial peptide (TAP), bovine B-
defensin 4 and 10 in different parts of the bovine udder (Tetens et al.
2010; Whelehan et al. 2011). These AMPs provide protection against
invasive pathogens (Fig. 5).

Other B-defensin family members are expressed at different pathological
stages during infection of the cow’s udder, such as neutrophil PB-
defensins (BNBD3, BNBD9, BNBD12). A novel B-defensin, DEFB401, has
only been found in lactating cows that have mastitis caused by Actino-
myces pyogenes (Roosen et al. 2004). Some novel B-defensins (BBD119,
BBD120, BBD122, BBD122A BBD123, BBD124) have also been found in
humans, however, none of these are produced by the mammary gland
(Semple et al. 2003; Radhakrishnan et al. 2005). In contrast, these defen-
sins are detected in both bovine mammary glands and mammary cells
and are secreted into milk (Cormican et al. 2008).

For example, neutrophil B-defensin 5 (BNBD5) is detected in both unin-
fected (Cormican et al. 2008; Compton et al. 2009) and mastitic glands,
however, the concentration is more than tenfold higher in the latter
(Goldammer et al. 2004). During bacterial infection, which triggers the
expression of B-defensin 5, aSi-casein expression is shut down complete-
ly.
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Table 2. Bovine defensins and sequences of the antimicrobial part of propep-
tides (combined using UniProt BLAST database and CLUSTAL O (1.2.1) multiple
sequence alignment). Red letters indicate positively charged amino acids at pH
7.4 (Lysine — K; Histidine — H; Arginine — R).

B-defensin 119 --RRHMLRCMGDLGICRPACRQS-EEPYLYC-RNYQPCCLPFYVRIDISGKEGKNDWSRENRWPKVS
B-defensin 1 ----DFASCHTNGGICLPNRCPGHMIQIGICFRPRVKCCRSW-========-mmmmmmmm - =
B-defensin 11 ----GPLSCRRNGGVCIPIRCPGPMRQIGTCFGRPVKCCRSW-========-mmmmmmmmm oo - =
B-defensin 12 - - - -GPLSCGRNGGVCIPIRCPVPMRQIGTCFGRPVKCCRSW- === =========oooooommm
B-defensin 13 SGISGPLSCGRNGGVCIPIRCPVPMRQIGTCFGRPVKCCRSW=======mmmmmmmmmmm oo o
B-defensin 4 QRVRNPQSCRWNMGVCIPFLCRVGMRQIGTCFGPRVPCCRR-========-----—----—----—---
B-defensin 5 QVVRNPQSCRWNMGVCIPISCPGNMRQIGTCFGPRVPCCRRW-==-=----------------------
B-defensin 10 QGVRSYLSCWGNRGICLLNRCPGRMRQIGTCLAPRVKCCR === === =========ooooommmmn
B-defensin 6 QGVRNHVTCRIYGGFCVPIRCPGRTRQIGTCFGRPVKCCRRW=-======-=------------—-—---
B-defensin 2 --VRNHVTCRINRGFCVPIRCPGRTRQIGTCFGPRIKCCRSW-========-mmmmmmmmm - =
B-defensin 3 QGVRNHVTCRINRGFCVPIRCPGRTRQIGTCFGPRIKCCRSW- === ============ccommmmm
B-defensin 9 QGVRNFVTCRINRGFCVPIRCPGHRRQIGTCLAPQIKCCR===========-=-----—-—--—-—-----
B-defensin 7 QGVRNFVTCRINRGFCVPIRCPGHRRQIGTCLGPRIKCCR=-==========----------------
B-defensin 8 - -VRNFVTCRINRGFCVPTRCPGHRRQIGTCLGPQIKCCR = === == == === == === oo = oo oo oo =
LAP - -VRNSQSCRRNKGICVPIRCPGSMRQIGTCLGAQVKCCRRK === === === oo oo o mmmemm oo
TAP - - - -NPVSCVRNKGICVPIRCPGSMKQIGTCVGRAVKCCRKK = = = = = = = = == = = = oo e e oo
* * * *k
Defensin AMP position MW of peptide
in protein
sequence
MW of AMP, Da MW of total pro-peptide, Da

B-defensin 119 21-83 7583 9805
B-defensin 1 1-38 4278 4278
B-defensin 11 23-60 4163 6507
B-defensin 12 1-38 4106 4106
B-defensin 13 1-42 4450 4450
B-defensin 4 23-63 4783 7161
B-defensin 5 23-64 4808 7228
B-defensin 10 23-62 4527 6928
B-defensin 6 1-42 4839 4839
B-defensin 2 1-40 4649 4649
B-defensin 3 16-57 4834 6325
B-defensin 9 16-55 4559 6049
B-defensin 7 23-62 4573 6964
B-defensin 8 1-38 4359 4359

LAP 25-64 4464 7041

TAP 27-64 4091 6954
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This demonstrates that when some defense mechanisms are initiated,
nutrient production is delayed. This causes a reduction in the yield of
milk (Yang et al. 2006; Petzl et al. 2008).

Mammary epithelial cells express the B-defensin LAP in both healthy and
mastitic bovine mammary glands (Roosen et al. 2004; Isobe et al. 2009a)
where they are further secreted into milk (Petzl et al. 2008). During mas-
titis, mammary epithelial cells increase expression of LAP 50 fold
compared with healthy tissue (Tomasinsig et al. 2010). However, the
concentration and kinetics of the expression of LAP mRNA is independ-
ent of the particular bacteria that caused mastitis and LAP exhibit a late
immune response that does not depend on the pathogen load (Giinther
et al. 2010).

Furthermore, LAP may be activated by pro-inflammatory cytokines be-
cause defensins have been expressed during cytokine-induced fever
during mastitis (Petzl et al. 2008). More precisely, the LAP concentration
in milk increases 2 h after E. coli infection and persists at a high concen-
tration for 12 h up to a few days (Isobe et al. 2009b; Huang et al. 2012).
After this time the immune-stimulating activity of LAP may have initiated
an appropriate immune response (Isobe et al. 2009b).

Comparing LAP expression with other widely ubiquitous defense pro-
teins in milk such as lactoferrin, it seems that LAP and lactoferrin are
localized in different parts within mammary glands. Furthermore, LAP
expression in the epithelial cells of the alveolar epithelium eliminates the
presence of lactoferrin and vice versa. Moreover, when analyzing milk
samples, lactoferrin expression was detected two days after infection,
whereas LAP expression was observed shortly after infection (Huang et
al. 2012). These observations indicate that AMP response may be bipha-
sic with a rapid response of LAP aimed at killing as many bacteria as
possible and thereby attracting neutrophils to the mammary gland, and
subsequently increase in the expression of an iron-sequestering protein
for bacteriostatic purposes.
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B-defensin TAP is found in healthy cow’s udder (Roosen et al. 2004),
whereas expression of TAP mRNA has been detected in both bovine
mammary gland tissue and mammary epithelial cells (Cormican et al.
2008). Moreover, TAP expression increases in mammary gland infected
by S. aureus (Lépez-Meza et al. 2009; Yang et al. 2013). However, in an
attempt to avoid mastitis in ruminants, a mammary gland tissue-specific
expression vector carrying a bovine TAP gene was successfully trans-
ferred into the lactating mammary gland of goats. Milk samples from this
system display antimicrobial activity against both E. coli and S. aureus.
The milk samples from negative control animals did not suppress the
growth of bacteria (Zhang et al. 2007).
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Figure 5. Main defensins and cathelicidins expressed in the udder and secreted into
milk. The illustration provides a cross-section of the bovine udder that indicates the
location of primary defensins and cathelicidins. These AMPs are secreted into milk and
may be found in the fat, skimmed, and cell fractions of milk.
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2.2.1.2. Cathelicidins

Cathelicidins are well characterized antimicrobial peptides that are ex-
pressed and stored in cells as two-domain proteins (Zanetti 2005).
Cathelicidin genes contain four exons, where exons 1 to 3 encode a high-
ly conserved N-terminal cathelin-like domain and exon four encodes the
antimicrobial domain that constitutes the mature protein (Whelehan et
al. 2014).

The cathelin-like domains are 99-114 amino acids long and their name is
derived from cathepsin L, because cathelicidins display cathepsin L inhib-
itor activity (Bals & Wilson 2003). The antimicrobial C-terminus (Fig. 6),
typically between 12 to 100 amino acid residues long, is released via
extracellular proteolysis from the holoprotein to become active
(Heilborn et al. 2005; Takagi et al. 2012).

Elastase cleavage

i3 ?'?¢

Full-length hCAP18 cathelin-like domain |[LL-37

'?“i?'? +

cathelin-like |

Figure 6. Schematic representation of cathelicidin cleavage by elastase. An
inactive full-length precursor is cleaved by enzymes to release two distinct
peptides with complementary actions. S-S indicates disulfide bridges (adopted
with modifications from (Zaiou et al. 2003)).
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The mature cathelicidin peptides are divided into three groups: 1) 23-40
amino acids with a linear a-helix structure (Fig. 7) and no stabilizing di-
sulfide bridges, examples include human LL-37 and bovine BMAP-28
(Zanetti 2005; Wiesner & Vilcinskas 2010); 2) peptides with stabilizing
disulfide bridges that form B-hairpin structures (Fig. 7) such as a porcine
cathelicidin peptide (Bals & Wilson 2003); 3) peptides enriched with one
particular amino acid, such as the proline-rich bovine Bac 5, and 13 resi-
dues long indolicidin (Fig. 7) with five tryptophans (Bals & Wilson 2003;
Zanetti 2005; Wiesner & Vilcinskas 2010).

a-helical .
Trp-rich

7..‘5" Pro-rich

B-hairpin

Figure 7. Major structural classes of cathelicidins as exemplified by (left to
right) human LL-37; porcine cathelicidin; bovine Bac 5 and bovine indolicidin.
Adopted from (Tomasinsig & Zanetti 2005).

Antimicrobial cathelicidins are mainly found in leukocytes, various epi-
thelial cells and granules of macrophages (Boman 2003; Wiesner &
Vilcinskas 2010) where they are released from the N-terminus by neu-
trophil elastase (Hettinga et al. 2011). The main function of cathelicidin is
direct killing of invasive pathogens. The electrostatic interactions be-
tween the cationic cathelicidins and negatively charged bacterial
membrane components leads to cell disruption and death (Tomasinsig &
Zanetti 2005).
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However, cathelicidins enriched in proline also attack intracellular tar-
gets, inhibit DNA and protein synthesis, and thus affect the viability of
bacteria (Tomasinsig & Zanetti 2005).

Humans have only one cathelicidin, LL-37, and the content of this AMP is
almost five times higher compared with defensins in milk (Bals & Wilson
2003; Murakami et al. 2005; Steinstraesser et al. 2011). Mice also have a
single cathelicidin, CRAMP, that has a sequence homologous to human
LL-37 (Boman 2003). Contrary to human and mouse, the bovine genome
contains several cathelicidins (Mollé et al. 2009; Hettinga et al. 2011; Le
et al. 2011). Regardless of species, all cathelicidins display antimicrobial
activity against both Gram positive and Gram negative bacteria
(Murakami et al. 2005; Wang et al. 2011).

2.2.1.2.1. Cathelicidins in the bovine mammary gland, milk and colostrum
The Bos taurus genome has cathelicidin genes clustered in 100 kb long
regions located in the long arm of chromosome 22. Seven protein encod-
ing genes, termed CATHL 1-7 (Table 3), are expressed in the mammary
gland and in leukocytes isolated from milk (Fig.5) (Whelehan et al. 2014).
More precisely, cathelicidins are expressed by epithelial cells in the
mammary gland in ruminants (Addis et al. 2013; Whelehan et al. 2014;
Zhang et al. 2014) and are up-regulated after infection by coliform path-
ogens (Ibeagha-awemu et al. 2010). Also, neutrophils in the mammary
gland contain cathelicidin peptides, and mRNA expressions for these are
increased after E. coli treatment (Tomasinsig et al. 2010).

Bovine cathelicidins 5 and 6, also called myeloid antimicrobial peptides
(BMAP-27 and 28) and cathelicidin 2 and 4 (Bac 5 and Indolicidin, respec-
tively), show broad antimicrobial activity against 28 mastitic pathogens
with varying minimum inhibitory concentration (MIC) values from 0.5 to
32 uM. However, Tomasinsig and colleagues (2010) proposed that lipids
and caseins bind AMPs, which hinders the direct killing activity of pep-
tides against pathogens.
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Their results show that adding lipid components inactivates Bac5 and
indolicidin and suppresses the activity of BMAP-27 and 28. Casein also
inactivates Bac5 and indolicidin but did not affect the activity of BMAP
peptides (Tomasinsig et al. 2010). The same phenomenon is shown in my
publication Il, where the antimicrobial activity of piscidin was completely
abrogated in vitro. This was attributed to electrostatic interactions with
caseins (Kitt & Stagsted 2014).

The presence of immune defense peptides, including cathelicidin-1, 3, 5
& 6 in colostrum, indicates that AMPs are present in the early stages of
lactation to provide host defense effects to both mother and infant
against invading pathogens (Le et al. 2011). In milk and colostrum,
cathelicidins (cathelicidin 1; 2; 4; 6; 7) have been detected in the milk fat
globule membrane (MFGM) (Smolenski et al. 2007; Affolter et al. 2010;
Hettinga et al. 2011). For example, a proteome analysis of MFGM pro-
teins using nano LC-ESl-linear ion trap (LIT)-MS/MS revealed that
cathelicidin-1 is only present in pasteurized and ultra-high temperature
treated milk, and is not present in either raw milk or nutritional powder
for infants (Arena et al. 2011). Therefore, heating of milk may break
molecular interactions that prevented detection, and the apparent con-
centration of cathelicidin peptides increased.

Proteomic analysis of bovine milk samples revealed that in the absence
of infection, AMPs occur only to a small extent and the most abundant
proteins in milk are caseins, B-lactoglobulin, a-lactalbumin (Boehmer et
al. 2008) and bovine serum albumin (BSA) (Boehmer et al. 2010a). With
the first signs of mastitis, such as an increase of SCC (Boehmer et al.
2010a; Danielsen et al. 2010), several immune-regulating pathways will
be activated and cathelicidin AMPs will be expressed and detected in the
milk (Boehmer et al. 2008; Boehmer et al. 2010a; Danielsen et al. 2010;
Ibeagha-awemu et al. 2010; Alonso-Fauste et al. 2012).
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Transgenic cows that can produce extra AMPs and secrete these into
milk may provide additional immune protection and might be beneficial
also for human. A study conducted with transgenic cattle that express
specific gene(s) from human mammary-glands, shows upregulation of
cathelicidin-1 in milk without affecting overall protein profile compared
with control (Zhang et al. 2012).

Table 3. Bovine cathelicidins and amino acid sequences of the antimicrobial
part of propeptides (combined using UniProt BLAST database and CLUSTAL O
(1.2.1) multiple sequence alignment). Red letters indicate positively charged
amino acids at pH 7.4 (Lysine — K; Histidine — H; Arginine — R).

Cathelicidin-1(Bactenecin-1) ------- RLCRIWIRVCR- - —m oo oo
Cathelicidin-3(Bactenecin-7) ------- RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLP - - FPRPGPRP - - -IPRPLPFPRPGPRPIPRP—
Cathelicidin-2(Bactenecin-5) DINCNELQSVRF------ RPPTRR- <= -- === === PPTRPPFYPPFRPPIRPPTFPPIRPPFRPPLGPFP
Cathelicidin-7(BMAP-34) -~ ~AGLFRRLRDSIR- - -RGQQKI L - - - -EKARRIGER TKDI FRG -~~~ == —= ==~ == == == ===~ —— =~
Cathelicidin-6(BMAP-27) —=------———m—ommmmmoe GRFKRFRKKFKKLFKKLSPV- -~ - -~ - IPLLHLG---------
Cathelicidin-5(BMAP-28) —-oomooooooo o GGLRSLGRKILRAWKKYGPT------- IVPIIRIG---------
Cathelicidin-4(Indolicidin) ~-------====--=------o- LPWKWPWWAWRR G == = = == == == == === == -
Cathelicidin AMP position in MW of peptide
protein sequence
MW of AMP, Da MW of total pro-peptide,
Da
Cathelicidin-1 144-155 1486 17600
(Bactenecin-1)
Cathelicidin-3 131-189 6911 21567
(Bactenecin-7)
Cathelicidin-2 131-173 6265 20030
(Bactenecin-5)
Cathelicidin-7 131-164 4210 18848
(BMAP-34)
Cathelicidin-6 132-158 3283 17852
(BMAP-27)
Cathelicidin-5 132-159 3132 17616
(BMAP-28)
Cathelicidin-4 131-143 1964 16479
(Indolicidin)
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2.2.1.3. Piscidin

AMPs such as cathelicidins and defensins have also been found in fish
(Uzzell et al. 2003; Chang et al. 2006; Zou et al. 2007). Fish are constantly
exposed to bacteria and AMPs are found in their skin, gills, and in the
epithelial cells of their intestines (Campagna et al. 2007; Corrales et al.
2010). AMPs are also expressed in leukocytes (Salerno et al. 2007), skin
cells (Cole 1997), and immune cells, including mast cells (Noga &
Silphaduang 2003).

Piscidins form a family of gene-encoded antimicrobial peptides, so
named because they were found in fish (Pisces). Piscidin-1, with a highly
conserved amino terminus, contains 22 amino acids, of which seven are
positively charged at a neutral pH (two arginines, one lysine and four
histidines (Noga & Silphaduang 2003; Campagna et al. 2007). Piscidin-1
has a linear a-helical structure (Fig.8), where polar residues cover one
side of helical cylinder and hydrophobic residues are located on the oth-
er side (Noga & Silphaduang 2003).

Figure 8. Structure of piscidin-1. Hydrophilic and hydrophobic side chains are
colored blue and red, respectively. N- and C-terminal ends of the peptide are
indicated (adopted with modifications from (Campagna et al. 2007)).
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To date, four piscidins have been identified (Fig. 9). Piscidin-1 and pis-
cidin-2 are 95% homologous, whereas piscidin-3 is more divergent and
shows only 70% homology (Noga & Silphaduang 2003). Recently, pis-
cidin-4 was discovered, which has a C-terminal extension compared to
piscidins 1-3 (Noga et al. 2009; Corrales et al. 2010).

Piscidin-1 FFHHIFRGIVHVGKTI - - - - - - HRLVTG- === === == == - =
Piscidin-2 FFHHIFRGIVHVGKTI--- - - - HKLVTG === === === == - =
Piscidin-3 FIHHIFRGIVHAGRSI - - - - - - GRFLTG---=----=-m-m--
Piscidin-4 FFRHLFRGAKAIFRGARQGXRAHKVVSRYRNRDVPETDNNQEEP

Figure 9. Amino acid sequences of piscidins 1, 2, 3 and 4. CLUSTAL O (1.2.1)
multiple sequence alighnment. Red letters indicate positively charged amino
acids at pH 7.4 (Lysine — K; Histidine — H; Arginine — R).

Piscidins are preserved in mast cells and obtained mainly from fish gills,
skin, mucus, and the gastrointestinal tract (Noga & Silphaduang 2003;
Campagna et al. 2007). One study found that the cells that express pis-
cidins are all mast cells, but not all mast cells express piscidins (Corrales
et al. 2010). The expression of piscidin was affected by age, size, and
physiological conditions in various fish species (Corrales et al. 2010).
Moreover, piscidins have mainly been studied in marine bass and are
some of the most salt tolerant antimicrobial peptides that also possess
antifungal, antiviral, and antiparasitic activity (Noga & Silphaduang
2003).

Piscidins are able to permeabilize bacterial cells because they have both
positively charged residues and amphiphilic helical structures (Campagna
et al. 2007; Noga et al. 2009). Piscidins disrupt the cell membrane by
forming toroidal pores that lead to lysis of the pathogen (Campagna et
al. 2007). Much like neutrophils in higher vertebrates, phagocytic granu-
locytes in fish contain piscidin peptides which may play important roles
in both extracellular and intracellular killing of bacteria (Mulero et al.
2008).
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These antimicrobial peptides work against multi-drug resistant bacteria
at relatively low concentrations without affecting the viability of eukary-
otic cells and should therefore be considered novel antibiotics able to
fight mammalian pathogens (Noga & Silphaduang 2003; Noga et al.
20009).

2.3. Mechanisms of action of AMPs

AMPs are host defense molecules that protect the host against invasive
pathogens. The host defense action of AMPs can be divided into two
different mechanisms (Fig. 10) — AMPs may either directly kill bacteria or
they may function as immune system enhancers (Hancock & Sahl 2006;
Steinstraesser et al. 2011).

a‘g L. Host defense
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and sepsis

Figure 10. Biological roles of AMPs that either directly kill bacteria or provide
innate immune modulating activity (adopted from (Hancock & Sahl 2006).
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2.3.1. Direct killing effect

Host defense AMPs are active against both Gram positive and Gram
negative bacteria (Brogden et al. 2003; Reddy et al. 2004). Moreover,
AMPs are also effective against mycobacteria, which resemble Gram
positive bacteria but have a thicker and more hydrophobic cell wall rich
in mycolic acids (Miyakawa et al. 1996). While AMPs kill Gram positive
and negative bacteria through membrane disruption, Mycobacteria tu-
berculosis is killed through phagocytosis by neutrophils facilitated by
AMPs that adhere to the waxy surface of these bacteria (Kisich et al.
2002; Ramdn-Garcia et al. 2013).

The positively charged amino acids of AMPs mediate binding to the ani-
onic cell membrane of bacteria (Matsuzaki 1999). Gram negative
bacteria contain lipopolysaccharides (LPS) as part of the outer mem-
brane, which are strongly negatively charged due to sulfonic acid
moieties in the structure that can be neutralized through interaction
with cationic amino acids in the molecules of defensins and cathelicidins
(Matsuzaki et al. 1999). Similar to LPS, AMPs interact with teichoic acids,
lipoteichoic acids, or lysyl phosphatidylglycerol from Gram positive bac-
teria (Fig. 11) (Lai & Gallo 2009).
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Figure 11. Crosscut of Gram positive (A) and Gram negative bacteria (B) show-
ing both the inner membrane and mechanisms of AMP action. (A) AMP binds to
negatively charged lipoteichoic acid, neutralizes the wall charge and allows
other antibacterial compounds to act, such as lysozymes, which in turn disrupt
the bacterial cell wall. (B) AMP binds to LPS causing it to be liberated thereby
damaging the cell membrane (adopted with modifications from (Gonzalez-
Chavez et al. 2009)).

AMPs do not harm eukaryotic body cells. One explanation is that they
possess cholesterols while bacterial cell membranes are devoid of these
compounds (Boman 2003; Lai & Gallo 2009). Another explanation is that
eukaryotic cell membranes contain more neutral phospholipids that
cannot interact with AMPs (Lai & Gallo 2009).

There are three main models for how antimicrobial peptides rupture the
bacterial membranes. One is termed the barrel-stave model, where the
hydrophobic part of the peptide aligns with the acyl chains of the mem-
brane lipids, while the hydrophilic peptide region forms an inner layer
that allows pore channels to form in the bacterial membrane (Fig. 12A)
(Brogden et al. 2003; Wiesner & Vilcinskas 2010). The toroidal-pore
forming mechanism (Fig. 12B) differs from the barrel-stave model in that
peptides associate over their full-length with the charged lipid head
groups even when they are perpendicularly inserted into the membrane.
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In forming a toroidal pore, the polar surfaces of the peptides associate
with the head groups of the lipids. Both peptides and lipid head groups
line the pore, with the lipid monolayer bending through the pore thereby
forming a toroidal hole (Brogden et al. 2003). In the carpet model (Fig.
12C) peptides lay on the bacterial membrane in parallel due to the elec-
trostatic interactions between cationic AMPs and anionic phospholipid
head groups. Local accumulation of peptides then leads to disruption of
the membrane and formation of peptide-lipid aggregates (Brogden 2005;
Wiesner & Vilcinskas 2010).

Figure 12. Three modes of action how AMPs insert into lipid bilayers and cause
membrane disruption. (A) barrel-stave model; (B) toroidal pore model; (C)
carpet model (adopted from (Park et al. 2011)).

It has also been speculated that in addition to extracellular membrane
disruption AMPs also have intracellular targets. It has been suggested
that some AMPs could inhibit cell wall synthesis, modify bacterial cyto-
plasmic membranes (Yeaman & Yount 2003), bind with DNA, prevent
protein synthesis, or inhibit the activity of various enzymes (Brogden
2005; Wiesner & Vilcinskas 2010).
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Furthermore, AMPs are capable of disrupting organelles, for example
mitochondria, within fungal pathogens much as they do with bacteria
and thereby cause cell death (Yeaman & Yount 2003). In summary, the
precise mechanism of the action of AMPs is not clear, however, AMPs
may also use multiple mechanisms to cause bacterial cell death.

2.3.2. Immune enhancing effect of AMPs

In addition to the “direct killing” of microorganisms, AMPs also have
indirect immune system enhancing properties. AMPs are capable of
modifying mammalian cell membranes and can induce receptors that
accelerate intracellular processes, including mediation of host gene ex-
pression (Lai & Gallo 2009). Furthermore, it has been proposed that host
defense molecules are able to function as chemokines themselves or
induce production of chemokines, release cytokines that control or regu-
late T cells and dendritic cells of the adaptive immune response (Lai &
Gallo 2009). Moreover, AMPs have the ability to affect and accelerate
the process of wound repair (Heilborn et al. 2003).

After attack by an antagonist, the innate immune system of mammals
depends on the activation of receptors that recognize various pathogen-
associated components such as LPS in Gram negative bacteria
(Matsuzaki et al. 1999) or lipoteichoic acids in Gram positive bacteria (Lai
& Gallo 2009). Of specific interest are members of the Toll-like receptor
(TLR) family, which are generally membrane-anchored cell-surface re-
ceptors that recognize specific molecular structures within bacteria,
viruses, fungi, and protozoans (Mogensen 2009). For example, LPS from
Gram negative bacteria electrostatically attracts the CD14 protein in the
relation with Toll-like receptor 4 (TLR-4), which in turn signals expression
of nuclear factor kB (NF-kB) which up-regulates proinflammatory genes
that cause sepsis (Fig. 13) (Mookherjee et al. 2006; Lai & Gallo 2009).
Moreover, LPS also induces overproduction of TNF-a in macrophages,
which leads to septic shock or even cell death (Zhang et al. 1999; Scott et
al. 2002).
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Still, several cationic AMPs, such as human cathelicidin LL-37 (Scott et al.
2002; Mookherjee et al. 2006) or defensins from insects (Saido-Sakanaka
et al. 2004), recognize bacterial LPS and form strong electrostatic inter-
actions that do not allow LPS to bind to CD14 and therefore do not
trigger TLR-dependent inflammatory responses in cells (Lai & Gallo
2009).

|
LL-37
@ Luciferin Luciferin
MD-2

+ ATP + ATP
MID 2 Clb1»4 I GD1»4
TLR 4 TLR 4

B

Figure 13. Bacterial LPS induces NF-kB response in miCcy; cells. A) LPS binds to
CD14 on the cell surface to accelerate the inflammatory response. B) LPS inter-
acts electrostatically with AMPs and binding to CD14 is eliminated. Luciferase
was cloned after the NF-kB promoter and transfected into mlCc, cells. An
increased or suppressed expression of luciferase can then be determined as a
measure of TLR-4 activation after lysis of cells using cycles of freezing and thaw-
ing by addition of ATP and luciferin as substrates and measured as
luminescence.

While newborns lack CD14, human colostrum supplies sufficient quanti-
ties of this protein, and is one reason why it is extremely important for
infants to receive mother’s milk to build up a functional innate immune
system (Walker 2010).
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Therefore, milk and colostrum are not only the first nutritionally bal-
anced food for newborns, but they also aid in immunological protection
(Joss et al. 2009; Armogida et al. 2011; Senda et al. 2011). In cattle, NF-
kB is essential for inducing the B-defensin 5 gene in mammary epithelial
cells triggered by invasive pathogens. One study determined that heat-
killed E. coli and LPS increased the expression of NF-kB by threefold,
which was equivalent to the threefold increase in expression of the B-
defensin 5 encoding gene. On the other hand, RT-PCR results revealed a
25 fold difference in expression of endogenous B-defensin 5 between
uninfected and infected udders. This means that even though the tran-
script factor NF-kB is required for stimulating the expression of AMPs,
the B-defensin 5 expression could also be dependent on other factors
(Yang et al. 2006). These aforementioned host defense properties illus-
trate only a minority of the applications of AMPs assist innate and
adaptive immunity.

2.4. Methods used to identify AMPs

Antimicrobial activity is often measured visually using a radial plate dif-
fusion assay. It is a quick test to semi-quantitatively determine
antimicrobial activity through the appearance of clear zones in agarose
plates seeded with bacteria (Isobe et al. 2009c; Wang et al. 2011). Anti-
microbial activity may also be measured in a liquid growth medium assay
to detect the lowest concentration of AMP that reduce the growth of the
specific microorganism by roughly 50% (Andrews 2001; Tomasinsig et al.
2010). Surprisingly, there are very few data sets that measure the direct
antimicrobial activity of colostrum and milk. AMPs in both of these are
typically found by investigating different milk fractions using specific
immunoassays and novel peptide sequences are verified by searching for
them within the genome of the target organism.
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The most widely used method to detect AMPs is enzyme-linked im-
munosorbent assay (ELISA), which is able to detect AMPs at picogram
levels present in both healthy (Wang et al. 2014) and diseased milk sam-
ples (Bosire et al. 2007). Western blotting has also been used to quantify
the concentration of B-defensin in human milk (Jia et al. 2001) or catheli-
cidin in LPS-infected goat milk (Zhang et al. 2014). Although, ELISA is
often employed, only a small number of peptides have been quantified
using this technique due to lack of specific antibodies. Immunostaining
has been used to detect AMPs in tissues to reveal the precise localization
of defensins and cathelicidins in the mammary gland (Tunzi et al. 2000;
Welsch et al. 2007).

Defensins and cathelicidins have also been investigated in epithelial cells
of the mammary gland and milk using genomic approaches such as RT-
PCR (Tunzi et al. 2000; Tomasinsig & Zanetti 2005; Petzl et al. 2008; Das
et al. 2009; Wang et al. 2014), which allows for high throughput screen-
ing to detect the mRNAs that code for different AMPs and can be used to
determine their location in the mammary tissue. PCR is viewed as a use-
ful tool to detect defensin mRNA expression as a biomarker for non-
infected and mastitic mammary gland epithelial cells (Roosen et al. 2004;
Swanson et al. 2004; Alva-Murillo et al. 2013; Yang et al. 2013). PCR has
also been used to screen the profiles of AMPs during different periods of
lactation, both in humans and in ruminants (Murakami et al. 2005; Zhang
et al. 2014).

Both the precision and accuracy of detecting AMPs using indirect mRNA
based PCR methods have been surpassed by novel proteomics methods.
Mass Spectrometry (MS) is a widely used proteomic approach that is
able to identify proteins, peptides, and their fragments by matching their
precisely determined mass-to charge (m/z) ratios using databases that
contain either known or predicted masses. Mass-spectrometric analyses
are robust assays that are able to detect several AMPs from samples that
are much smaller in comparison with those used in quantitative ELISA
methods that require antibodies (Boehmer et al. 2010a).
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The two most often employed soft desorption/ionization techniques for
protein and peptide analysis in complex biological matrices are electro
spray ionization (ESI) and Matrix Assisted Laser Desorption lonization
(MALDI) (Shevchenko et al. 2001; Trauger et al. 2002; Coon et al. 2005;
Jgrgensen et al. 2010). ESI allows one to analyze biomolecules that are
associated through non-covalent interactions, including protein-peptide
complexes (Glish & Vachet 2003). MALDI is very sensitive method that
works without destroying the sample and has been used to detect a wide
variety of biomolecules (Go et al. 2003). ESI is less stable than MALDI,
however, it is also less affected by signal suppression and can be directly
interfaced with liquid chromatography (Trauger et al. 2002; Ahmed
2008).

Liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS) is a popular tool to analyze the protein profiles in various milk
fractions (Boehmer et al. 2010b; Hettinga et al. 2011). LC-MS/MS has
been used to screen AMPs throughout the lactation period (Liao et al.
2011a; Palmer et al. 2006). The human milk proteome shows that differ-
ent fractions of colostrum contain various AMPs and proteins that are
involved in immune responses and these are almost twice as high in
whey (34.8 %) compared with MFGM in the fat fraction (19.9 %) (Liao et
al. 2011b; Liao et al. 2011a). Moreover, cathelicidins have been found in
considerable amounts in bovine MFGM fractions using the peaks heights
within mass spectra (Smolenski et al. 2007; Hettinga et al. 2011). Analysis
using a nano LC-ESI-LIT-MS/MS on various bovine milk samples revealed
that cathelicidin-1 is only present in MFGM fraction of pasteurized and
ultra-high temperature milk and not in fresh milk and nutritional powder
for infants (Arena et al. 2011). We could speculate that heating irreversi-
bly dissociates some molecular interactions in milk and thereby increases
the apparent concentration of cathelicidin peptides detected in the
samples.

66



An MS approach has been developed to determine the concentrations of
AMPs in food matrices and complex mixtures (Domon & Aebersold 2006;
Affolter et al. 2010) that makes use of isotopically labeled internal stand-
ards to avoid many quantification errors introduced by variable matrix
effects. Stable isotopes from C, O, and N are the most commonly used
isotopic labels and allow one to determine the ratios of C'2/C!3; O'6/0%8,
and N**/N'> (Werner & Brand 2001). Using nuclear magnetic resonance
(NMR) combined with isotopic labelling with C'3 or/and N*° allows one to
determine the three-dimensional structures and molecular interactions
of bioactive peptides in their natural cellular state (Moon et al. 2007).
One milk study used stable isotope dilution to determine the concentra-
tions of seven proteins from the MFGM fraction of bovine milk. Their
concentrations are obtained by spiking milk samples with heavy pep-
tides. This allows one to assess the immunity and defense potential of
various milk fractions (Affolter et al. 2010). Moreover, isotopic labeling
has been used to screen for mastitis and follow LPS challenges in bovine
milk samples (Boehmer et al. 2010b).
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3. Aims of this dissertation

This dissertation aims to:

Develop strategies to isolate and identify components from bo-
vine colostrum with antimicrobial activity.

Test the potential immunomodulating properties of colostral
AMPs using a murine intestinal cell line.

Identify and characterize AMPs in colostrum using proteomic
tools.

Measure the consumption patterns of free and peptide-bound
amino acids by L. lactis subsp. lactis IL1403 to gain further insight
into the role of peptides as a source of amino acids.
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4. Materials and methods

Detailed descriptions of the materials and methods are available in the
publications reproduced in the appendix that form the basis of this dis-
sertation. The following sections are provided as an aid to the reader. A
scheme depicting the overall workflow is provided in Fig. 14.

Fresh colostrum

Ultra
centrifugation A J
{lactic acid; + Mixed with
EDTA; DTT) iscidi
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Testing with miCcl12
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Figure 14. Overall workflow and design of experiments.
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4.1. Bacterial and mammalian cell cultivation

Cultures of Escherichia coli and Staphylococcus aureus strains isolated
from milk were obtained from the Estonian University of Life Science,
Tartu, Estonia. The E. coli K-12 strain used was kindly provided by Ole
Hgjberg, Department of Microbiology, AU, DK. Bacteria were grown on
agar plates. Single bacterial colonies were picked and pre-grown over-
night in Luria Broth (LB) (Fluka Analytical, MO., USA) at 37°C, washed
with phosphate buffer saline (PBS) and diluted to an optical density (OD)
of 0.05 at 600 nm.

Lactococcus lactis 1L1403 was pre-grown from freeze-dried stock culture
and transferred into a chemically defined medium (Lahtvee et al. 2011)
that was supplemented with 2 g/L of N-labelled yeast hydrolysate.
Fermentations were carried out under surface aeration with N, at 34 °C,
with pH controlled at 6.4 and an agitation speed of 300 rpm. A more
detailed description is available in Publication IIl.

We made use of the murine epithelial cell line mICc¢i; kindly provided by
Professor Mathias W. Hornef. The mICci; cell line is derived from small
intestinal crypt cells that express some of the TLR innate immune recep-
tors, particularly TLR-4. They have been transfected with a luciferase
reporter gene that is under the control of the NF-kB promoter such that
stimulation of NF-kB signaling results in luciferase activity.

mICc12 cells were grown in Dulbecco's Modified Eagle's medium (DMEM)
(Gibco, Life Technologies, Grand Island, NY) with Gluta-
MAX/glucose/Phenol red containing: Insulin (9x107 M); Dexamethasone
(5x10% M); Sodium selenite (6x10® M); Transferrin (5ug/ml); Triiodothy-
ronine (10° M); EGF (10 ng/ml); D-Glucose (1.3x102 M) (Sigma-Aldrich,
MO., USA); L-glutamine (2x103 M); HEPES (2x102 M); Pen/strep/neo
solutions (1%); Gentamicin solution (1%) (Gibco, Life Technologies,
Grand Island, NY); heat inactivated fetal calf serum (2%).

72



Confluent cells from flasks were harvested, pelleted by centrifugation
(100 x g, 10 min), and re-suspended in culture media. Cells were seeded
in 96 well plates at ~5000 cells/well (100 pl) and allowed to settle in the
plates at room temperature for 30 min before placing in the incubator
(37 °C, 5.0 % CO3). When cells reached ~90% confluence after a few days,
they were used in the immunoassays that followed.

4.2. Obtaining the bioactive fractions

4.2.1. Colostrum or casein LMW fraction

Freeze-dried colostrum powder (a mixture collected and pooled from
different cows and herds) was kindly provided by Biofiber Damino,
Gesten, DK. Fresh colostrum and milk samples from different cows were
kindly provided by Mette-Marie Lgkke, Department of Food Science, AU,
DK. Low molecular weight (LMW) fractions were obtained by dialysis
from either fresh colostrum, reconstituted colostrum (prepared from
freeze-dried colostrum powder), or washed casein pellets prepared from
fresh colostrum by ultracentrifugation (100 000 g, 60 min, 4°C). Dialysis
was performed according to Jgrgensen et al. (Jergensen et al. 2010) with
some modifications. Fresh colostrum was used directly; colostrum pow-
der and caseins were re-suspended with either MilliQ water or 6 M of
guanidine hydrochloride (GndHCI) or 8 M of urea (Sigma-Aldrich, MO.,
USA). 12-14 kDa cut-off dialysis tubing (Spectrum Laboratories, Inc., CA)
was used with addition of 10 ml of appropriate solvent inside and colos-
trum or casein solution outside the bag or vice versa. In some
experiments we used a Cig reverse phase resin (Waters Corporation,
Milford, USA) conditioned with methanol and washed with 0.1% tri-
fluoroacetic acid (TFA). The dialysis bags were incubated on a rotator
overnight (or longer) at 4°C (or at room temperature or 37 °C if indicat-
ed). In some cases, 1% pen/strep/neo solution or 0.1% of sodium azide
was included to prevent bacterial growth.
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LMW components were recovered on small columns from the Cis re-
verse phase resin. After washing with 0.1% TFA, the bound LMW
components were eluted with 70% of acetonitrile (ACN) in 0.1% TFA and
lyophilized. More detailed descriptions of these methods are available in
Publication | and Publication II.

4.2.2. >N-labelled yeast hydrolysate

Saccharomyces cerevisiae (strain S288c) was grown in fed-batch on a
synthetic medium with *N-labelled (98 %) ammonium chloride (Sigma-
Aldrich, MO., USA) as the sole nitrogen source. The yeast biomass was
freeze-dried and hydrolyzed with a mixture of proteases (Promod 144GL,
Biocatalysts, Cardiff, UK). The extract was purified using an Amicon Ultra
15 centrifugal filter device (Millipore Corp., MA) with a 10,000 cut-off to
remove any residual protease activity. The soluble yeast hydrolysate was
freeze-dried. A more detailed description of this method is available in
Publication IIl.

4.3. Bioactivity assays

Throughout the study, synthetic amidated AMP piscidin-1 (FFHHIFR-
GIVHVGKTIHRLVTG-NH2) and fluorescein-piscidin-1  (N-terminally
labeled) (CASLO Laboratory ApS, Lyngby, Denmark) were used as model
antimicrobial peptides and are referred to in the text as piscidin and
fluorescein-piscidin, respectively.

4.3.1. Radial plate diffusion assay

Autoclaved and cooled LB broth containing 1.5 % agarose (Invitrogen,
UK) and protease inhibitors (0.5 mg/ml) (Sigma-Aldrich, MO., USA), was
mixed with washed bacteria (ODgp0=0.05) and poured into Petri dishes.
After the medium solidified, 3 mm holes were punched into the gel and
filled with ~20 ul of sample. Synulox (Pfizer Italiana, Italy), a mixture of
amoxicillin and clavulanic acid, was used as a non-peptidic positive con-
trol. Piscidin was used as a model AMP control.
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The following day, after overnight incubation at 37°C, we measured the
diameter of each inhibition zone. A more detailed description of this
method is available in Publication II.

4.3.2. Liquid medium growth assay

Suppression of bacterial growth was also measured in an assay using
liquid LB growth medium. Wells in 96 well micro titer plates were filled
with either one or a mixture of two analytes in LB broth together with
protease inhibitors (0.5 mg/ml) and washed bacteria (adjusted to 0.05 at
ODsoo). We followed the growth of bacteria for up to 16 h at 37°C while
shaking by measuring the optical density every minute at 600 nm with a
Synergy 2 micro plate reader. Piscidin was used as positive control. A
more detailed description of this method is available in Publication .

4.3.3. Induction of luciferase activity in mICci cells

In this study we made use of the mICci12, murine epithelial cell line to
study the immune system enhancing activity of AMPs. When AMPs are
present, they electrostatically bind with LPS and suppress luciferase
activity which is detected by a decrease in the chemiluminescence signal.

Test fractions were made by mixing either colostrum LMW fraction,
yeast hydrolysate (Lallemand Inc., Canada), or piscidin, together with
DMEM followed by pH adjustment to 7.4. Growth medium was removed
from confluent cells and replaced with 100 pl of this test solution both
together with and in the absence of LPS (LPS from E. coli serotype
0111:B4, Fluka Buchs, Switzerland), followed by incubation for 4 h (+ 37
°C, 5.0 % CO3). All wells were aspirated and 75 pl of buffer D (ATP De-
termination Kit, Biaffin GmbH & Co KG) was added followed by lysis
using three freeze/thaw cycles (-80 °C/+37°C for 10 min). 100 pl of a
mixture of ATP/luciferin/ dithiothreitol (DTT) in buffer D was then added
to the cell lysate and 150 ul of this mixture was further transferred to
Costar™ 96-Well White Plates (Thermo Fisher Scientific Inc.).
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Luciferase chemiluminescence at 560 nm was measured to determine
stimulation of NF-kB signaling in a Synergy 2 micro plate reader.

4.4. Electrostatic interaction studies between AMP and co-
lostral components

4.4.1. Binding and release studies with fluorescein-piscidin in milk
or colostrum

The binding of fluorescein-piscidin with reconstituted colostrum, fresh
colostrum, or milk was studied by fluorescence quenching. The release
of fluorescein-piscidin was performed with sequential additions of 6 M
of GndHCI (pH 7.0) after every 30 seconds.

Interaction studies with fluorescein-piscidin were also performed in
micro titer plates pre-coated with 1% BSA (Sigma-Aldrich, MO., USA) to
prevent non-specific adsorption and quenching. Quenching of fluoresce-
in-piscidin was followed after addition of increasing amounts of fresh
colostrum or BSA. Quenching of fluorescein-piscidin was competed with
increasing concentrations of unlabeled piscidin by first pre-incubating
fresh colostrum with unlabeled piscidin before adding fluorescein-
piscidin. More detailed descriptions of these methods are available in
Publication II.

4.4.2. Cross-titration setup of piscidin and casein

The cross-titration setup was performed in 96 well micro titer plates
where piscidin or caseinate (Arla Foods, Holstebro, Denmark) was three-
fold serially diluted in PBS and then combined in the square matrix. The
highest concentration of both components was at the upper left corner
and control (PBS alone) at the lower right corner in the square matrix.
The bottom row only contained caseinate dilutions and the right column
only contained piscidin dilutions. Various concentrations of piscidin and
caseinate were combined in 6x6 squares.
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For each combination, S. aureus in liquid LB medium with ODgpo=0.05
was added. The optical density of bacteria was measured every minute
at 600 nm with the Synergy 2 micro plate reader at 37°C with shaking. A
more detailed description of this method is available in Publication .

4.5. Analytical methods (for identification and characteriza-
tion of bioactive peptides)

4.5.1. FPLC

Fast protein liquid chromatography (FPLC) with size exclusion columns
was used to both assess piscidin degradation and fractionate colostrum
or caseins. All FPLC experiments were carried out using a AKTA FPLC 900
Chromatography System (Amersham Biotech) equipped with a Sephacryl
$200 column - 15 mm x 100 mm — internal diameter x length (Pharmacia,
Sweden) with either PBS or 3 M of GndHCI (pH 7.0) as the mobile phase,
at a flow rate of 1 ml/min, and followed by UV detection at 280 nm.
Series of either colostrum or casein fractions were collected in 1 ml Ep-
pendorf tubes and further purified using Cis Sep-Pak cartridges (Waters
Corporation, Milford, USA). The purified eluates were tested in a liquid
medium growth assays or radial plated diffusion assays.

To assess the degradation of fluorescein-piscidin, 300 ul of each fraction
eluted from the size exclusion column was collected into Costar™ 96-
Well White Plates. The fluorescence of all wells was measured with a
Synergy 2 micro plate reader using excitation at 485 nm and emission at
528 nm. Subsequently, pronase E (Merck, Germany) was added to all
fractions to release fluorescein followed by an additional fluorescence
measurement after 30 minutes. A more detailed description of this
method is available in Publication II.
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4.5.2. HPLC

Colostrum and casein LMW fractions that had been first dialyzed and
then eluted from Cis resin were lyophilized to remove ACN and dissolved
in 1 ml of 0.1% TFA. Precipitates were removed using centrifugation and
500 ul of the supernatant was purified using a Protein & Peptide Cis
column, L 150 x ID 2.1 mm, 5um (Grace Davison Vydac, USA). The chro-
matographic conditions were as follows: elution with a linear gradient
from 0-100% of ACN in 0.1% TFA at a flow rate of 1 ml/min followed by
detection at 214 nm. In total, 96 fractions were collected and tested
using a liguid medium growth assay. A more detailed description of this
method is available in Publication II.

4.5.3. Size Exclusion Chromatography

Size exclusion chromatography (SEC) was used to determine the size
distribution of peptides in both a yeast hydrolysate and a colostrum
LMW fraction. We used a Waters 1515 HPLC system (Waters Corp., Mil-
ford, MA) equipped with a Superdex Peptide 10/300GL column (GE
Healthcare, NJ) and a Waters 2414 Refractive Index detector to deter-
mine the distribution of peptides in the LMW fractions. The
chromatographic conditions were as follows — isocratic elution with 0.1
N ammonium acetate (pH 5), flow rate was 0.5 ml/min. The size distribu-
tion was determined based on the following markers: alpha- lactalbumin
(14146 Da), aprotinin (6512 Da), nisin (3354 Da) and glutathione (307
Da). A more detailed description of this method is available in Publica-
tion lll.

4.5.4. Gel-electrophoresis

Agarose gel electrophoresis was used to separate a mixture of piscidin
and casein micelles. The gel was prepared with 0.5 % agarose (BioWhit-
taker Molecular Applications, ME, USA) containing PBS and 3 M of urea
at pH 6.0. Casein, obtained from ultracentrifugation, was reconstituted
with PBS (final pH 6.35). Three samples were prepared: casein (80
mg/ml); casein spiked with 0.1 mg/ml of fluorescein-piscidin; 0.1 mg/ml
of fluorescein-piscidin alone.
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All three samples contained PBS and 20% glycerol (Merck KGaA, Germa-
ny). 10 ul of each sample were loaded into the wells. The gel was
electrophoresed (Bio-Rad, USA) in PBS buffer (pH 6.0) on ice for two
hours by increasing the current linearly from 100 mA to 500 mA. Alterna-
tively, 3 M of urea was added to the samples and electrophoresis buffer
to improve the separation of each mixture.

4.6. Mass-Spectrometry analysis

4.6.1. Liquid Chromatography Mass-Spectrometry

High performance liquid chromatography (HPLC/ESI-MS) was used to
measure the consumption patterns of free and peptide-bound amino
acids by L. lactis subsp. lactis 1L1403. Free amino acids were measured
directly from the culture medium and the peptide-bound amino acids
were determined after separately hydrolyzing the culture media and
biomass in 6 M HCI containing 1 % phenol for 24 h at 105 °C. After hy-
drolysis, the samples were re-suspended in a methanol-water mixture
and filtered through 0.2 um filters for further analysis. All samples were
derivatized with AccQ-Fluor reagent (Waters Corp.) before LC-MS analy-
sis.

The amino acid concentrations and mass spectra of both the biomass
and culture medium were determined with a LCT Premier LC-MS system
(Waters Corp.) equipped with AccQ-TagTM Ultra column (2.1 x 100 mm)
(Waters Corp.). The chromatographic conditions were as follows — col-
umn temperature 55 °C; sample run 20 min; flow rate 0.3 ml min-1;
connected to a photodiode array detector at 260 nm. Amino acids were
separated using a gradient from 0.1 to 59.6 %B (A: AccQTag Ultra eluent
A, B: AccQTag Ultra eluent B; Waters Corp.), sprayed directly into the
mass-spectrometer operated in positive ionization mode at 300 °C solva-
tion temperature, 120 °C source temperature and 2.5 kV capillary
voltage.
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MassLynx V 4.1 software (Waters Corp.) was used for data processing.
The N-enrichment of amino acids in both the biomass and culture me-
dium was estimated using least squares regression to fit the measured
mass spectra by theoretical isotope distributions of labelled and unla-
belled amino acid species. A more detailed description of this method is
available in Publication III.

4.6.2. LC-MS/MS

The colostrum LMW fractions were purified with StageTips and dissolved
in 0.5 % formic acid. Purified peptides were analyzed by LC-MS/MS (Ag-
ilent Technologies) connected to a LTQ Orbitrap mass-spectrometer
(Thermo Electron, San Jose, CA, USA) equipped with self-packed fused
silica emitter (150 mm x 0.075 mm, Proxeon) packed with Repropur-Sil
C1s-AQ 3 um particles (Dr. Maisch, Germany) and a nano-electrospray ion
source (Proxeon, Odense, Denmark). The peptides were separated with a
120-minute gradient from 2-40% B (A: 0.5% acetic acid, B: 0.5% acetic
acid/80% acetonitrile) using a flow-rate of 200 nl/min and sprayed di-
rectly into LTQ Orbitrap mass-spectrometer operated at 180°C capillary
temperature and 2.4 kV capillary voltage.

Full mass spectra were acquired with a mass range from m/z 250 to 1800
Da and ions with a charge state of => 1+ were selected for fragmenta-
tion. Raw MS files were analyzed by MaxQuant (version 1.3.0.5). MS/MS
spectra were searched against a database containing Bos taurus protein
sequences downloaded from UniProt (2012.12.28). The search included
variable modifications of methionine oxidation and N-terminal acetyla-
tion, and as fixed modification of cysteine carbamidomethylation.
Peptides with a minimum length of 7 amino-acids were allowed in the
analysis and no specific enzyme cleavage was used. A more detailed
description of this method is available in the dissertation written by L.
Arike (Arike 2012).
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4.6.3. MALDI-TOF-MS/MS & NALDI-TOF-MS/MS

To detect AMPs with m/z less than 500-700 Da, we had to overcome
problems with interference using the MALDI-TOF MS due to the added
matrix (Glish & Vachet 2003; Go et al. 2003). For this we used a novel
matrix free application termed Nanostructure-Assisted Laser Desorp-
tion/lonization (NALDI). The NALDI target plate is covered with several
layers of nanoscale inorganic materials and then coated with a hydro-
phobic organic surface that allows peptides to attach to the plate while
being simultaneously stimulated by a UV laser. This allows one to ionize
the sample without additional matrix. NALDI is suitable for molecules
with a mass range between 200-1500 Da and it has been shown that this
technique may give up to ten times more intensive analyte peaks than
MALDI-TOF-MS (Daniels et al. 2008; Kitt et al. 2011).

The Cis Sep—Pak eluates from colostrum LMW fractions were serially
diluted up to one million times in HPLC grade water (Baxter, IL, USA) and
directly deposited on the MALDI and NALDI plates. The dots of the sam-
ple where dried overnight. The MALDI samples also received a—cyano—
4— hydroxycinnamic acid (Bruker Daltonics, Germany) matrix.

Both sample plates were analyzed with an Ultraflex IV TOF/TOF, (Bruker
Daltonics, Germany) equipped with a 337 nm nitrogen laser in positive
mode. Full mass spectra were acquired with a mass range of 10-3510 Da
based on the m/z charge ratio. A total of 1000 shots obtained from five
different positions of the sample. Spectra were analyzed with Flex-
Analysis version 2.4 software (Bruker Daltonics). The resulting fragments
of the parent ions were analyzed with De novo sequencing software and
UniProt BLAST database against the Bos taurus genome. More detailed
descriptions of these methods are available in Publication | and Publica-
tion 1.
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5. Results and discussion

This section presents the results and discussion relating to the detection
of LMW peptides using proteomic approaches. Furthermore, the antimi-
crobial effects of colostral components and binding studies between
colostrum and piscidin, the antimicrobial peptide from fish are present-
ed. Finally, my results for immunoregulating effects of colostral peptides
will be discussed together with the growth inducing effects of yeast pep-
tides.

5.1. Mass-spectrometry techniques for detection of peptides

in colostrum (Publication | + unpublished results)

The proteomic approaches most often employed to detect proteins and
peptides in complex biological matrices are ESI-MS and MALDI-MS
(Ahmed 2008; Ahmed 2009). However, there are several problems with
matrix effects and interfering compounds that occur when analyzing
biological samples and new technologies are applied to eliminate these
obstacles. For example, MALDI analyses require an additional matrix to
ionize the molecules, however, this additional matrix often suppresses
the signal of peptides with m/z less than 700 (Cohen & Chait 1996;
Knochenmuss et al. 1996). We thus employed the matrix-free NALDI
method to detect and identify small peptides.

Molecules within purified colostral LMW fractions were desorbed and
ionized using either MALDI or NALDI steel adapter plates and analyzed
using TOF-MS/MS. A dilution series from each sample displayed different
peak intensities and even a 108 fold dilution provided sufficient analyte
signal using NALDI in contrast with MALDI. For further identification, we
chose the highest peak obtained with NALDI (1377 m/z Da) whereas
intensity of the same peak obtained using MALDI was 30 times lower and
was impossible to fragment in MS/MS mode due to matrix effects that
suppresses the analyte signal (Fig. 15).
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Interestingly, the MS spectra of NALDI and MALDI varied to some extent.
The differences of spectra between two ionization methods have been
noted by (Vidova et al. 2010), where phospholipids analyzed in the MS
spectra of NALDI contained mostly protonated ion adducts, whereas the
MS spectra obtained using MALDI also contained alkali-metal ion ad-
ducts. It could be that the samples ionized differently with the two
methods and therefore both MALDI and NALDI could be applied to ob-
tain more complete proteomic profiles for colostrum and milk.

107 1377618
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Figure 15. MS spectra using MALDI (left) and NALDI (right) of colostrum LMW
fractions obtained by dialysis and compared after 10° times dilution.

The peak at m/z 1377 obtained with NALDI was further analyzed and
fragmented in MS/MS mode. The peptide search with De novo sequenc-
ing and Mascot database resulted in a fragment of B-casein (210-222)
with an amino acid sequence of EPVLGPVRGPFPI (Fig. 16). Antimicrobial
activity (MIC 0.4 mg/ml) against E. coli DPC6053 has been observed in
two sequences (YQEPVLGPVRGPFPIIV and YQEPVLGPVRGPFPI) cleaved
from the C-terminus of bovine B-casein (Birkemo et al. 2009), so it is
possible that fragment EPVLGPVRGPFPI from colostrum might also dis-
play bioactivity. Thus, it was hypothesized that NADLI may be an
appropriate tool to identify and characterize AMPs in colostrum and milk
without complex sample pretreatment. Unfortunately, we did not find
bovine AMPs in the MS spectra obtained using NALDI. Because there are
several reports of AMPs presented in cow colostrum, we suppose that
those present may be bound to macromolecules in colostrum and not
released during the dialysis method used to prepare the LMW fractions.
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Figure 16. MS/MS spectrum of ion 1377. The figure shows detection of a, b and
y ions after fragmentation, together with their fragment sizes. Suggested partial
amino acid sequence shown on top.

GndHCl is a powerful denaturant able to dissociate many interactions
that occur in complex biological matrices. We used GndHCI in further
experiments to liberate AMPs, especially defensins and cathelicidins.
Colostrum was dialyzed either against water or 6 M GndHCl, and pep-
tides in the dialysates were recovered with Cig columns and analyzed
with LC-MS/MS (Fig. 17). This proteomic approach was able to identify a
total of 1639 amino acid sequences from 88 different proteins and pep-
tides. However, none of these sequences matched with known Bos
taurus defensins or cathelicidins. Nevertheless, this does not mean that
defensin or cathelicidin peptides (Table 2 and 3) were not present; the
concentration of AMPs could have remained below detection limit or
salts in the colostrum could have suppressed their ionization (Shadforth
et al. 2005).
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Relative Abundance

During our search for bioactive peptides in the dialysate, various se-
guences from the bioactive protein osteopontin were identified using a
BLAST search against the UniProt database. This protein has been found
in bovine and human breast milk and also in the intestines of infants
where it functions as an important part of the newborn immune system
(Schack et al. 2009). Moreover, lactoferrin, the most abundant antimi-
crobial protein in milk, was detected only in the sample where colostrum
was dialyzed against water, but not in the GndHCI treated sample. How-
ever, most of the peptide sequences found belong to a-, B- and k-
caseins, a-lactalbumin, and B-lactoglobulin.
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Figure 17. Chromatograms of reconstituted colostrum samples dialyzed against
water (black) or 6 M of GndHCI (red) and purified through Sep-Pak Cig cartridge.
The obtained LC peaks were fragmented and MS/MS spectra were searched
against a database containing Bos taurus protein sequences.
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Colostral AMPs could be bound strongly to caseins. To test this, we ana-
lyzed peptides from washed casein micelles. The casein micelles were
obtained using ultracentrifugation, treated with GndHClI, dialyzed in 12-
14 kDa cut off dialysis bags, and the LMW components were analyzed
using MALDI-TOF-MS/MS. The most intense peaks were further frag-
mented in MS/MS mode and analyzed with the Mascot database. The
NF-kB activating and calcium ion binding proteins gave the highest
scores. Furthermore, with a lower detection score, we identified both
the IL-1 and MUC proteins, which both contribute to the immune system
enhancement of mammals (Dowbenko et al. 1993; Newburg & Walker
2007; Garofalo 2010).

Unfortunately, no AMPs were identified with a score of 100%. However,
some of the peptides were additionally analyzed using De novo sequenc-
ing software. For example, a peak with an m/z of 2262 was fragmented
and further analyzed using De novo tool. The most likely sequence ob-
tained was inserted in a BLAST search against the UniProt Bos taurus
database and gave a hit for cathelicidin-4 with an identity of 83% and a
score of 53. Even though the database provided a hit close to 100%,
uncertainty remains because De novo searches often conciliates amino
acids randomly into the peptide sequence (Shadforth et al. 2005) and
thus we question the validity of this result.

5.2. Electrostatic interactions between colostrum and pis-
cidin; a model system to study colostrum antimicrobial
activity

5.2.1. Antimicrobial effect of colostrum, colostral LMW compo-

nents and piscidin (Publication Il)

Numerous studies have shown that milk and colostrum from various
mammals contain several AMPs (Murakami et al. 2005; Wang et al.
2011).
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Even though we did not find any AMPs in bovine colostrum using prote-
omic tools, we continued the search for antimicrobial activity using
bioactivity assays. The antimicrobial effects of colostrum and its LMW
components were tested with both Gram positive (Staphylococcus aure-
us) and Gram negative (Escherichia coli) bacteria using both radial plate
diffusion and liquid medium growth assays. However, no antimicrobial
activity using microbiological assays was detected (Fig. 18).

Piscidin
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E. coli E. coli S. aureus S. aureus S. aureus

Figure 18. Radial Plate Diffusion Assay for testing antimicrobial activity of colos-
trum and piscidin. Sections of agarose plates are shown with compounds added
in various combinations as indicated. -: sterile PBS, +Synulox were used as a
positive control.

The pores of an agarose gel are large enough to allow even very large
molecules to diffuse, and therefore should also be suitable for AMPs.
Dialysis was performed to obtain colostral LMW fractions lower than 12-
14 kDa. Each of these fractions were tested, however, no antimicrobial
effect against bacteria was detected (Fig. 19).
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Colostrum’ Colostrum'

Piscidin

PBS

Figure 19. Radial Plate Diffusion Assay for testing antimicrobial activity of pis-

+..

cidin and LMW components obtained from colostrum on S. aureus. Sections of
agarose plates are shown with compounds added in various combinations as
indicated. LMW fractions obtained by dialyzing the reconstituted colostrum
(colostrum”) and fresh colostrum (colostrumf) with 12-14 cut off dialysis bag.
The piscidin concentration in the PBS was 10 fold higher than was added to the
LMW colostrum fractions.

To ensure that our experimental design is able to detect the activity of
AMPs, we used commercial antimicrobial peptide piscidin (MW=2571
Da) as a positive control. In the radial plate diffusion assay, piscidin had
direct killing activity against both Gram positive and negative bacteria
(Fig. 18 & 19).

Simply mixing colostrum with piscidin revealed that colostrum complete-
ly abrogated the antimicrobial effect of piscidin (Fig. 18). Addition of
colostrum to a non-peptide antibiotic (Synulox) had no effect (Fig. 18).

Additional experiments with dialyzed LMW fractions from colostrum
spiked with piscidin revealed that LMW fractions do not abrogate the
antimicrobial activity of piscidin (Fig. 19). Therefore, one could speculate
that either piscidin molecules (or other AMPs) are degraded by enzymes
present in the colostrum but not in the dialyzed LMW fractions or that
the piscidin was prevented from diffusing through dialysis membrane by
high molecular weight (HMW) components in colostrum.
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5.2.2. Piscidin degradation in colostrum (Publication 1)

To rule out the possibility of enzymatic degradation, fluorescein-piscidin
was incubated with fresh colostrum overnight at 37°C with and without
bacteria. The results of radial plate diffusion assay indicate (data not
shown) that when the colostrum concentration increased, the inhibition
zone of bacterial growth decreased thereby demonstrating that fluores-
cein-piscidin was bound with colostral components and could not diffuse
into the agarose to interact with the bacteria.

In addition, the fluorescein-piscidin degradation rate was analyzed with
SEC and it was found that ~10% of the fluorescein-piscidin was degraded
in fresh colostrum after overnight incubation at 37°C (data not shown).
Fluorescein-piscidin degradation was also measured in reconstituted
colostrum and less than ~5% of the fluorescein-piscidin was degraded.
This reduction in degradation is probably due to the heat treatment that
may have denatured and thereby inactivated the colostral enzymes.
Furthermore, fluorescein-piscidin degradation was also analyzed in raw
and skimmed milk, resulting in degradation of 9.5% and 10% of the fluo-
rescein-piscidin respectively (data not shown). These results clearly show
that not enough AMP was degraded during incubation to fully explain
the abrogating effect of colostrum.

Further experiments with fluorescein-piscidin and colostrum indicate
that colostrum even protects AMP from degradation by the action of
various proteases (pronase E).

By first incubating fluorescein-piscidin with colostrum and then adding
proteases revealed that fluorescein-piscidin eluted from the size-
exclusion column together with caseins.

Afterwards, the degradation level of fluorescein-piscidin was only ~30%
and ~10% in reconstituted and fresh colostrum, respectively (Fig. 20A &
20C). Next we changed the order of adding the components such that
fluorescein-piscidin was first incubated with proteases followed by the
addition of colostrum.
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In this case, the degradation of AMP was ~90% in both colostrum sam-
ples, as indicated by the later elution time where fluorescein normally
elutes from the SEC column (Fig. 20B & 20D).
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Figure 20. SEC analyses show that colostrum protects fluorescein-piscidin from
degradation by proteases. Fluorescein-piscidin was incubated with reconstitut-
ed colostrum (A) and (B) or fresh colostrum (C) and (D) and treated with

pronase E. The fluorescence of each

fraction was measured directly (dotted

lines) and after treatment with proteases for 30 min (solid lines) to release
fluorescein. Superscript " and f stands for reconstituted and fresh colostrum,

respectively.
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Moreover, to prove that a protective effect of colostrum towards fluo-
rescein-piscidin was specific and not caused due to the saturated
amount of proteins that proteases could work with, we performed a
parallel test using BSA. By mixing fluorescein-piscidin with BSA first and
then adding proteases, the AMPs did not bind with protein and was
completely degraded (Fig. 21).
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Figure 21. SEC of fluorescein-piscidin incubated first either with colostrum or
BSA and followed by the addition of proteases. A) Absorbance at 280 nm of
fluorescein-piscidin incubated with fresh colostrum (solid line) or BSA (dotted
line). B) Fluorescence was measured 30 minutes after treatment with proteases
to release fluorescein. The integrated areas under these four curves are: A)
1642 and 1803 or B) 20037 and 21162 for fresh colostrum and BSA, respective-
ly. These results indicate that in the presence of the same amount of protein,
only colostrum is able to protect fluorescein-piscidin against protease degrada-
tion.
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In contrast, by mixing the fluorescein-piscidin with colostrum we can,
presume that the caseins delay or even prevent the degradation of AMPs
to some extent. Some studies have also shown that caseins could bind
and transport polyphenols (Bourassa et al. 2013) and protect macronu-
trients (Livney 2010), nutraceuticals (Semo et al. 2007) and insulin
(Zhang et al. 2008) from degradation.

5.2.3. Colostrum and casein binding studies with piscidin (Publica-
tion ll)

The previous section proved that piscidin is not degraded in colostrum.
Next, we tested the hypothesis that AMPs bind to HMW components
within colostrum. The aim was to find out which specific components in
colostrum are responsible for binding AMPs. For this, the fluorescein-
piscidin fluorescent signal was measured in a cuvette for 1 min before
and after adding reconstituted colostrum.

We observed that upon addition of reconstituted colostrum, the AMP
fluorescence signal was quenched within one second (Fig. 22A). Taking
into account that fresh colostrum emits a low intensity fluorescent sig-
nal, probably due to the presence of riboflavin in colostrum, tests using
fresh colostrum resulted in the same quenching effect towards fluores-
cein-piscidin as observed with reconstituted colostrum. Moreover, raw
milk also quenched the fluorescein-piscidin signal, but to a lesser degree.
The addition of PBS resulted in only a dilution effect (Fig. 22A). Livney
(2010) has reviewed and explained in detail the hydrophobic and elec-
trostatic interactions between proteins and bioactive components in
milk (Livney 2010). It is clear that colostrum contains a number of pro-
teins that could interact with piscidin.
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Figure 22. The specific quenching of fluorescein-piscidin fluorescence by colos-
trum and milk. A) Fluorescence measured before and after mixing fluorescein-
piscidin with colostrum’ (reconstituted colostrum), colostrum’ (fresh colostrum)
or milk. The addition of PBS alone shows dilution of fluorescence. The back-
ground fluorescence was subtracted using additions in PBS (colostrum™: 5;
colostrumf: 108; milk: 93) before normalization of the signal. B) Quenching of
fluorescein-piscidin after incubation with colostrum” using different concentra-
tions of unlabeled piscidin as indicated. Fluorescence in B was read after
incubation for three minutes.

A control experiment was performed using only fluorescein, however, no
guenching of fluorescein signal was observed under the same conditions
(data not shown). Specific binding to components within colostrum was
verified with additional experiments performed using BSA. BSA is an
effective carrier for small molecules and, besides its role in blood, this
protein is also found in milk and colostrum (Levieux & Ollier 1999).
Nevertheless, BSA did not influence the fluorescent signal of fluorescein-
piscidin and no interaction between piscidin and BSA was observed (data
not shown).
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The binding of fluorescent-piscidin with colostrum could be prevented by
saturating the binding sites with unlabeled piscidin molecules. Colostrum
incubated with different concentrations of unlabeled piscidin prevented
subsequent binding of fluorescein-piscidin in a dose-dependent manner
consistent with saturation (Fig. 22B).

To identify which component in colostrum could be responsible for
binding piscidin, we performed a series of experiments with caseins.
Caseins are the most abuntant proteins in milk and colostrum and
contain phosphoserine residues that are capable of binding positively
charged components such as calcium or cationic AMPs (Kumosinski et al.
1993b; Farrell et al. 2002; Farrell et al. 2004). One study observed the
guenching of fluorescent signal of caseins when positively charged drugs
were added; this was probably due to electrostatic interactions with the
negatively charged surface of B-casein (Shapira et al. 2010). We began
testing caseins because observations from the SEC analyses presented in
the previous section also indicate that fluorescein-piscidin elutes from
the column in the void volume together with HMW caseins and not at
later elution times together with IgG and whey proteins.

As a first step, a cross-titration with caseins and piscidin was performed
and various combinations between these two molecules were incubated
with S. aureus to address both the electrostatic interaction and elminate
the antimicrobial effect of piscidin. We found that without adding
caseins to piscidin, piscidin maintained an antimicrobial effect towards S.
aureus. However, piscidin is inhibited by the addition of casein in a dose-
dependent manner (Fig. 23A). The highest concentration of caseins (30
KUM) completely abrogated the antibacterial activity of the highest con-
centration of piscidin (54 uM). Interestingly, the interaction between
caseins and piscidin always resulted in an all or none response concern-
ing the antibacterial effect (Fig. 23B). Thus, there was a very sharp
transition between growth and no growth at a molar ratio around five
between piscidin and casein, thus indicating that one casein molecule
can neutralize five molecules of piscidin.
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As described above, this interaction probably takes place between nega-
tively charged phosphate groups in caseins and positively charged amino
acids in piscidin (at neutral pH, piscidin-1 has seven positively charged
amino acids (Campagna et al. 2007) (Fig. 23C). Analogous electrostatic
interactions have been described between pectin and casein micelles,
however pectin is negatively charged and casein is positively charged at
pH below 4.6 (Pedersen & Jgrgensen 1991).
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Figure 23. Effect of casein on the antibacterial activity of piscidin. A.) Cross-
titration setup where each of the 36 squares representing a 10 h growth curve for
S. aureus (time is on horizontal axis and OD600 is on vertical axis). The final
concentrations of casein and piscidin mixed with the bacterial culture are indicat-
ed. B.) This plot shows the growth or no growth of bacteria as a function of the
molar ratio between piscidin and casein based on data in (A). C.) Possible model
for interaction through negatively charged phosphoserine residues in B-casein and
positively charged amino acids in piscidin.
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5.2.4. Disrupting the binding between colostrum and piscidin
(Publication 1)

The abrogating effect of both colostrum and casein towards piscidin is
probably caused by electrostatic interactions. One way to test this is to
find ways to dissociate this strong binding so that AMPs originating from
colostrum can be released. During this study, several techniques and
chemical components were used to dissociate added piscidin from colos-
trum. The most piscidin was released after adding GndHCIl. NaCl and
Urea were also tested, however, these were not as effective as GndHClI
(data not shown). A follow-up of the previous experiment (Fig. 22A)
revealed that after quenching the fluorescein-piscidin signal with colos-
trum, its fluorescence can be rescued with repeated additions of GndHCI
(Figure 24A).

Add colostrum (== +<) or buffer (—3 /}” 100
— F 90
= 500 fuy

I /* 80
) r m
E "] . Add GndHCI :’" 70 ®
400 3
= o/ 60 2
g 3
e 30 / 50 2
/ M
? / 40 g
® 200 / —_
g )‘ 30 E.’Q
= / ~

L. 100 / 20

P B 10

0 : . = : . 0
0 100 200 300 400 0 1 2 3

Time (s) GndHCI (M)

Figure 24. Recovery of fluorescein-piscidin binding to colostrum components
using GndHCI. A) Fluorescence was measured as a function of time after mixing
fluorescein-piscidin with colostrum’ (dotted line) or PBS (solid line) followed by
consecutive additions (indicated by asterisks) of 6 M of GndHCI. B) Percent
recovery of fluorescein-piscidin from colostrum" data in (A). Superscript " stands
for re-constituted colostrum.
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Accounting for the dilution effect of each addition, a concentration of
GndHCl up to 3M is able to completely release the added fluorescein-
piscidin from the colostrum components (Figure 24B). A control experi-
ment using fluorescein with additions of colostrum or PBS followed by
step additions of GndHCl| only revealed a dilution effect (data not
shown).

The added piscidin was also recovered from colostrum after dialysing the
mixture with 6M GndHCI; no recovery was observed in a sample dialysed
with water. A purified LMW fraction together with added piscidin was
characterized with MALDI-TOF-MS. The results showed that the sample
dialysed with GndHCI contained piscidin (2571 m/z) (Fig. 25).
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Figure 25. MS spectra of eluates from reconstituted colostrum spiked with
piscidin. Grey spectrum of eluates obtained from colostrum in water and black
spectrum from eluates obtained in presence of 6 M of GndHCI. Due to matrix
suppression, m/z from 0-700 is omitted. The black spectrum is shifted by 10000
AU for clarity.
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After using a strong denaturant to dissociate the electrostatic interaction
between colostrum and piscidin, we tested the possibility that GndHCI
could affect the activity of released piscidin. Allowing piscidin to interact
with colostrum or casein first and then adding GndHCIl caused a release
of piscidin that retained its antimicrobial activity (Fig. 26).

A radial plate diffusion assay showed that without adding GndHClI, colos-
trum abrogated the effect of piscidin (1 mg/ml), but after adding 3M of
GndHCI, ~80% of the piscidin was released and a clear inhibition zone
without bacterial growth appeared (Fig. 26A).

There was no inhibition zone observed when only GndHCI was added
(not shown) or in presence of colostrum with or without piscidin. In a
liqguid medium growth assay, the GndHCI alone did not affect the growth
of bacteria; instead it dissociated the colostrum and piscidin interaction
resulting in a delayed lag phase and suppression of E. coli growth (Fig.
26B).
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Figure 26. Antimicrobial activity of piscidin against E. coli after piscidin was
recovered from reconstituted colostrum. A) Inhibition zones observed for pis-
cidin alone or in presence of colostrum obtained either in absence or presence
of 3 M of GndHCI. B) Bacterial growth in liquid medium either tested with co-
lostrum alone or colostrum spiked with piscidin in the absence (open symbols)
or presence (filled symbols) of 0.5 M of GndHCI. Growth curves with uninter-
rupted growth (0-120 min) are shown before the break in the time axis and
initial suppression of growth by piscidin and piscidin released by GndHCI is
shown after the break.
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5.2.5. Different approaches to recover AMPs from colostrum and
casein micelles (Unpublished results)

To follow up on the model system experiments between piscidin and
colostrum presented above, an attempt was made to recover AMPs from
colostrum and its HMW components using the same approaches.
GndHCl and urea were used to recover colostral AMPs.

5.2.5.1. Obtaining AMPs from colostrum and washed caseins

The most direct way of recovering AMPs from colostrum was to treat
fresh colostrum directly with different concentrations of GndHCl and
incubate these with bacteria, such that the denaturants do not affect the
growth of the bacteria. The best working combination, tested directly in
micro titer plate wells, was obtained with 0.5 M GndHCI, which is able to
dissociate piscidin from colostrum without affecting bacterial growth.
However, despite all efforts, no antimicrobial activity was observed using
colostrum treated with GndHClI (Fig. 27).
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Figure 27. E. coli growth curve measured at ODgyo nm. Fresh colostrum was
treated with various concentrations of GndHCI directly on a micro titer plate.
0.5 M GndHCI turned out to be the safest concentration that does not inhibit
the growth of a bacterium yet is able to release piscidin (1 mg/ml).
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Our previous results show that piscidin interacts with HMW components
within colostrum. An attempt was made to recover AMPs from washed
caseins obtained by ultra-centrifugation from fresh colostrum. The
washed caseins were either spiked with piscidin or not and dialyzed
against either 3 M of GndHCl or 4 M of urea. The recovered LMW com-
ponents, which could possess antimicrobial activity, were further
purified in a reverse-phase Cig column using HPLC. In total, 96 fractions
were collected directly into micro titer plates. All 96 fractions were fur-
ther tested in a liquid medium growth assay to detect potential
antimicrobial activity.

As with the colostrum samples, antimicrobial activity was observed only
in the HPLC fractions where piscidin had been added to the washed ca-
seins and either treated with GndHCI (Fig. 28A) or urea (Fig. 28B). The
samples without piscidin did not indicate any antimicrobial effect to-
wards growth of E. coli (Fig. 28). All of these fractions were also tested
with the radial plate diffusion assay and not a single HPLC fraction had
any effect on bacterial growth (data not shown). Controls with GndHCl
and urea alone also did not affect bacterial growth.

14 14
Casein LMW B == Casein LMW

S22 e Casein LMW + piscidin
=== Piscidin
1.0 4

1.2  eeeeeee Casein LMW + piscidin
1.0

e
®

08
06
0.4
02

0.0 $fenernnirnnnnaanasss® o

0 200 400 600 0 200 400 600

Time (min)

Figure 28. E. coli growth curves measured at ODgoo Nm. Fractions collected from
an HPLC were tested with bacteria. The growth of E. coli was inhibited in the
fraction where added piscidin was dissociated from caseins with either 3 M of
GndHCI (A) or 4 M of urea (B). Dotted lines indicate the growth inhibiting effect
of the recovered piscidin. Solid black lines indicate the effect of these same
fractions without piscidin for the growth of bacteria. The positive control of
piscidin alone suppressed the growth of bacteria (dashed green line).
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Although endogenous AMPs should be in the LMW fractions obtained
from washed and denatured casein dialysates, the retentate inside the
dialysis bag containing HMW components was also analyzed. The caseins
formed a gel when dialyzed against GndHCl or urea and required an
extra 3 M of GndHCI to dissolve again. After centrifugation, the superna-
tant was analyzed with SEC at 280 nm (Fig. 29).
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Figure 29. GndHCl and urea treated casein retentates re-solubilized in addition-
al GndHCI and analyzed with SEC FPLC. The mobile phase was 3M of GndHCI.
Chromatograms are shown from 0 to 20 minutes. Absorbance was measured at
280 nm.

The chromatograms are almost identical regardless of whether or not
the casein sample was previously spiked with piscidin. Fractions eluting
at 13-15 minutes into the chromatogram from the urea treated caseins
(GndHCI treatment did not result in so clearly separated peaks) had
some UV absorbing components, however, no antimicrobial effect was
detected (data not shown).
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5.2.5.2. Urea gel electrophoresis

Gel electrophoresis has often been used to separate the main milk pro-
teins such as caseins and whey proteins (Kunz & Lonnerdal 1990).
Moreover, the presence of urea in the gel allows for better dissociation
of a-, B- and k-caseins (Veloso et al. 2002). Urea gel electrophoresis also
has been used to purify AMPs such as piscidin from crude tissue extract
(Noga et al. 2009). Combining this knowledge, urea agarose gel electro-
phoresis was applied to dissociate bioactive LMW components from
colostral caseins. Washed caseins were prepared from fresh bovine co-
lostrum by ultra-centrifugation and combined with fluorescein-piscidin
before addition to wells of 3 M urea agarose gel in a slightly acidic PBS
buffer (pH 6.0). Fluorescein-piscidin alone and casein micelles alone
were included as controls. The gel was photographed under UV light
(254 nm) before and during electrophoresis. The zero time picture shows
a remarkably high fluorescent signal only for the combination of caseins
and fluorescein-piscidin (Fig. 30), and a much lower signal from either
the casein pellet alone or fluorescein-piscidin alone.

This was a surprising result because we had observed strong quenching
of fluorescein-piscidin by the addition of colostrum or caseins when
measured in the spectrofluorometer, although we did observe a small
background fluorescence signal from colostrum alone. However, it ap-
pears that under the conditions of our gel electrophoresis setup, a strong
synergistic effect on florescence was observed — this could be due to the
different wavelength used for excitation (254 nm) compared with our
quenching studies (490 nm). Tryptophans in the caseins fluoresce and
can be sufficiently excited at 254 nm, however, the addition of unlabeled
piscidin had no effect (this would be expected if piscidin was able to
immobilize (some of) the tryptophans — conditions which are known to
strongly enhance fluorescence of tryptophans); addition of fluorescein to
caseins also had no effect. Immobilizing the fluorescein group of fluores-
cein-piscidin could also have an effect in shifting excitation/emission
towards wavelengths not monitored in the spectrofluorometer.
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Casein

Casein+FP

Figure 30. Blue dye; casein; casein spiked with fluorescein-piscidin, and fluores-
cein-piscidin alone in 3M of urea gel before (0 h), 1 h after, and 2 h after
initiation of electrophoresis. The red bar indicates the anode and the blue bar
the cathode. Caseins would migrate to the anode, whereas positively charged
fluorescein-piscidin would migrate in the opposite direction.

After 1 h of electrophoresis the fluorescein-piscidin was still strongly
attached to the caseins, the majority of which had not moved — only a
small fraction had moved towards the anode. Presumably, fluorescein-
piscidin had not been dissociated from colostral caseins. Interestingly, at
the end of the run, the fluorescein-piscidin was not detectable anymore.
After several hours, the signal from both components had faded away
and isolation of these components from the gel was not possible (Fig.
30).
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By examining the gel continuously under UV light, it was observed that
fluorescein-piscidin faded without moving significantly. It is clear that
even if some casein-associated components would be able to dissociate,
probably the majority of AMPs, at least fluorescein-piscidin, would form
strong precipitates with casein micelles and become stuck on the bottom
of the wells thus preventing their migration even in a strong electrical
field.

5.2.5.3. Other dissociation approaches

Apparently, GndHCl and urea are able to dissociate piscidin from colos-
trum, however, we were not able to dissociate any native AMPs from
colostral HMW fractions. Many of the following experiments were per-
formed with bioactivity assays and not with physical binding studies.

Several other attempts were made to try to recover AMPs from colos-
trum and caseins. First, we reasoned that the positively charged AMPs
would bind electrostatically to the many serine phosphate groups in
caseins and we thus tested if alkaline phosphatase could cleave the
phosphate groups from caseinate and thereby interfere with an interac-
tion between positively and negatively charged components.
Unfortunately, alkaline phosphatase also eliminated the antimicrobial
activity of piscidin, probably due to the protease side activity of this
enzyme preparation.

Next, we tried using chymosin, the protease produced by the calf and
used to coagulate the caseins during cheese production, to dissociate
AMPs. Unfortunately, chymosin or proteolytic impurities in the prepara-
tion (fermentation-produced chymosin by CHR Hansen), eliminated
antimicrobial activity of the piscidin added as a positive control. This
could be due to side activity of the high concentration of chymosin, be-
cause piscidin does not contain the preferred substrate amino acid
sequence for chymosin cleavage. Similar results were obtained when
applying elastase (data not shown).
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One published study has also shown that the human antimicrobial pep-
tide LL-37 is sensitive towards nine commercially available proteases and
lost its bioactive function in proteolytically affluent environments
(Moncla et al. 2011). Therefore, further attempts to release AMPs with
other proteases were deemed to fail, because these enzymes would
likely degrade the AMPs and abolish their activity.

We also tried to increase the ionic strength using 2 M NaCl to compete
with the electrostatic interactions between piscidin and caseins. Howev-
er, we were not able to recover spiked piscidin. Surprisingly, NaCl
abolished the antimicrobial effect of piscidin in the control sample and
yet, despite the high concentration of salt, did not affect the growth of E.
coli K-12. This result corroborates an observation made in another study,
where E. coli survived in a medium with high NaCl (20%) for 72 h
(Hrenovic & lvankovic 2009).

EDTA and DTT were also used to dissociate possible interactions be-
tween LMW and HMW components from colostrum and caseins. EDTA
would chelate calcium and disperse the casein micelles, and DTT would
reduce any covalent disulfide bonds between colostral defensins and
proteins. A series of experiments tracked by SEC revealed that DTT and
EDTA did release some LMW fractions from colostrum, however, upon
closer inspection, the apparent antimicrobial activity came from the
controls containing EDTA and/or DTT alone (data not shown).

An acidic condition at pH 3 was also tested to try to dissociate AMPs
from caseins. However, the spiked piscidin was not recovered and bacte-
rial growth was not suppressed (data not shown). It is possible that
AMPs, including spiked piscidin, could be trapped by the large casein
aggregates that form when reducing the pH to the isoelectric point (pH
4.6) and beyond. It is also possible that thermal treatment could be used
to denature the higher structures of proteins and release AMPs that are
potentially bound to them.
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To test this, colostrum was spiked with piscidin and heated, however, no
antimicrobial activity of piscidin was detected. It is possible that this also
was due to non-specific trapping of spiked piscidin and colostral AMPs by
the protein aggregates.

Although, we were able to recover spiked in piscidin from colostrum and
caseins in a model system, we could not obtain any LMW colostral com-
ponents that had antimicrobial activity. Neither colostrum itself nor its
LMW fractions displayed any inhibitory activity towards bacteria, at least
under the conditions employed herein that had worked in the model
system with piscidin.

5.3. Other bioactive effects of peptides

5.3.1. Effects of LMW colostrum fractions and yeast extract on
murine intestinal cell line mICci2 (Unpublished data)

After attack by an antagonist, the innate immune system of mammals
depends on the activation of receptors, such as members of the TLR
family that provide a signal via NF-kB activation. A NF-kB signaling assay
using @ mICc12 cell line was performed to study the immune enhancing
system activity of colostrum LMW fractions, which may contain AMPs.
The immune system enhancing activity of AMPs could be detected in
these cells after AMPs electrostatically bind with LPS and suppress lucif-
erase activity which would be detected by a decrease in the
chemiluminescence signal.

First, the assay was evaluated with piscidin that had been incubated with
either cells alone or together with LPS to induce the inflammatory re-
sponse measured through luciferase activity.
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We observed that different concentrations of piscidin alone did not
cause any inflammatory response in the cells, however, in the presence
of LPS, piscidin eliminated LPS-induced expression of luciferase in a dose
dependent manner (Fig. 31), probably by binding to LPS and preventing
LPS from binding to TLR-4/MD-2/CD14, as described for LL-37
(Mookherjee et al. 2006). However, we cannot rule out the possibility
that in higher concentrations the piscidin alone (~ 1 mg/ml) supresses
luciferase expression due to a toxic effect that leads to cell death. Still
we performed one test with an ATP assay that revealed a high lumines-
cence signal which verified a functional metabolism and thereof viability
of the mICc1; cells (data not shown).

8000 +
= % With LPS (1 pug/ml)
< 6000
% 4000
£
5

201 \Without LPS

-
0 . T T
0 10-% 102 101

Piscidin (mg/ml)

Figure 31. Measuring the NF-kB dependent inflammatory responses in mlCci;
cells through expression of luciferase. Three fold serial diluted piscidin was
tested with the murine intestinal cell line mICciz in the presence or absence of

LPS. The luminescence was measured from lysed cells in excess of ATP and
luciferin.

109



Next, the LMW dialysates obtained from fresh colostrum were tested on
one week old cell monolayers. The pH of the colostrum LMW fractions
was always acidic (~6.5, even with the buffer control). However, adjust-
ing the pH to 7.0-7.4, which should be more tolerable for the cells, often
caused precipitation, which means that potentially active peptides could
co-sediment. On the other hand, keeping a low pH to avoid precipitation
affects luciferase activation in these cells (Fig. 32). Therefore, LMW frac-
tions from colostrum were adjusted to pH ~7. Filtered and purified
samples were used to avoid insoluble particles, which could give arte-
facts.
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Figure 32. Measuring the effect of colostral LMW fractions at two different pH
values. Three fold serial diluted dialysed LMW fractions obtained from fresh
colostrum were tested with the murine intestinal cell line miCc; in the
presence of LPS (1 pg/ml).
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Further tests with the supernatant of a colostral LMW fraction displayed
no promoting effect on luciferase expression (Fig. 32). Adding superna-
tant to LPS strongly inhibited the luciferase expression, much like piscidin
(Fig. 33). Still, at high concentrations, the supernatant of a colostral LMW
fraction alone displayed an inhibiting effect which allows us to speculate
about the viability of cells incubated with a potentially high concentra-
tion of colostral AMPs.
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Figure 33. Measuring the effect of colostral LMW fraction on the inflammatory
response in mlCciz cells. Serial dilution of a colostrum LMW fraction were
tested in the presence or absence of LPS.

Therefore, we performed a control containing 22% of the supernatant of
the colostral LMW fraction and observed that with an increase in LPS
concentration, the luciferase signal increased and thus the colostral
supernatant had no supressing effect.
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Moreover, we also used the WST1 Proliferation assay to measure the cell
mitochondrial metabolism during incubation with mixture of colostrum
LMW fraction (15%) and LPS, and found clear evidence of cell viability in
the presence of a high concentration of this colostral fraction (data not
shown).

We also performed a series of experiments with colostral HMW frac-
tions. In contrast with LMW fractions, HMW samples induced a
luciferase signal. Unfortunately, we observed heavy precipitation of cell
wells and therefore probably measured an artefact (data not shown).
Still, the results obtained by Jgrgensen et al. (2010) showed that intact
colostrum decreased the signalling induced by bacterial ligands
(Jgrgensen et al. 2010). Furthermore, bovine lactoferrin down-regulates
the expression of cytokines in the Caco2 cell-line after infection by E. coli
without causing an inflammatory response (Berlutti et al. 2006).

SEC confirmed that the size distribution of LMW fraction obtained from
colostrum was between 400 and 12500 Da, with the most intense peaks
were between 700-1000 Da (data not shown) Because the LMW active
components from fresh colostrum do not bind to Cis columns, one could
speculate that they are short hydrophilic peptides, although it has not
been verified yet that they are indeed peptides. It would thus appear
that colostrum LMW components could have immune-modulating ef-
fects.

The NF-kB dependent inflammatory response in miCc12 was also per-
formed using yeast hydrolysates, which are often added as growth
promoting components in various food production processes. The
rehydration of yeast extract with DMEM did not cause any precipitation
and the pH was also acceptable for the cells. The yeast hydrolysate did
not inhibit LPS-induced NF-kB activation (Fig. 34).

Moreover, the yeast fractions induced an inflammatory respone and
increased the basic level of luciferase expression. This phenomenon can
be explained in several ways.
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We demonstrated that adding yeast extract to the growth medium
increases the specific growth rate and production of the L. lactis biomass
(Kevvai et al. 2014). This could occur with the mICc1 cells too, so after 4 h
of incubation, the biomass of murine intestinal cells may have increased
which can explain the observed increase in luciferase expression.
Alternatively, the increased expression of luciferase could be explained
by B-glucans, which are major component in yeast cell walls that could
induce an innate immune response and trigger inflammation (Ortuiio et
al. 2002; Chan et al. 2009). Although these extracts contain mainly
intracellular components of yeast, it is still possible that some cell wall
components have not been completely removed. Another explanation
could be that the yeast hydrolysates were contaminated with bacterial
LPS (Chan et al. 2009), which accelerates the luciferase emission in
mICc12 cells.
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Figure 34. The effect of added yeast extract on luciferase expression in miCci,

cells. Serial dilutions of yeast extract were tested in the presence or absence of
LPS.
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More studies are needed to characterize and identify the molecules from
colostrum that may bind to LPS and prevent the inflammatory response
in intestinal cells. Moreover, further experiments should be performed
with yeast extracts to determine if the induced immune response could
be due to peptides. One possibility is to use proteases to rule out any
effects induced by LPS and glucans, which are both polysaccharides and
should not be susceptible to enzymatic degradation by proteases. The
same experimental design could also be used with colostrum
components because the immune enhancing components did not bind
to the Cis column, wich raises the possibility that these components are
not peptides at all. For further identification of active components, the
colostrum fractions and yeast extracts should be fractionated and these
fractions should be tested one by one with a cellular reporting system
and further characterized by proteomic approaches.

5.3.2. Consumption of free and peptide-bound amino acids by
lactic acid bacteria (Publication IlI)

In respect of amino acid consumption, mammalian cells are similar to
lactic acid bacteria, and therefore we developed methodology to study
the peptide consumption of Lactococcus lactis as a model system.

Peptides are important biomolecules with both nutritional and physio-
logical roles in various organisms. More specifically, peptides are a
valuable source of amino acids and also play important roles in signaling
processes such as gene expression and cell proliferation (Kruzel et al.
2001; Doeven et al. 2005).

One of the most important microorganisms utilized on an industrial scale
is Lactococcus lactis, which is responsible for the fermentation of various
dairy products. L. lactis, much like other lactic acid bacterial species, is a
fastidious organism and auxotrophic for several amino acids. The strain
IL1403 used in the current study is auxotrophic for leucine, isoleucine,
valine, methionine, histidine, and arginine (Zhang et al. 2009).
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Depending on the growth environment, amino acids could either be
obtained directly as free amino acids or from peptides. Therefore, yeast
extracts, which are an excellent source of various peptides, could be
used as a growth-inducing medium supplements for bacteria.

L. lactis consumes peptides by first taking them into the cells through
proton-coupled peptide transporters or ATP binding cassette (ABC)
transporters (Foucaud et al. 1995; Lamarque et al. 2011). After transloca-
tion into the cell, peptides are hydrolyzed by intracellular peptidases and
the resulting amino acids are then used for intracellular metabolic pro-
cesses, including the synthesis of proteins.

However, studies that have focused on the co-consumption of free and
peptide-bound amino acids by L. lactis are scarce. We performed a series
of batch experiments with the non-pathogenic L. /actis strain 1L1403 to
study the consumption of °N-labeled yeast hydrolysate peptides as a
source of amino acids in the presence of an abundance of free amino
acids.

First, we used SEC to determine the size of the peptides consumed dur-
ing these experiments. Our analysis of the culture media indicated that
the yeast hydrolysate used in the experiments contains peptides with
molecular weights up to ~5 kDa, whereas peptides with molecular
weights up to ~1.7 kDa were consumed in significant amounts by L. lactis
IL1403 (Fig. 35).
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Figure 35. SEC of the culture medium collected during the cultivation of L. lactis
IL1403 in a synthetic medium supplemented with **N-labelled yeast hydroly-
sate. Solid and dashed lines show chromatograms at the beginning and end of
the experiment, respectively. The arrows denote the elution times of two
marker peptides, and the upper size limit of media components consumed
during growth (adopted from (Kevvai et al. 2014)).

The only known transport system for oligopeptides in L. lactis 1L1403 is
Opt (Lamarque et al. 2004; Doeven et al. 2005; Lamarque et al. 2011),
which is a part of the ABC transporter family. Several studies indicate
that the Opt system is only capable of transporting oligopeptides with up
to six amino acid residues (Juillard et al. 1995; Lamarque et al. 2011). The
gradual disappearance of larger peptides from the culture medium could
theoretically be explained by extracellular proteolytic activity. However,
because L. lactis 1L1403 does not have extracellular proteases, the only
possible explanation is that peptides up to 1700 Da were transported
into the cells.

Moreover, the virtue of using heavy isotope labelled nitrogen (**N) in
yeast hydrolysate together with unlabeled free amino acids allowed to
follow the relative incorporation of free and peptide bound amino acids
into the biomass.
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The results show that the >N-labeled-peptides were consumed in paral-
lel with free amino acids and contributed approximately 30 to 60 % to
the production of biomass in the beginning stages of fermentation, with
the remainder originating from free amino acids (Fig. 36). During later
stages of fermentation, the proportion of free amino acids incorporated
into the biomass increased, which indicates that the more readily assimi-
lated peptides were likely depleted from the medium.

We observed several exceptions to this rule in the consumption patterns
of some amino acids. Both glutamine/glutamate and aspara-
gine/aspartate* were mainly utilized as free amino acids with only 20-
25% incorporation of labeled amino acids that originated from the yeast
hydrolysate peptides (Fig. 36A).
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Figure 36. Fraction of amino acids obtained from peptides during the growth of
L. lactis IL1403 in a synthetic medium supplemented with >N-labelled yeast
hydrolysate. A) The consumption patterns of peptide-bound Glx - Glutamine +
Glutamic acid and Asx - Asparagine + Aspartic acid. B) The consumption pat-
terns of peptide-bound methionine and branched-chain amino acids.

* After acid hydrolysis of biomass samples glutamine and glutamate as well as asparagine and
aspartate are pooled.
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In contrast, methionine uptake from peptide bound forms was ~80%
during first hours of fermentation (Fig. 36B). One explanation could be
that free methionine shares the transport system with branched-chain
amino acids (BCAA) (Hengst et al. 2006), which could cause a situation
where one amino acid intake into the cell is more preferred compared to
another. Even though all four amino acids are essential for 1L1403, the
specific transporter affinity is higher towards free BCAAs than methio-
nine and, therefore, uptake of free methionine from the culture medium
was inhibited thus making it easier for cells to utilize methionine liberat-
ed from peptide-bound forms.

The labelling data also revealed that amino acids are transported bidirec-
tionally. Peptides are transported into the cell and digested to obtain
amino acids. An excess of amino acids was then released back into the
medium. Our results indicate that the amount of amino acids secreted
back into the growth medium was of the same order of magnitude as the
amino acids theoretically required for biomass production (data not
shown). As excess amino acids are ejected into the medium a proton is
probably released; this results in the generation of metabolic energy in
the form of proton motive force (Trip et al. 2013) and can be used to
maintain the intracellular pH.

The study aids in our understanding of the co-consumption of free and
peptide-bound amino acids by L. lactis I1L1403. The exceptions in con-
sumption patterns of several amino acids help to identify potential
metabolic bottlenecks. This data could be used to design an efficient
growth medium for a specific bacterial strain that would result in in-
creased specific growth rates and production vields during
bioprocessing. More specifically, this knowledge could be used to design
novel yeast hydrolysates with optimized bioactive peptide content for
particular organisms to accelerate and stabilize both laboratory and
industrial scale fermentation.
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Conclusion

Six main conclusions result from this dissertation.

A method to identify and characterize low molecular weight co-
lostral peptides without complex sample pretreatment was
developed and tested (Publication 1). This preliminary study ap-
plied the NALDI method for the first time to detect LMW peptides
from colostrum. A comparison between NALDI and MALDI re-
vealed that LMW colostral peptide peak intensities obtained
using NALDI were at least ten times higher than those obtained
using MALDI. The NALDI method showed high sensitivity in the
lower m/z region where MALDI suffers from matrix suppression
and does not allow for the detection of small molecules.

A model system of bovine colostrum and piscidin was developed
to study the interactions between antimicrobial peptides and
HMW compounds within colostrum (Publication Il). The outcome
was that:

a. Colostrum was capable of completely abrogating the ac-
tivity of a spiked in antimicrobial peptide (piscidin).

b. Colostrum did not degrade piscidin and it even protected
piscidin against degradation by added proteases.

c. Colostrum bound piscidin specifically; this effect was not
seen with BSA.

d. Piscidin bound to colostrum casein micelles, but not with
IgG or whey proteins. The binding is probably caused by
electrostatic interactions between positively charged
amino acids in piscidin and negatively charged phos-
phoserine residues in caseins.
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e. The interactions between caseins and piscidin could be
dissociated by strong denaturant (GndHCI), without af-
fecting the antimicrobial activity of piscidin against
bacteria.

Caseins could be carriers of AMPs and could act as a transport
vehicle for small molecules that originate from colostrum and
milk into the gastrointestinal tract.

Various chemical treatments, such as the addition of denatur-
ants, salts, and enzymes, and the use of methods such as gel-
electrophoresis and size exclusion chromatography were used to
try to recover AMPs from colostrum and casein fraction of colos-
trum, however, no antimicrobial activity was detected.

Instead, an anti-inflammatory function was observed using a
mammalian reporter system. The miCc12 cells were used to de-
tect bacterial LPS-induced proinflammatory responses through
members of TLR family that signal via NF-kB activation. The im-
mune enhancing activity could be measured in the cells as a
consequence of AMPs that electrostatically interact with LPS and
act as anti-inflammatory agents. Moreover, colostrum LMW dia-
lysates also appeared to have this anti-inflammatory effect.
Therefore, colostrum could have immune-modulating effects in
mammals.
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VI.

We studied the co-consumption of free and peptide-bound ami-

no acids by Lactococcus lactis subsp. lactis 1L1403. A novel

approach based on the utilization of *°N-labelled yeast hydroly-

sate was used to gain insight into the role of peptides as a source

of amino acids under conditions where free amino acids are
abundant (Publication Ill).

a.

During bacterial growth we observed the co-consumption
of peptides and free amino acids.

A considerable efflux of most free amino acids was ob-
served during growth.

The incorporation of a particular amino acid was more
dependent on its availability in a readily assimilated form
for the cell than the organism’s auxotrophy for it. During
the fermentation, more readily assimilated peptides were
gradually exhausted from the growth medium.

Our analysis indicates that the yeast hydrolysate contain
peptides with molecular weights up to ~5 kDa. Peptides
with molecular weights up to ~1.7 kDa were consumed in
significant amounts by L. lactis 1L1403.
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Abstract. Several bioactive proteins have been identified in colostrum and milk. However
there are needs for development of technologies to identify and purify low molecular weight
(LMW) peptides with bioactivity. The most used method is Matrix Assisted Laser Desorption
lonization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS), but matrix suppression often
prevents detection of LMW components. Our approach was to work out a suitable method for
analysing small peptides in bovine milk and colostrum without extensive sample pre-treatment.
Nanostructure-Assisted Laser Desorption/lonization (NALDI) is a matrix-free method to
identify such LMW components. We also made a comparison between MALDI and NALDI for
detection of peptides from colostrum samples. Our results show that NALDI provide better
intensity compared with MALDI. It allows us to sequence small peptides and to identify a
fragment of fg-casein from the colostrum sample. Further studies are needed for comprehensive
identification and characterization of LMW bioactive peptides from colostrum and milk.

Key words: colostrum, low molecular weight peptides, MALDI, NALDI.
INTRODUCTION

Colostrum and milk are rich sources of nutrients and also assure optimal immune
defence in the newborn. It is due to their high content of biologically active compounds
protecting against pathogens and diseases. Until now, several bioactive proteins have
been identified in colostrum and milk like immonoglobulins, lactoferrin, cytokines, and
antimicrobial proteins and peptides, such as defensins and cathelicidins (reviewed by
Park, 2009; Stelwagen et al., 2009). Some of the bioactive components may be
applicable as food formulations or pharmaceuticals (reviewed by Wheeler et al., 2007).
However, a comprehensive description of and knowledge about function of LMW
components is limited. More detailed information about individual bioactive
components may allow more widespread use and add value to the dairy industry.

To increase knowledge about properties of individual bioactive components there
are needs for technologies to identify these and to obtain the components in purified
form. One of the possibilities is application of sophisticated proteomics technologies.
The most used techniques for analysis of proteins and peptides in different food
matrices are electro spray ionization (ESI) and MALDI-TOF MS (Shevchenko et al.,
2001; Trauger et al., 2002; Coon et al., 2005; Jorgensen et al., 2010). However, there
are also reports available that analysis of low molecular weight compounds with
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MALDI can be complicated because of intense chemical noise from the matrix (Cohen
& Chait, 1996; Knochenmuss et al., 1996; Glish & Vachet, 2003; Go et al., 2003).

These problems can be reduced by using a matrix-free setup like NALDI which is
reported to show good performance for molecules up to 3000 Da (Thomas et al., 2001,
Lewis, 2003; Daniels et al., 2008; Dikler & Kowalski, 2009).

Currently there are no scientific reports available about methods for analysis of
small peptides from colostrum and milk by NALDI. Thus we started to test suitability
of NALDI for identification of bioactive proteins and peptides from colostrum and
milk for later application in dairy industry.

MATERIALS AND METHODS

Preparation of colostrum samples

Spray-dried colostrum powder (Biofiber Damino, Denmark) was used as a source
of colostrum for identification of low molecular weight proteins and peptides. The
colostrum sample was prepared as described previously Jergensen et al., (2010).
Briefly, colostrum powder was mixed with ultra pure (MilliQ) water at 200 g per L.
Dialysis bags (cut off 12—14 kDa) filled with water were placed in the colostrum mix
overnight on a rotor at 4°C. The content of the dialysis bags was subsequently purified
through Cyg Sep—Pak (Waters) columns for further analyses.

Analysis of colostrum samples by MALDI and NALDI

Colostrum samples were analysed as described by Daniels et al., (2008).
Angiotensin | and 1l (Sigma-Aldrich Co) were used as standards for testing the plate
and calibrating. The peptides were diluted in ultrapure water to produce a dilution
series containing 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg angiotensin I or II.

1 ul of Sep—Pak eluates from the colostrum samples were diluted with 9 ul of
HPLC grade water (Baxter, IL, USA) directly deposited on the plates. The samples
were serially diluted up to one million times. The dots of the sample where dried
overnight. The MALDI samples received 1 pl of a saturated solution of a—Ccyano—4—
hydroxycinnamic acid (Bruker Daltonics, Germany) in 70% of acetonitrile. All
samples were analyzed with an Ultraflex IV TOF/TOF, (Bruker Daltonics, Germany)
equipped with a 337 nm nitrogen laser in positive mode. The detection was set to 10—
3510 Da. The total amounts of shots were 200 at 5 different places on the sample dot.
Spectra were analyzed with software’s from Bruker Daltonics (Flex-Control and Flex-
Analysis version 2.4).

RESULTS AND DISCUSSION
Prior to analysis of colostrum samples, the NALDI plate was tested with the

angiotensin | and Il. Fig. 1 shows their characteristic ions at m/z 1296.374 and
1046.226.
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Fig. 2 shows dilution series of colostrum samples analysed by MALDI and
NALDI. The results show that even a million fold dilution gives enough signal to
detect peptides with NALDI. In contrast, MALDI gives spectra with intensity less than
300, so we are not able to fragment any of these ions. The intensity of the signal from
the S-casein fragment is at least 10 times higher with NALDI than with MALDI.

The colostrum sample on NALDI can be diluted even more than million fold.
However it can not be done with MALDI because of the increasing intensity of the
matrix suppressing the signal from the colostrum sample. Fig. 2 shows that the spectra
of NALDI and MALDI are not identical. We assume that this is probably due to
differences in ionization between the two methods. Therefore both methods may be
used for analysis of peptides in colostrum.

The most intense peak from the NALDI analysis was 1377.570 Da (Fig. 3) and
was fragmented with tandem mass spectrometry.

The fragments were analyzed by de novo sequencing and Mascot search. The
sequence was EPVLGPVRGPFPI (Fig. 4), which is identical to p-casein (210-222).



20004 MALDI Blank 80001 NALDI Blank
0. 0
80 730ng (8001 — 730ng
1377.618
0
250; 1377.618 Bg| | Ting
] p000 1377601
0 0 L m.h.n“h lhn Ll
4
a0l 1377.593 730 10° 1377.691 7300
= 2
[ [
5 3
IS £l
0 0l “_d.nl.[,Lk.Hl
1200 730pg 104 1377.667 700
1377545 J
0l M.L,h,, il ol Ll IR LLE 11
8000
350 - 1377602 n
1377593 l
0 0 L l|n| ‘ l
4]
600 7300 | 10 1377.618 13m
|
0#377545 0 LLJ\“J”'
500 1500 2500 m/z 500 1500 2500 m/z
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ions after fragmentation and the fragment sizes.

CONCLUSIONS

This preliminary study was carried out to identify peptides from colostrum with
molecular weight under 3000 Da. Our results show that NALDI is useful for analysis



of low molecular weight peptides. NALDI has high sensitivity and is easy to use.
Moreover, comparison between NALDI and MALDI shows that peak intensities with
NALDI were at least ten times higher than those obtained with MALDI. In this study
we were able to detect a p-casein fragment from colostrum. However further research
is needed for a comprehensive identification and characterization of low molecular
weight bioactive peptides from colostrum and milk.
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A model system of bovine colostrum and piscidin, a fish-derived antimicrobial peptide, was developed to
study potential interactions of antimicrobial peptides in colostrum. We did not detect any antimicrobial
activity of colostrum using the radial plate diffusion assay; in fact colostrum completely abrogated activity
of added piscidin. This could not be explained by degradation of piscidin by colostrum, which was less than
ten percent. We found that colostrum even protected piscidin against degradation by added proteases. We
further observed that colostrum and milk rapidly quenched the fluorescence of fluorescein-piscidin but

Key‘,’vo.rd3: . . not that of fluorescein. This effect was not seen with BSA and the specific quenching of fluorescein-piscidin
Antimicrobial peptides P X PP . . Lo

Caseins by colostrum was saturably inhibited with unlabeled piscidin. Size exclusion chromatography indicated
Colostrum that fluorescein-piscidin bound to casein micelles with no apparent binding to IgG or whey proteins.

Milk Further, addition of pure caseins was able to quench fluorescence of fluorescein-piscidin and to inhibit

Piscidin the antimicrobial activity of piscidin. The interaction between caseins and piscidin could be dissociated
by guanidine hydrochloride and recovered piscidin had antimicrobial activity against bacteria. Based on
our results we propose that caseins could be carriers for antimicrobial peptides in colostrum and milk.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

During evolution all organisms have evolved various effec-
tive strategies to survive and combat invading pathogens, e.g.
antimicrobial peptides [1,2]. Colostrum is a complex biofluid,
which in addition to an ample supply of nutrients and protec-
tive factors, particularly immunoglobulins, contains antimicrobial
peptides, like defensins and cathelicidins [3-7]. Recently, genome
studies of indigenous Australian mammals, like wallabies [8] and
echidnas [9], have revealed expression of cathelicidin genes and
other antimicrobial peptides during lactation and point to strong
evolutionary selection for these antimicrobial peptides as impor-
tant defense mechanisms. Antimicrobial peptides display activity
against a wide spectrum of pathogens, like bacteria, fungi, parasites
and viruses [10].

Although organisms have evolved antimicrobial peptides as
part of their innate immune system to provide protection against
pathogens, bacteria have also evolved various strategies to resist
antimicrobial peptides, like secretion of proteases, modification of

* Corresponding author. Tel.:+45 87157626; fax: +45 8715 4891.
E-mail address: jan.stagsted@agrsci.dk (J. Stagsted).

http://dx.doi.org/10.1016/j.ijbiomac.2014.06.063
0141-8130/© 2014 Elsevier B.V. All rights reserved.

cell membrane components or pumping out the antimicrobial pep-
tides [11,12]. For example, in vitro tests with bacterial proteases
show that several antimicrobial peptides are susceptible towards
enzymatic degradation [13].

Antimicrobial peptides are produced by specialized cells in
epithelia [14], such as mammary epithelium that produces
colostrum and later milk. A protective transport vehicle in mam-
malian organisms for antimicrobial peptides could therefore be the
casein micelles, which are the major proteins in colostrum and
milk. This would ensure that antimicrobial peptides produced in
colostrum are at least partly protected and delivered to the new-
born.

Caseins are extensively phosphorylated on serine residues in
the Golgi complex [15]. Kumosinski and his co-workers have
shown through various molecular modeling techniques that all
five negatively charged phosphoserine residues located in the
N-terminal part of B-casein could potentially interact with posi-
tively charged components [16]. asy-Casein has eight and k-casein
one phosphoserine residue [17,18]. The phosphoserine residues
in caseins bind calcium and calcium phosphate and form large
molecular micelles in milk and colostrum to encapsulate and to
deliver these important macro elements [15]. It is unclear, how-
ever, if caseins could function as vehicles for other endogenous
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components. It has been shown that caseins bind exogenous
plant-derived polyphenols through hydrophilic and hydrophobic
interactions [19]. Furthermore, 3-casein micelles can encapsulate
cancer drugs to provide stable combinations for orally consumed
medicines for cancer patients [20]. Spray-dried cross-linked casein
nanoparticles have been shown to trap alfuzosin hydrochloride for
delayed release of the drug [21]. Caseins have also been utilized
to protect against enzymatic degradation of small peptides, like
insulin in vitro [22].

We have studied the binding and protection of piscidin by
bovine caseins as a model to explore the potential of caseins
and antimicrobial peptides as a defense mechanism. Piscidins can
be obtained from fish gills, skin or mucus and could possibly
be used to combat pathogens of humans and other higher ver-
tebrates. Piscidin-1 contains 22 amino acids of which seven are
positively charged at neutral pH [23]. The two main characteris-
tics of piscidin, positively charged residues and amphipathic helical
structure, cause bacterial cell disruption [24,25].

We surmised that positively charged antimicrobial peptides
might bind strongly to negatively charged casein molecules in
colostrum and milk and that this interaction might protect the
antimicrobial peptides from enzymatic degradation. These pep-
tides could subsequently be released, e.g. through microbial action,
in the lower gastrointestinal tract.

2. Materials and methods
2.1. Materials

Reagents and chemicals were purchased from the following
vendors: Sigma-Aldrich, MO., USA (Guanidine hydrochloride; Fluo-
rescein; Bovine Serum Albumin; SIGMAFAST™ Protease Inhibitor
Tablets); Fluka Analytical, MO., USA (LB broth Miller); Invitro-
gen, UK (Agarose, electrophoresis grade); Pfizer Italiana, Italy
(Synulox); AppliChem GmbH, Germany (Trifluoroacetic acid, spec-
troscopy grade); Merck, Germany (Pronase E, a mixture of proteases
from Streptomyces griseus); Bruker Daltonics, Germany (a-cyano-4-
hydroxycinnamic acid); CASLO Laboratory ApS, Lyngby, Denmark
(synthetic amidated piscidin-1 (FFHHIFRGIVHVGKTIHRLVTG-NH2)
and fluorescein-piscidin-1 (N-terminally labeled). Throughout the
text piscidin-1 and fluorescein-piscidin-1 are abbreviated as pis-
cidin and fluorescein-piscidin, respectively.

Staphylococcus aureus and Escherichia coli isolates from milk
were obtained from Estonian University of Life Science, Tartu,
Estonia. E. coli K-12 strain was kindly provided by Ole Hgjberg,
Department of Microbiology, AU, DK. Spray-dried colostrum pow-
der (a mixture collected and pooled from different cows and
herds) was kindly provided by Biofiber damino, Gesten, DK.
Sodium caseinate was from Arla Foods, Holstebro, Denmark. Fresh
colostrum and milk samples from different cows were kindly
provided by Mette-Marie Lgkke, Department of Food Science,
AU, DK.

For practical reasons, we primarily used reconstituted
colostrum prepared as a 10% (w/v) suspension of spray-dried
colostrum powder in water. Some experiments required use of
fresh colostrum, e.g. degradation, where the spray-drying process
may have inactivated proteolytic activity. Although we have
observed only minor quantitative differences in the behavior of
reconstituted and fresh colostrum, we have chosen to specifically
refer to our use of reconstituted colostrum as colostrum’ and fresh
colostrum as colostrumf throughout the text.

HPLC grade water (Burdick & Jackson, MI, USA) was used for
peptide stock solutions. MilliQ water (Millipore Corporation, MA,
USA) was used throughout the study. PBS, ACN, methanol, HCl and
NaOH were of analytical grade and commercially available.

2.2. Methods

2.2.1. Bacterial cultures

Bacteria were grown overnight in LB broth at 37 °C. Next day the
bacterial cultures were washed three times with PBS (pH 7.0) and
diluted in LB to an ODggg = 0.05.

2.2.2. Radial plate diffusion assay

Agarose plates were used and growth inhibition was observed
as clear zones after application and diffusion of the antimicrobial
component from a small hole punched in the agarose. LB broth with
1.5% agarose was autoclaved, cooled to ~40 °C, mixed with washed
bacteria to obtain ODggg = 0.05 and poured onto Petri dishes. 3 mm
holes were punched after solidification and filled with 10-20 pl of
sample to be tested. Synulox, a mixture of amoxicillin and clavu-
lanic acid, was used as positive control.

In experiments with guanidinium hydrochloride (GndHCl), we
also added protease inhibitors (0.5 mg/ml) in the LB medium. Plates
were incubated overnight at 37 °C and next day diameters of inhi-
bition zones were measured.

2.2.3. Degradation of fluorescein-piscidin in colostrum

Colostrumf samples from three different cows and fresh milk
from cows in late lactation were centrifuged (~2500g, 30 min,
4°C) to remove fat. All subsequent experiments used skimmed
colostrum or skimmed milk. The colostrumf and colostrum?® or dilu-
tions thereof were mixed with piscidin (mixture of piscidin and
fluorescein-piscidin) or PBS as a control. Parallel samples were then
loaded on bacterial plates for measurement of inhibition zones or
incubated without bacteria overnight at 37 °C for measurement of
degradation of fluorescein-piscidin by size exclusion chromatogra-
phy using an AKTA FPLC 900 System (Amersham Biotech) equipped
with column (Sephacryl S200 - 15 mm x 100 mm - internal diam-
eter x length (Pharmacia, Sweden). Chromatographic conditions
were as follows - mobile phase: PBS, pH 7.0; flow rate: 1 ml/min;
UV detection at 280 nm. Fractions of 1 ml were collected and fluo-
rescence was measured with a Synergy 2 micro plate reader (BioTek
Instruments, Inc., USA) using excitation at 485 nm and emission at
528 nm. Subsequently, pronase E were added at 1 mg/ml to all frac-
tions to release fluorescein and fluorescence was measured again
after 30 min. Fluorescence was corrected for suppression by a fac-
tor of 0.7 as determined for fluorescence intensity of fluorescein
before and after addition of pronase E.

2.2.4. Protection of fluorescein-piscidin by colostrum

The degradation of fluorescein-piscidin was analyzed by size
exclusion chromatography. fluorescein-piscidin was incubated
with colostrum? or colostrumf for 60s at room temperature. Then
pronase E was added and samples were incubated for an additional
60s under the same conditions. Control samples were prepared
under the same conditions, but switching the order of addi-
tions. Additional controls with BSA at the same concentration as
colostrumf were performed to rule out a general protective effect
of protein against degradation of fluorescein-piscidin by pronase E.
Samples were then immediately injected and separated by FPLC as
described in Section 2.2.3.

2.2.5. Binding of fluorescein-piscidin by colostrum and milk

Binding of piscidin to colostrum or milk was studied using fluo-
rescence quenching. The rapid binding of fluorescein-piscidin was
carried out with colostrum?, colostrumf and milk. The signal of
fluorescein-piscidin was measured in a quartz cuvette with an
LS50B spectrometer (Perkin Elmer, UK) using excitation at 490 nm
and emission at 520 nm. After 60's, colostrum or milk was added
and quenching of fluorescein-piscidin was followed for another
60s.
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For some experiments, binding studies were performed in micro
titer plates coated with 1% BSA to prevent non-specific adsorption
of fluorescein-piscidin. All binding experiments were performed
in PBS. Fluorescence of fluorescein-piscidin was measured with
the Synergy 2 micro plate reader using excitation at 485 nm and
emission at 528 nm. BSA was dissolved in water and used without
further treatment. Solutions of fluorescein or fluorescein-piscidin
were adjusted to give equal fluorescent intensities and then incu-
bated with increasing amounts of either colostrum’ or BSA as
indicated.

Quenching of fluorescein-piscidin by colostrum® was competed
using different concentrations of unlabeled piscidin. Colostrum®
was incubated for 30 min with unlabeled piscidin before addition
of fluorescein-piscidin.

2.2.6. Cross-titration setup with piscidin and casein in liquid
medium growth assay

Solutions of sodium caseinate were prepared at 50 mg/ml in
water and solubilisation was achieved by adjusting to pH ~10 with
NaOH and mixing overnight at 4 °C. The solution was then neutral-
ized with HCL.

Piscidin was three-fold serially diluted in rows in a 96 well micro
titer plate and sodium caseinate was three-fold serially diluted in
columns. This gives the highest concentration of both components
at the upper left corner and control (PBS alone) at the lower right
corner of the cross-titration squares. The bottom row is therefore
sodium caseinate alone and the right column is piscidin.

After combining different concentrations of piscidin and sodium
caseinate in 6 x 6 squares, S. aureus in liquid LB medium with
ODgoo =0.05 was added. The bacterial growth was followed for 10 h.
The optical density was continuously measured at 600 nm with the
Synergy 2 micro plate reader at 37 °C with intermittent shaking.

2.2.7. Release of fluorescein-piscidin from colostrum

The rapid binding of fluorescein-piscidin was carried out with
colostrum'. The signal of fluorescein-piscidin was measured in a
quartz cuvette using excitation at 490 nm and emission at 520 nm.
After 30s, colostrum® or PBS was added and the quenching of
fluorescein-piscidin was followed for an additional 30s. Sequen-
tial additions of 6 M GndHCI (pH 7.0) were then performed every
30s to release fluorescein-piscidin from colostrum?’. Controls with
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Fig. 2. Different doses of colostrumf affect the degradation and antimicrobial activ-
ity of piscidin (mixture of 300 pg/ml of piscidin and 50 p.g/ml of fluorescein-piscidin)
against E. coli (®) and S. aureus (O). Data are from three independent experiments.

fluorescein or fluorescein-piscidin and PBS were performed under
the same conditions.

2.2.8. Obtaining the low molecular weight fraction from
colostrum or caseins

Recovery of low molecular weight (LMW) components, includ-
ing the added piscidin in spiked samples, from colostrum’ used the
method according to Jorgensen et al. [26] with some modifications.
Colostrum powder was re-suspended with either MilliQ water or
6 M of GndHCl to obtain a 10% (w/v) homogeneous mixture. Sam-
ples were then spiked with piscidin. C;g reverse phase resin (Waters
Corporation, Milford, USA) conditioned with methanol and washed
with 0.1% of TFA was placed in dialysis bags with 12-14 kDa cut-off
(Spectrum Laboratories, Inc., CA) followed by addition of 10 ml of
water or 6 M of GndHCI. The dialysis bags were then incubated in
the colostrum’ suspension and rotated overnight at 37 °C.

In some experiments, we used washed caseins obtained by
ultracentrifugation (100,000g, 60 min, 4 °C). The casein pellet was
washed ten times with ice cold MilliQ water and homogenized with
an Ultraturrax homogenizer at 12,000 rpm for 1 min on ice. The
washed caseins were then re-suspended in 3M of GndHCl with
PBS (pH 7.0), divided into two equal samples and one sample was

Piscidin

Colostrum

+.

E. coli

E. coli

+ - +

4+ Synulox

S. aureus

S. aureus S. aureus

Fig. 1. Radial Plate Diffusion Assay for testing antimicrobial activity of colostrum* (100 mg/ml) and piscidin (100 wg/ml). Sections of agarose plates with added compounds
in various combinations as indicated are shown. -: sterile PBS. Synulox, a mixture of amoxicillin and clavulanic acid, was used as a control. Shown are representative sections

from plates.
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spiked with piscidin. The samples were placed in dialysis bags with
6-8 kDa cut-off and dialyzed against 0.1% of TFA with C;g reverse
phase resin overnight at 4°C with continuous magnetic stirring.
Note that the resin is outside the dialysis bags to bind small peptides
that diffuse out of the dialysis bags.

Thereverse phase resin was recovered in small columns, washed
with 0.1% of TFA, and bound LMW components eluted with 70%
of ACN in 0.1% of TFA. The eluates were frozen in liquid nitrogen,
lyophilized and kept at —18 °C for further measurements. In some
experiments, ACN was allowed to evaporate at room temperature
and the remaining aqueous fraction was tested against bacteria.

Lyophilized eluates were dissolved in 1 ml of 0.1% of TFA, cen-
trifuged (2000g, 10 min, 4°C) and 500 I of the supernatant was
analyzed using a Protein & Peptide C18 column, L 150 x ID 2.1 mm,
5wm (Grace Davison Vydac, USA) and elution with a linear gra-
dient of ACN in 0.1% TFA. Flow rate was 1 ml/min with detection
at 214nm, and 96 fractions of ~300 .l were collected. 50 .l of
the fractions were tested against bacterial growth using 200 w1 of
diluted bacterial culture with ODggo =0.05.

2.2.9. Identification of piscidin in LMW fractions by MALDI-TOF
MS

The LMW eluates were deposited on stainless steel plates and
dried at room temperature. Samples received 1wl of a saturated
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solution of a-cyano-4-hydroxycinnamic acid in 70% of ACN and
were analyzed in positive mode with an Ultraflex IV (Bruker Dal-
tonics, Germany) equipped with a 337 nm nitrogen laser. The total
amounts of shots were 200 obtained from five different positions of
the sample. The resulting spectra were analyzed with Flex-Analysis
version 2.4 software (Bruker Daltonics).

3. Results
3.1. Antimicrobial activity of colostrum and piscidin

The antimicrobial effect of piscidin alone, reconstituted
colostrum (colostrum”) alone, or the combination of both were
tested in the radial plate diffusion assay using S. aureus and E. coli
as examples of Gram positive and Gram negative bacteria, respec-
tively. While there was no antimicrobial activity of colostrum”
alone, and there were clear inhibition zones for piscidin alone, the
addition of colostrum’ completely abrogated the effect of piscidin
(Fig. 1). This effect of colostrum" was not seen in the presence of
non-peptide antibiotics, a mixture of amoxicillin and clavulanic
acid (Synulox). Inhibition of the antimicrobial activity of piscidin
was also seen with fresh colostrum from three different cows
(Fig. 2) and therefore not specific for reconstituted colostrum.
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Fig. 3. Size exclusion chromatography shows that colostrum protects fluorescein-piscidin from degradation by added proteases. Fluorescein-piscidin (15 wg/ml) was incu-
bated with 1 mg/ml of colostrum’ (A) and (B) or colostrumf (C) and (D) and treated with 10 pg/ml of pronase E. Fluorescence of fractions was measured directly (dotted lines)
and after treatment with proteases (1 mg/ml) for 30 min (solid lines) to release fluorescein. Representative experiments are shown.
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3.2. Degradation of fluorescein-piscidin in colostrum

To investigate degradation of piscidin by colostrum as a possible
explanation for the inhibitory effect, we incubated fluorescein-
piscidin in fresh colostrum (colostrumf) in parallel and under the
same conditions (overnight at 37 °C) with and without bacteria and
analyzed the integrity of fluorescein-piscidin with size exclusion
chromatography.

Fig. 2 shows that the diameters of inhibition zones of piscidin
were reduced by increasing concentrations of colostrumf. However,
degradation of fluorescein-piscidin as evaluated by appearance
of low molecular weight fluorescein components by size exclu-
sion chromatography was only ~10% in undiluted colostrumf
and <2% in 10-fold diluted colostrumf, despite complete abroga-
tion of antimicrobial effect in undiluted colostrumf and 10-fold
diluted colostrumf, at least for S. aureus. E. coli was apparently more

sensitive and the effect of colostrumf was therefore lower. Degra-
dation of fluorescein-piscidin in colostrum! was ~5% (data not
shown). The results clearly show that even the highest concentra-
tion of colostrum degraded only a small amount of piscidin and
that degradation therefore could not explain the inhibiting effect
of colostrum on antimicrobial activity of piscidin.

The effect of colostrum to protect piscidin from enzymatic
degradation was further studied after addition of proteases and
using size exclusion chromatography. A protease mixture was not
able to degrade piscidin, if piscidin and colostrum were mixed
for 1 min before addition of proteases (Fig. 3A and C), but almost
completely degraded fluorescein-piscidin if added for 1 min prior
to incubation with colostrum (Fig. 3B and D). Degraded piscidin
eluted from the size exclusion column as low molecular weight
fractions. Fig. 3 further shows that fluorescein-piscidin was mainly
recovered in the void volume of our size exclusion column (S-200)
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Fig. 4. Fluorescein-piscidin specific quenching by colostrum'. (A) Fluorescence measured before and after mixing fluorescein-piscidin (1 pg/ml) with colostrum, colostrumf
or milk. Addition of PBS alone shows dilution of fluorescence. Background fluorescence was subtracted using additions in PBS (colostrum': 5; colostrumf: 108; milk: 93)
before normalization of the signal. (B) Traces of fluorescein after addition of colostrumf or PBS, and a background trace in PBS of colostrum'. (C) Fluorescence quenching
of fluorescein or fluorescein-piscidin by increasing amounts of either colostrum® or BSA as indicated. (D) Quenching of fluorescein-piscidin after incubating colostrum®
(100 pg/ml) with different concentrations of unlabeled piscidin as indicated. Fluorescence in C and D was read after three minutes. Representative experiments are shown.
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and therefore co-eluted with high molecular weight components
in colostrum. Mixing colostrum’ or colostrum{ with fluorescein-
piscidin followed by proteases resulted in degradation of ~30%
and ~10%, respectively, whereas incubation of fluorescein-piscidin
with proteases before addition of either colostrum' or colostrumf
resulted in degradation of ~90%. To rule out a general protec-
tive effect of protein on degradation of fluorescein-piscidin by
proteases, controls with BSA showed no effect against proteases
compared with colostrum (supplementary Fig. S1).

3.3. Piscidin interaction with colostrum and milk

The interaction between piscidin and colostrum was further
studied with fluorescein-piscidin, because addition of colostrum to
fluorescein-piscidin quenched the fluorescence signal. Quenching
of fluorescein-piscidin occured rapidly after addition of colostrum
or milk, in fact the level of quenching was observed immedi-
ately after mixing (Fig. 4A). Although some differences between
reconstituted and fresh colostrum were observed, both sources
of colostrum were better than milk in quenching the signal of
fluorescein-piscidin. Quenching of fluorescein was not detected
after addition of colostrumf, in fact colostrumf displayed a small
amount of background fluorescence (Fig. 4B). Bovine serum albu-
min did not affect fluorescence of fluorescein-piscidin (Fig. 4C)
and quenching by colostrum’ was thus apparently specific. Again,
quenching of fluorescein did not occur under the conditions of
the experiments (Fig. 4C). Quenching of fluorescein-piscidin could
be prevented by incubation of colostrum® with unlabeled piscidin
(Fig. 4D). This rapid interaction between piscidin and colostrum’
was therefore saturable and specific.

Size exclusion chromatography experiments (Fig. 3) thus
pointed to high molecular weight components eluting in the void
fractions as responsible for binding of fluorescein-piscidin. We
therefore addressed if purified caseins interact with piscidin and
if so, does this interaction also inhibit antimicrobial activity of pis-
cidin towards bacteria.

Cross-titration of piscidin versus sodium caseinate followed by
incubation with S. aureus showed that casein inhibited antimi-
crobial activity of piscidin in a dose-dependent fashion (Fig. 5A).
The highest concentration of sodium caseinate (30 wM) completely
abrogated antibacterial activity of the highest concentration of pis-
cidin (54 wM). Interestingly, the interaction between caseins and
piscidin always resulted in an all or none response concerning the
antibacterial effect (Fig. 5B). Thus, there was a very sharp transi-
tion between growth and no growth at a molar ratio around five
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Fig. 5. Effect of casein on the antibacterial activity of piscidin. (A) The graph shows
a cross-titration with each of the 36 squares representing a 10 h growth curve for S.
aureus (time is on horizontal axis and ODgqy is on vertical axis). Final concentrations
of casein and piscidin as mixed with the bacterial culture are indicated. (B) The plot
shows the growth or no growth of bacteria as a function of the molar ratio between
piscidin and casein based on data in (A). One of three experiments with similar
results are shown.

between piscidin and casein, indicating that one casein molecule
could neutralize five molecules of piscidin.

3.4. Dissociating the interaction between colostrum and piscidin

Fig. 6A shows that the fluorescence signal of fluorescein-piscidin
quenched by colostrum® could be recovered by stepwise addition
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Fig. 6. Fluorescein-piscidin recovery from colostrum quenching by GndHCl. Fluorescence was measured as a function of time after mixing 1 wg/ml of fluorescein-piscidin
(A) or 20 ng/ml of fluorescein (B) with 100 wg/ml of colostrum’ (dotted line) or PBS (solid line) followed by consecutive additions (indicated by asterisks) of 6 M GndHCI. (C)
Percent recovery of fluorescein-piscidin from colostrum" data in (A). One of two experiments with similar results is shown.
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of GndHCL. In absence of colostrum?, the apparent decrease in flu-
orescence intensity was primarily due to dilution as shown by the
stippled curve in Fig. 6A. Fig. 6B demonstrates that quenching of
fluorescein did not occur under the conditions of the experiments.
Fig. 6C shows the concentration-dependent effect of GndHCl to dis-
sociate the complex between fluorescein-piscidin and colostrum”
components.

Subsequent experiments with colostrum’ spiked with piscidin
and dialysed against either water or 6 M of GndHCI were analyzed
with MALDI-TOF to detect if LMW components, including bound
piscidin, could be recovered (Fig. 7). A number of LMW compo-
nents in the range of 700-5000 Da were observed, some of which
only occurred in the presence of GndHCl, including spiked piscidin
(mfz 2572.865). This shows that strongly denaturing conditions
are required to dissociate binding of LMW components from high
molecular weight colostral components, presumably caseins.

3.5. Antimicrobial activity of recovered piscidin from colostrum
and casein

The antimicrobial activity of piscidin after interrupting the
interaction with colostrum’ and caseins was tested in agarose
plates and liquid growth medium with E. coli K-12. Fig. 8 shows
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traces from one of several experiments are shown.
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that GndHCl was necessary and sufficient to release piscidin from
either colostrum or the casein micelles, because we observed again
the growth inhibiting effect of piscidin on bacteria. Fig. 8A shows
that the antimicrobial effect of piscidin is abrogated by colostrum?,
but that addition of 3 M of GndHCI could release functionally active
piscidin resulting in clear inhibition zones in the agarose plate cor-
responding to recovery of ~80% of added piscidin when compared
to standard curves using piscidin alone. There was no effect of Gnd-
HCl alone (not shown) or in presence of colostrum' or piscidin.
Similar results were obtained in the liquid medium growth assay
(Fig. 8B) with a recovery of added piscidin ~90%. This result showed
that GndHCI was able to release piscidin resulting in at least one
log order of killing E. coli. Furthermore, antimicrobial activity of
piscidin that had been added to colostrum’ and recovered by our
dialysis setup is shown in Fig. 8C with an estimated recovery of
~60%. Antimicrobial effect was specifically and only detected in
the sample spiked with piscidin and treated with GndHCI (Fig. 8D
and E) as obtained after separation of the recovered LMW fraction
by HPLC. Recovery of piscidin was ~80% in these experiments, and
retention time for elution of the component(s) with antibacterial
activity was identical to that of piscidin.

4. Discussion

Although our primary interest was to detect antimicrobial activ-
ity of colostrum, the radial plate diffusion assay did not show any
growth-inhibiting effect of colostrum against bacteria. Further-
more, colostrum completely abrogated the effect of added piscidin,
an antimicrobial peptide from fish that we used as positive control.
We speculated that this effect could be either due to degradation
of piscidin by the colostrum or that non-diffusible components
in colostrum interacted with piscidin and prevented diffusion of
piscidin into the agarose plates.

Therefore we tested the degradation of piscidin after incu-
bating overnight in reconstituted colostrum. The results revealed
that less than five percent of piscidin was degraded under these
conditions. The spray-drying process for producing the colostrum
powder could, however, have denatured and inactivated proteases
present in colostrum. We therefore determined degradation in
fresh colostrum and fresh milk, which was less than ten percent
and could not explain the abrogating effect.

We reasoned that cationic piscidin would bind to colostral com-
ponents, which would make piscidin unavailable for antibacterial
effects. Colostrum and milk contain many proteins that conceivably
could interact with piscidin. Livney [27] has thoroughly reviewed
both electrostatic and hydrophobic interactions with cationic and
anionic biopolymers in milk.

Our studies with fluorescein-piscidin showed rapid quenching
by colostrum and milk. The largest effect occurred when we added
reconstituted colostrum to fluorescein-piscidin. Fresh colostrum
and milk quenched fluorescence of piscidin to a smaller extent. In
fact colostrumf and milk displayed a small amount of background
fluorescence, which could be due to endogenous riboflavin.

Shapira et al. [20] found similar results with positively charged
drugs showing that fluorescence quenching is probably due to
electrostatic interactions with the negatively charged surface of
B-casein. Our size exclusion analyses indicated binding of pis-
cidin to casein micelles. Using different size exclusion columns, we
always observed that fluorescein-piscidin eluted in the void volume
together with the casein micelles and there was no binding to either
IgG or whey proteins, which eluted later in the chromatograms.
We further showed that sodium caseinate inhibited the antimicro-
bial activity of piscidin in a dose-dependent fashion, implying that
free piscidin alone inhibits growth of S. aureus, whereas piscidin
bound to caseinis inactive under the conditions of our experiments.

Binding of fluorescein-piscidin to casein could be entirely electro-
static due to the negatively charged phosphate groups of caseins
and positively charged amino acids in piscidin (piscidin-1 has seven
positively charged amino acids in the sequence at neutral pH [24]).
Similar electrostatic interactions have been described between
pectin and casein micelles, however pectin is negatively charged
and casein is positively charged at pH below 4.6 [28].

BSA is a good carrier for small molecules, but it was unable to
quench fluorescein-piscidin and we conclude therefore that inter-
action between piscidin and BSA does not occur. Eventough BSA is
mainly found in blood, it is also present in milk and colostrum [29].

It follows that if we want to recover antimicrobial peptides from
colostrum we need to dissociate the binding between peptides
and colostral components. We attempted to disrupt the interac-
tion between caseinate and piscidin (colostrum and piscidin) using
up to 2M NaCl or lowering the pH to 3, but our results were,
however, inconclusive because the conditions either promoted
bacterial growth or precipitated the caseins. Also experiments
with alkaline phosphatase to remove the phosphate groups from
sodium caseinate or chymosin, which specifically cleaves caseins,
apparently did not disrupt the interaction between piscidin and
colostrum (data not shown). The present study shows that rather
harsh conditions, like unfolding caseins with GndHCl, was required
to dissociate the strong interaction between colostrum and pis-
cidin.

Proteases will degrade piscidin and therefore antimicrobial
effects will be lost. Still, our results show that binding of piscidin to
colostrum can delay or even prevent degradation to some extent.
Other studies have also shown that caseins can bind and protect
polyphenols [19], macronutrients [27], insulin [22] and nutraceu-
ticals [30].

Recovery of piscidin added to colostrum’ samples was only
possible in the presence of GndHCI. A number of other LMW com-
ponents were detected by MS, some of which appeared to show
much greater intensity when eluted with GndHCl. Characterization
of these components is in progress.

Moreover, piscidin released with GndHCl from either colostrum”
or washed caseins was still able to kill E. coli K-12 both in agarose
plates and in liquid medium growth assays, as crude eluates in pres-
ence of other LMW components released by GndHCl, or following
separation and purification by HPLC.

We therefore speculate that caseins, in addition to being impor-
tant carriers of calcium and phosphate, could have important
immune functions as vehicles for antimicrobial peptides in mam-
malian organisms.
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Abstract Lactococcus lactis subsp. lactis 1L1403
was grown in medium containing unlabelled free
amino acids and '’N-labelled yeast hydrolysate to gain
insight into the role of peptides as a source of amino
acids under conditions where free amino acids are
abundant. A mathematical model was composed to
estimate the fluxes of free and peptide-derived amino
acids into and out of the intracellular amino acid pool.
We observed co-consumption of peptides and free
amino acids and a considerable efflux of most free
amino acids during growth. We did not observe
significant differences between the peptide consump-
tion patterns of essential and non-essential amino
acids, which suggests that the incorporation of a

Electronic supplementary material The online version of
this article (doi:10.1007/s10482-013-0103-2) contains supple-
mentary material, which is available to authorized users.

K. Kevvai (X)) - M.-L. Kiitt - I. Nisamedtinov
Competence Centre of Food and Fermentation
Technologies, Akadeemia tee 15a, 12618 Tallinn, Estonia
e-mail: kaspar.kevvai @tftak.eu

K. Kevvai
Department of Chemistry, Tallinn University of
Technology, Tallinn, Estonia

M.-L. Kiitt - I. Nisamedtinov - T. Paalme

Department of Food Processing, Tallinn University of
Technology, Tallinn, Estonia

1. Nisamedtinov

Lallemand Inc., Montreal, QC, Canada

Published online: 04 January 2014

particular amino acid is more dependent on its
availability in a readily assimilated form than the
organism’s auxotrophy for it. For most amino acids the
contribution of peptide-bound forms to the formation
of biomass was initially between 30 and 60 % with the
remainder originating from free amino acids. During
the later stages of fermentation we observed a decrease
in the utilization of peptide-bound amino acids, thus
indicating that the more readily assimilated peptides
are gradually exhausted from the medium during
growth.

Keywords '’N-labelling - Lactococcus lactis -
Yeast hydrolysate - Peptides - Amino acids
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Flux of peptide-bound amino
acid i from the culture medium
into the intracellular pool; of
free amino acid i from the
culture medium into the
intracellular pool; of i from the
intracellular pool into the
culture medium; of i from the
intracellular pool into the
protein fraction (mol gﬁ\ly h™h

il ol
rpep7 FaasT-AA> rprot

X Concentration of biomass in the
culture medium (gpw Lfl)

n=& Specific growth rate (h™")

P! Fraction of amino acid i obtained
from peptides during growth

4,Cy Concentration of amino acid
i required for biomass synthesis
(mol L™

A,C" 0 Concentration change of free

amino acid i in the culture
medium as a result of its efflux
from the cell (mol L™1)

Yxcie Biomass yield relative to

glucose consumption (gpw g~ 1)
t Experiment time (h)
Introduction

Lactic acid bacteria (LAB) are an important group of
microorganisms widely used in both the food industry
and in the production of various metabolic products
and recombinant proteins. They are fastidious organ-
isms that require an external source of essential amino
acids and other nutrients. The supply of amino acids is
facilitated by both a well-developed proteolytic sys-
tem comprised of enzymes that degrade proteins and
peptides, and transport systems for free amino acids
and peptides.

In Lactococcus lactis, the cell wall-bound PrtP is
considered to be the only proteinase responsible for
the extracellular breakdown of proteins into peptides.
These range from 4 to 30 residues with a minimal
amount of smaller peptides and free amino acids
(Juillard et al. 1995a; Konings 2002). The prtP genes
can either be plasmid- or genome-encoded (Nissen-
Meyer et al. 1992; Savijoki et al. 2006). However,

@ Springer

some strains, including the plasmid free strain IL1403
used in this study, do not encode PrtP (Xie et al. 2004;
Lamarque et al. 2011).

All strains of L. lactis are auxotrophic for a number
of amino acids; for 1L1403 these include leucine,
isoleucine, valine, methionine, histidine, and arginine
(Zhang et al. 2009). Both these as well as nonessential
amino acids are transported into the cells in free and
peptide-bound forms. In lactococci, the uptake of free
amino acids is accomplished by means of symport
systems (Leu, Ile, Val, Met, Ala, Gly, Ser, Thr, Lys,
His, Pro, Tyr, Phe, and Cys), antiport systems (Arg/
Orn, Lys), and ABC transporters (Glu and Gln, Asn,
Asp, and Pro) (Konings et al. 1989; Konings 2002). In
recent years, several of those (GInPQ, BcaP, LysP,
HisP, AcaP, and FywP) have been cloned and
characterized (Schuurman-Wolters and Poolman
2005; den Hengst et al. 2006; Trip et al. 2012). In
spite of the large body of knowledge about the free
amino acid transport systems, the uptake mechanisms
for a number of amino acids remain poorly under-
stood. Also, several amino acids may compete with
each other for the same transport system, e.g., lle, Leu,
Val, and Met in the BcaP system (Driessen et al. 1987;
den Hengst et al. 2006).

Three peptide transport systems have been
described in L. lactis: DtpT, Opp, and Opt. DtpT is a
proton motive force (PMF)-driven transporter that
catalyses the uptake of di- and tripeptides (Doeven
et al. 2005). The Opp system belongs to the superfam-
ily of ABC transporters and consists of five proteins
(OppA, OppB. OppC, OppD, and OppF). It mediates
the transport of peptides from 4 to at least 18 or,
according to some data, up to 35 amino acid residues.
The substrate specificity of the Opp system is deter-
mined by the receptor protein OppA (Tynkkynen et al.
1993; Detmers et al. 2000). Despite the presence of opp
genes it was discovered that L. lactis L1403 does not
express OppA under any conditions and thus the Opt
system is the only known transport system used for the
utilization of oligopeptides in this strain (Doeven et al.
2005; Lamarque et al. 2004, 2011). Opt also belongs to
the ABC transporter family but differs from Opp by the
presence of two peptide-binding proteins OptS and
OptA and peptide uptake specificity. Initially, the role
of Opt was thought to be limited to the transport of
hydrophobic di- and tripeptides (Foucaud et al. 1995).
However, later studies implicated the role of Opt in the
transport of oligopeptides with three to six amino acid
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residues (Lamarque et al. 2011). After uptake into the
cell, peptides are broken down into free amino acids by
various intracellular peptidases that include endo-,
amino-, tri- and dipeptidases (Christensen et al. 1999;
Christensen and Steele 2003).

Peptides are usually considered nutritionally supe-
rior to free amino acids since the uptake of oligopep-
tides is believed to be energetically more favourable
than the uptake of individual amino acids via their
dedicated transport systems (Christensen and Steele
2003). In addition, a number of amino acids, released
in excess during the hydrolysis of oligopeptides, are
excreted from cells via specific amino acid transport-
ers (Konings 2002). Because this efflux may occur by
proton symport transporters it could also contribute to
the generation of PMF. The capacity of cells to
transport peptides is limited and, similar to some free
amino acids, different peptides compete for the same
transport systems (Smid and Konings 1990; Helinck
et al. 2003). Thus, balancing the supply of amino acids
and peptides during bioprocessing may improve the
overall efficiency.

Yeast hydrolysates are an excellent source of
amino acids, peptides, vitamins, and other nutrients
and are often used as complex additives in the

Fig. 1 (a) Simplified a Culture medium CWM
scheme of the amino acid ) )

and peptide utilization oligopeptides [T
systems of Lactococcus

lactis 1L1403. CW cell wall, | 1]
M cellular membrane, Opt —> Opt

ABC transporter for di-, tri-,
and oligopeptides; DtpT ion-
linked transporter for di- and
tripeptides; AAT refers to the di- & tripeptides
various free amino acid L
transporters. Note that efflux —> (o1
of amino acids may occur
after their uptake in peptide-
bound and free forms. The
strain IL1403 lacks cell
wall-bound proteinases.

free amino acids

. Unlabeled free AAT
(b) Schematic amino acids /
representation of the flux (3] e
model. See the “List of )

symbols” section for the b
relevant nomenclature

industrial cultivation of LAB. However, the perfor-
mance of each type of hydrolysate is highly dependent
on the nutritional requirements of a particular species
or strain (Ummadi and Curic-Bawden 2010). Addi-
tionally, lot-to-lot variations of the same hydrolysate
may also significantly influence the performance of a
bioprocess, despite their apparently stable composi-
tion (Lobo-Alfonso et al. 2010). The reasons for such
variations are poorly understood. Moreover, we
currently have limited knowledge regarding the
interplay of the various components within the
proteolytic systems of LAB during growth in indus-
trially relevant media (Benthin and Villadsen 1996),
which often makes it challenging to optimize the
media composition for a given bioprocess with a
specific LAB species.

The aim of the present work was to measure the
consumption patterns of free and peptide-bound amino
acids by L. lactis subsp. lactis 1L1403 grown on a
medium containing a mixture of free amino acids
supplemented with '"N-labelled yeast hydrolysate and
then use these consumption measurements in a flux
model (Fig. 1) to gain further insight into the role of
peptides as a source of amino acids under conditions
where free amino acids are abundant.

Cytoplasm

Proteins

Intracellular

amino acids %

Protein
synthesis

peptidases

~

Unlabeled

LA

i
Cpep; Ppep

Free AApool i rl. i Proteins
i C bool ; @pool 7% Chrot; Pprot

Free AAs
i, i H
Can; Pra

1Y
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Materials and methods
Strain and culture media

The Lactococcus lactis subsp. lactis strain 1L1403
used in this study was kindly provided by Dr. Ogier
from INRA (Jouy-en-Josas, France). Inoculum was
prepared using a freeze-dried stock culture stored at
—80 °C which was pre-grown twice on the base
medium without yeast hydrolysate.

A chemically defined medium based on the GIB-
CO™ F-12 Nutrient Mixture (Invitrogen Corporation,
Carlsbad, CA) with some modifications (Lahtvee et al.
2011) was used as a base medium which was
supplemented with 2 g L™ of '"N-labelled yeast
hydrolysate. The concentration was chosen in order to
achieve close-to-equal molar concentrations of pep-
tide bound and free amino acids in the culture medium.
Refer to Online Resource 1 for detailed medium
composition.

Production of '*N-labelled yeast hydrolysate

The '*N-labelled yeast hydrolysate used in the exper-
iments was produced by means of controlled proteol-
ysis from Saccharomyces cerevisiae (strain S288c)
biomass grown in fed-batch on a synthetic medium
(Nisamedtinov et al. 2010) with *N-labelled (98 %)
ammonium chloride (Sigma, USA) as the sole nitro-
gen source. The yeast biomass was freeze-dried and
hydrolysed using a Promod 144GL protease prepara-
tion (Biocatalysts, Cardiff, UK). The extract was
separated from the insoluble fraction by centrifuga-
tion. To remove any residual protease activity, the
soluble fraction was further purified using Amicon
Ultra 15 centrifugal filter devices (Millipore Corp.,
MA) with a 10,000 NMWL cut-off (by centrifugation
for 45 min at 4,000 x g). The resulting hydrolysate was
freeze-dried. The lack of proteinase activity was
confirmed using a Calbiochem Protease Assay Kit
(Millipore Corp., USA).

Cultivation system and sampling routines

The cultivation system is comprised of a 1 L
Biobundle bioreactor (Applikon, Schiedam, the Neth-
erlands) controlled by an ADI 1030 biocontroller
(Applikon) together with BioXpert NT software
(Applikon). Cultivations were carried out under

@ Springer

anaerobic conditions (surface aeration with N,) at
34 °C and pH 6.4 (maintained by titration with 1 M
NaOH) at an agitation speed of 300 rpm.

The concentration of biomass in the reactor was
determined on the basis of the optical density of the
culture medium (measured at 600 nm; biomass con-
version factor K = 0.372 + 0.005 g L™ AUggh).
Culture samples were withdrawn at 1 h intervals and
collected on ice. The samples were centrifuged
(20,000x g, 4 min, 4 °C); supernatants were collected
and stored at —20 °C until analysis. The biomass
pellet was washed twice using ice cold 0.9 % NaCl
solution and stored at —20 °C until analysis.

Determination of the size distribution of peptides

The size distribution of peptides in the culture medium
was characterized using size-exclusion chromatogra-
phy (SEC). A Waters 1515 HPLC system (Waters
Corp., Milford, MA) equipped with a Superdex
Peptide 10/300GL column (GE Healthcare, NJ) and
a Waters 2414 Refractive Index detector was used for
analysis. Isocratic elution was applied using 0.1 N
ammonium acetate (pH 5) as a mobile phase. Data
acquisition was carried out using Breeze 3.30 software
(Waters Corp.). The size distribution of culture
medium components was determined based on the
elution time of following molecular markers: alpha-
lactalbumin (14,146 Da), aprotinin (6,512 Da), nisin
(3,354 Da) and glutathione (307 Da).

Amino acid analyses with UPLC/ESI-MS

Amino acid concentrations in the biomass and culture
medium and the respective mass spectra were deter-
mined using LCT Premier LC-MS system (Waters
Corp.). Samples were derivatised with AccQ-Fluor
reagent and loaded on AccQ-Tag™ Ultra columns
(2.1 x 100 mm) at 55 °C (flow rate 0.3 mL min~")
connected to a PDA detector (A = 260 nm). Amino
acids were separated using a 20 min gradient from 0.1
t059.6 % B (A: AccQTag Ultra eluent A, B: AccQTag
Ultra eluent B; Waters Corp.), sprayed directly into the
mass-spectrometer operated in positive ionisation
mode at 300 °C solvation temperature, 120 °C source
temperature and 2.5 kV capillary voltage. Full mass
spectra were acquired over the range of 100-1,000 m/
z. MassLynx V 4.1 software (Waters Corp.) was used
for data processing.
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For measuring protein- and peptide-bound amino
acid concentrations in the biomass and culture
medium, the samples were hydrolysed with 6 M HC1
containing 1 % phenol for 24 h at 105 °C. After
hydrolysis the dried samples were dissolved in a
methanol-MilliQ water mixture, filtered through Mil-
lex 0.2 pm filters (Millipore Corp.) and the free amino
acids in the hydrolysate were analysed as described
above. The concentrations of peptide-bound amino
acids in the culture medium were calculated by
subtracting the concentrations of free amino acids
from the concentrations of total amino acids.

Calculation of fractional labelling of amino acids

Theoretical isotopic distributions (i.e., the relative
abundances of ion species in the mass spectra) of
labelled and unlabelled AccQ-Fluor derivatised amino
acids were calculated using the algorithm described by
Rockwood and Van Orden (1996).

The fractional labelling of each amino acid in the
biomass and in the culture medium (i.e., the content of
the '“N-labelled amino acid relative to the total
content of the respective amino acid) at each sampling
point was estimated using least squares regression to
fit a measured spectrum by theoretical isotope distri-
bution patterns.

Analysis of peptide consumption patterns

Using the measured enrichment data, a mathematical
model was developed to estimate the fluxes of free and
peptide-bound amino acids (Fig. 1b; Eq. la—1f). The
model assumes that no extracellular hydrolysis of
peptides occurs during growth and the magnitude of de
novo synthesis and turnover of amino acids is
negligible.

The system of model equations is presented below:

d(Cf)ool X (Pi)ool X X)
dt

(i i i i i
= (rpep X Ppep T TaA X Pap — T pn

i i i .
><gopool ~ Torot X (ppool) x X; (la)

d(Ci , xX) , . . ,
pool _ i i i .
dt - <r£)ep+rAA_r—AA_rprot) x X;

(1b)

d(Cé)m[ X (P;er x X)

p = rémt X (p;)ool x X; (Ic)
d(Cl  xX )
A %) 7 L (1d)
d(Ciis X @hs x X) i i i i
% = <"—AA X @Ppool — T'aa X (pAA)

X X;
(Le)

d(Cya x X) i i
%:(r—AA_rAA) x X; (1f)

Every model parameter is time dependent and all
six sub-equations represent distinct material balances
for amino acid i. Two balances were composed for
each of three distinct pools of amino acids. These
were, the intracellular pool of free amino acids
(Eq. la, 1b), the amino acids in the protein fraction
(Eq. lc, 1d), and the extracellular pool of free amino
acids (Eq. le, 1f). In each pool, separate balances were
composed for labelled amino acids (Eq. 1a, 1c, le) and
unlabelled amino acids (Eq. 1b, 1d, 1f).

The discrete measured data points for biomass
concentration (X), the concentration (C) of each amino
acid, and fractional labelling (¢) of each amino acid in
each of the three pools were smoothed and fitted with
cubic splines; the resulting continuous functions were
used to solve for all model fluxes (r) as a function of
time. The resulting solution forms the basis for further
calculations.

The fraction of amino acids obtained from the
peptides during growth (P’) can be expressed as a ratio
of the flux of peptide-bound amino acid i and the total
flux of the respective amino acid into the intracellular
amino acid pool:

: r
P=——"F :f" —. (2)
VN rpep

The concentration of amino acid i required for
biomass synthesis during the experiment can be
expressed as follows:

t
A,Cly = / Chror X . (3)
0

Concurrently, the concentration change of free
amino acid i in the culture medium as a result of its
efflux from the cell can be expressed as follows:
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Results

The effect of yeast hydrolysate on the growth
characteristics of L. lactis 1L1403

To see the effect of the addition of yeast hydrolysate
on the growth of L. lactis, batch experiments at
T = 34 °C, pH 6.4 on a synthetic medium with and
without the added hydrolysate were carried out. The
addition of yeast hydrolysate resulted in a significantly
higher maximum specific growth rate of the bacteria
(max = 0.86 + 0.02 h™' compared with ., =
0.62 & 0.01 h™"; average values of two independent
experiments £ standard deviation). Chromatography
analyses of the culture media suggested that in both
experiments, growth ceased upon the exhaustion of
glucose (see Fig. Al in Online Resource 1 for growth
curves). Growth in the medium supplemented with
yeast hydrolysate also led to a higher final yield of
biomass relative to glucose consumption than in the

1

pure base medium, Yyg. = 0.22 £ 0.0l gg~ and

Yxgie = 0.14 & 0.01 g g™ !, respectively.

Amino acid consumption profiles

In the cultivation with added '°N-labelled yeast
hydrolysate, the concentration of free and peptide-
bound amino acids in the culture medium were
determined at hourly intervals and presented in Fig. 2a.
Asparagine, glutamine and arginine were the most
intensively consumed free amino acids. Free arginine
in particular was completely exhausted at the end of the
experiment. The concentration of free serine, threo-
nine, methionine, leucine, and isoleucine also
decreased, whereas the concentration of ornithine,
glycine, aspartate, and glutamate increased. The
increasing concentration of ornithine along with the
decreasing concentration of arginine indicates the
activity of the arginine—ornithine antiport. Changes in
the concentration of other free amino acids were within
the range of measurement error. The concentration of
all measured peptide-bound amino acids decreased
during the experiment (Fig. 2b).
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1500 hIIﬂI hL[hII
s i [
;f 1000 hlq hl I J H:IIIII
2 I 1 [t bl o [ T35 I,
g s T, L [relee i s
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uaa 0 His Asn Ser Gln Arg Gly Asp  Glu Thr Ala Pro 6rn Cys-Cys Lys Tyr Met  Val lle Leu Phe Trp
S 2000 -
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'g 1500 I
©
5 * hﬂ i {H]I
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£ 1000 hﬂl I
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Jliee= [ I - I I i |l | g
- * I %% Tt T, I oxx
0 His Asn Ser GIn Arg Gly Asx Glx Thr Ala Pro Orn  Cys-Cys Lys Tyr Met  Val Ile Leu Phe  Trp

Fig. 2 Concentration of free (a) and peptide-bound (b) amino
acids in the culture medium during the batch cultivation of L.
lactis L1403 on a synthetic medium supplemented with '>N-
labelled yeast hydrolysate. Data from one of the two indepen-
dent experiments is shown; each column indicates the concen-
tration at hourly sampling points; measurements were carried
out in triplicate and the error bars represent standard deviation.
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asterisk Glutamate and glutamine, asparagine and aspartate
were pooled after hydrolysis; double asterisk cysteine and
tryptophan were degraded during hydrolysis. The concentration
of peptide-bound amino acids is expressed as the differences
between the concentration of free and total (free plus bound)
amino acids
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'SN-labelling patterns of amino acids

In order to better understand the role of free and
peptide-bound amino acids during growth, analyses of
their labelling patterns in both the biomass and the
culture medium were carried out. It was found that,
with the exception of glutamate, the fractional label-
ling of all free amino acids in the culture medium
increased during the experiment (Fig. 3a, dashed
lines). This could result from either (a) extracellular
hydrolysis of '>N-labelled peptides (unlikely, because
L. lactis 1L1403 lacks cell wall-bound proteases);
(b) efflux of labelled amino acids from the cell (due to
excessive accumulation). Considering the latter sce-
nario, the estimated amount of the excreted amino acid
(Eq. 4) was in the same order of magnitude with what
was theoretically required for biomass production
(Eq. 3; see Fig. 3b for tyrosine and histidine as
examples; refer to Fig. A2 in Online Resource 1 for
other amino acids). From the second sampling point
onwards, the fractional labelling of amino acids in the
biomass were higher than of those in the culture
medium (Fig. 3a), which suggests that the amino acids
used for growth were at least partially obtained from
(labelled) peptides.

Based on the labelling data presented above, the
fractions of amino acids used for biomass production
obtained from peptides were then calculated (Eq. 2;
Fig. 4). For most amino acids the contribution of
peptide-bound forms to the formation of biomass was
initially between 30 and 60 % with the remainder
originating from free amino acids. During the later
stages of fermentation we observed a decrease in the
utilization of amino acids originating from peptide-
bound forms thus indicating that the more readily
assimilated peptides are gradually exhausted from the
medium during the cultivation.

Methionine was largely derived from peptide-
bound forms during the first hours of both experi-
ments. This suggests that the uptake of this amino acid
in free form was inhibited. Both glutamine/glutamate
and asparagine/aspartate (Glx and Asx, respectively)
exhibited a consistently low incorporation of peptide-
bound forms. This agrees with our observation that
large amounts of free glutamine and asparagine were
consumed (Fig. 2a). During growth, proline, histidine,
and lysine were found to increasingly originate from
peptide-bound forms.

Estimation of the size of consumed peptides

To estimate the upper size limit of the peptides
consumed during the experiment, size-exclusion chro-
matography (SEC) analysis was carried out on sam-
ples of the culture media. The changes in the
molecular weight distribution of the culture medium
are illustrated in Fig. 5. The results indicated that the
yeast hydrolysate used in the experiments contained
compounds with molecular weights up to approxi-
mately 5,000 Da. However, significant consumption
of media components with molecular weight of up to
approximately 1,700 Da (corresponding to 15 amino
acid residues in case of peptides) occurred.

Discussion

In this study we investigated the role of free and
peptide-bound amino acids during the growth of L.
lactis in a synthetic medium containing a mixture of
free amino acids supplemented with '°N-labelled
yeast hydrolysate.

First, we analysed changes in the fractional label-
ling of the amino acids in the culture medium and
biomass during growth. Two independent experiments
indicated that, with the exception of glutamate, the
SN-enrichment of all free amino acids in the culture
medium increased during cultivation (Fig. 3a). This
could be explained by extra- and/or intracellular
hydrolysis of the labelled peptides. Extracellular
hydrolysis is unlikely because strain IL.1403 does not
encode the cell wall-bound proteinase PrtP (Xie et al.
2004; Lamarque et al. 2011) and potential residual
proteolytic activity in the yeast hydrolysate was
removed by ultrafiltration (10 kDa cut-off). It could
also be speculated that peptides were partially hydro-
lysed by intracellular peptidases leaking into the
culture medium from lysed cells or, e.g., by the
surface housekeeping proteinase HtrA (Poquet et al.
2000). However, a significant degree of autolysis is
very unlikely under our experimental conditions and
the role of HtrA is also probably negligible (Kok and
Buist 2003). Thus, it can be assumed that the
increasing fractional labelling was mainly caused by
the over-accumulation of peptide-derived amino acids
in the cells and subsequent excretion of the excess of
those amino acids into the culture medium—a

@ Springer



Antonie van Leeuwenhoek

aio 1.0
Met (E)
0.8 0.8

S~

His (E)

1.0 1.0
Pro (N)
0.8 0.8

Ala (N)

0.6

0.4

0.2

0.0 . 00k
1 2 3 4 5 6 7 0 1 2 3 4 5 6 0
1.0 1.0 1.0
Leu (E) Arg (E)
0.8
06
"]
£ 0.4
@
o 0.2
£ |
© 0.0
s
‘5 1.0
@
= 0.8
06 0.6 06
Glu
0.4 gmmm=mmmmtmm e e —_— 0.4
—
0.2 0.2
Ll S N —
0.0 0.0 &
7 0 1 2 3 4 5 6
1.0 1.0
Asx (N) Thr (N) Phe (N)
0.8 0.8 0.8
0.6 0.6 0.6
—
0.4 04 04 T~
0.2 Asp 02 o2t S
00 Asn 0.0 0.0
7 0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time, h
g 00
250 5 -
9 % Tyrosine Histidine
& 200 I 400
bl
(<]
c g 150 0
o3
E g 10 200
S
52 so 100
g%
o
8% o °
oh 1h 2h 3h 4h 5h 6h 65h oh 1h 2h 3h 4h 5h 6h 65h
Time
BE total (measured) concentration (estimated) secreted I required for biomass synthesis

Fig. 3 a Fractional labelling of free amino acids in the culture
medium (dashed lines) and biomass (solid lines) determined
during the batch cultivation of L. lactis IL1403 on a synthetic
medium supplemented with '*N-labelled yeast hydrolysate; E
and N denote whether the amino acid is considered essential or
non-essential for L. lactis IL1403, respectively. b Concentration
of free tyrosine and histidine in the culture medium. The rotal

phenomenon that has also been observed by authors
who studied the growth of L. lactis in milk (Juillard
et al. 1995b; Cretenet et al. 2011). Assuming that
extracellular proteolytic activities were negligible, our
calculations indicate that many amino acids are
excreted in quantities that exceed the amount required
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column height corresponds to the (measured) concentration of
the respective amino acid (Fig. 2a) whereas the light grey area
indicates the (estimated) concentration of secreted amino acid
(Eq. 4), and the black columns indicate the theoretical
concentration of amino acids required for the synthesis of
biomass during the experiment (Eq. 3). Data from one of the two
independent experiments is shown

for the formation of biomass (Fig. 3b). The efflux of
excess amino acids has been proposed to be coupled to
the excretion of a proton, which would result in the
generation of metabolic energy in the form of proton
motive force (Trip et al. 2012), and provide an
additional means to maintain intracellular pH. The
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Fig. 4 Fraction of amino acids obtained from peptides during
the growth of L. lactis IL1403 in a synthetic medium
supplemented with '*N-labelled yeast hydrolysate. Glx Gluta-
mine + Glutamic acid; Asx Asparagine + Aspartic acid. E and
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Fig. 5 Size-exclusion chromatograms of the culture medium
collected during the cultivation of L. lactis L1403 in a synthetic
medium supplemented with '*N-labelled yeast hydrolysate.
Solid and dashed lines show chromatograms at the beginning
and end of the experiment, respectively. The arrows denote the
elution times of two marker peptides, and the upper size limit of
media components consumed during growth. Data from one of
the two independent experiments is shown

N denote whether the amino acid is considered essential or non-
essential for L. lactis IL1403, respectively. Data from two
independent experiments (indicated by the solid and dashed
lines) with different inoculum sizes is shown

PMF generated in this process could be used to bring
in other amino acids and/or peptides. Thus, bidirec-
tional fluxes of amino acids may help balance the
intracellular amino acid pools under conditions where
the de novo synthesis pathways and their feed-back
control mechanisms are not operative.

Excluding extracellular hydrolysis, we estimated
the size of peptides utilized during growth. Because
the Opt system is the only known transporter in L.
lactis 11403 responsible for the uptake of oligopep-
tides, our results suggest that this system is capable of
transporting peptides with a molecular weight up to
approximately 1,700 Da, i.e., containing up to 15
amino acid residues (Fig. 5). This extends the findings
of Lamarque et al. (2011). They concluded, based on
studies with synthetic peptides, that the Opt system in
IL1403 can transport peptides containing between
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three and six amino acid residues. Because of the
combinatorial nature of using synthetic peptides, it is
possible that the apparent size limit observed by
Lamarque and colleagues may be due to a limited
number of tests. Our results suggest that much longer
peptides can enter the cell.

Next, we studied the relative incorporation of free
and peptide-bound amino acids into biomass. Our
calculations assume that all amino acids used for
growth are obtained from the culture medium. Jensen
et al. (2002) confirmed that under conditions of amino
acid surplus in the cultivation media, only aspartate is
synthesized de novo by L. lactis in considerable
amounts (likely from glucose via oxaloacetate). We
observed that the consumption patterns of both
essential and non-essential amino acids were similar,
and co-consumption of free and peptide-bound forms
occurs for all amino acids (Fig. 4). This suggests that
the incorporation of a particular amino acid is more
dependent on its availability in a readily assimilated
form than the organism’s auxotrophy for it. Never-
theless, the consumption profiles of amino acids
between peptide-bound and free forms are noticeably
different.

Glutamine and glutamate (Glx; Fig. 4), for example,
exhibit a consistently low incorporation of peptide-
bound forms. These amino acids are both translocated
by the ATP-driven transporter GInPQ, with glutamate
taken up in its protonated form (i.e., as glutamic acid)
(Poolman et al. 1987a; Schuurman-Wolters and Pool-
man 2005). Accordingly, under our culture conditions
(pH 6.4), the apparent affinity of GInPQ for glutamate is
an order of magnitude lower than for glutamine, which
results in the preferential translocation of the latter into
the cells. Interestingly, glutamate was the only amino
acid that exhibited no increase in the '’N-enrichment in
the cultivation medium during growth (Fig. 3a). This,
together with its increasing concentration (Fig. 2a) and
the observed low rate of incorporation from peptide-
derived forms, suggest that a large part of the intracel-
lular glutamate pool is synthesized from free glutamine
(which displayed low albeit slightly increasing frac-
tional labelling in the culture medium; Fig. 3a) and
oxoglutarate via the glutamate synthase (gltB) reaction.
Excess glutamate, in turn, was then excreted into the
culture medium, resulting in an overall increase in the
concentration of this amino acid during growth. The
efflux of glutamate via the recently characterized AcaP
transporter (Trip et al. 2012) may also result in the
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generation of PMF. The rate of incorporation of peptide-
bound forms of asparagine and aspartate was also
relatively low (Asx; Fig. 4). Like glutamic acid, aspartic
acid is believed to be taken up only in its protonated
form and the respective transport Kinetics is thus
dependent on pH (Poolman et al. 1987b). Thus, one
could also speculate that proteinogenic aspartate was
(partially) synthesized from asparagine via an aspara-
ginase (ansB) catalysed reaction. These findings suggest
that, despite the abundance of glutamate and aspartate
(in both free and peptide-bound forms), efficient growth
might not be achieved with this strain in case of
insufficient supply of free glutamine and asparagine.
In contrast, the rate of incorporation of methionine
in peptide-bound forms was over 0.8 during the first
hours of the cultivation (Fig. 4). The uptake of free
methionine is believed to occur via the secondary
amino acid transporter BcaP that is specific for
branched-chain amino acids (BCAAs) and (to a lesser
extent) methionine (den Hengst et al. 2006). Because
the concentrations of free BCAAs in the culture
medium were several times higher than that of
methionine (and the affinity of BcaP for methionine
is lower) its uptake in free form was most likely
inhibited by BCAAs. The observed decrease of the
incorporation of peptide-bound methionine in the later
stages of the cultivation could be explained by the
exhaustion of the most readily assimilated methionine-
containing peptides. Interestingly, the incorporation of
peptide-bound BCAAs into the protein fraction
(Fig. 4) was roughly proportional to the affinity
constants of the BcaP system (K; values 6.5, 8.0 and
12 pM for leucine, isoleucine and valine, respectively;
Driessen et al. 1987), which is below 0.4 for Leu and
Ile, and around 0.6 for Val during the first hours of the
experiment. This further supports the notion that in
cases where a transport system is shared, the less
actively transported amino acids are more readily
obtained from peptides. Glycine and alanine are also
believed to enter the cell through a shared transport
system (K, values 52 and 330 uM for alanine and
glycine, respectively; Konings et al. 1989), and their
consumption profiles can be explained using the same
principle, although the effect is much less pronounced.
The consumption of peptide-bound forms of a
number of amino acids, in particular histidine, lysine,
and proline, increased during cultivation (Fig. 4). The
exact cause of this behaviour is unclear. The growth
environment in batch culture is constantly changing
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and transitions in the availability of various peptides
could result in a situation where competitive inhibition
results in the favoured translocation of peptides with
certain characteristics. Helinck et al. (2003) found, for
example, that charged casein-derived oligopeptides
competitively inhibit the transport of a reporter
oligopeptide in L. lactis. The increased consumption
of peptide-bound amino acids can also be explained by
down-regulation of the respective free amino acid
transporters. Determining the mechanisms that lead to
these peculiar peptide and free amino acid consump-
tion patterns are beyond the scope of this work.

The labelling data reveal that when all amino acids
are readily available in both free and peptide-bound
forms, co-consumption of these forms takes place,
possibly in order to optimally utilize the available
cellular transport systems. Our data also indicate that an
extensive efflux of amino acids occurs after their uptake
from the culture medium. The exact physiological
rationale of this phenomenon remains to be elucidated
and could be revealed by conducting an accurate mass
and energy balance in future studies. The labelling data
also suggest that optimization of cultivation conditions
and media composition may be possible. One could, for
instance, vary both the concentration and composition
of free amino acids and/or the labelled yeast hydrolysate
in fed-batch or continuous culture experiments while
acquiring accurate consumption profiles of free and
peptide-bound amino acids. The relative consumption
as a function of growth efficiency could be used to adjust
the process used to produce yeast hydrolysates to create
targeted and optimal yeast extracts for the industrial
cultivation of a given microorganism.

Acknowledgments Financial support for this research was
provided by the European Regional Development Fund (Project
EU29994) and Estonian Ministry of Education (Research Grant
SF0140090s08). The authors would like to thank Dr. Kaarel
Adamberg (Tallinn University of Technology), and Dr. David
Schryer (University of Tartu) for critical revision of the manuscript.

Conflict of interest The authors declare that they have no
conflict of interest.

References

Benthin S, Villadsen J (1996) Amino acid utilization by Lac-
tococcus lactis subsp. cremoris FD1 during growth on
yeast extract or casein peptone. J Appl Microbiol 80:65-72

Christensen JE, Steele JL (2003) Impaired growth rates in milk
of Lactobacillus helveticus peptidase mutants can be
overcome by use of amino acid supplements. J Bacteriol
185:3297-3306

Christensen JE, Dudley EG, Pederson JA, Steele JL (1999)
Peptidases and amino acid catabolism in lactic acid bac-
teria. Antonie Van Leeuwenhoek 76:217-246

Cretenet M, Laroute V, Ulvé V, Jeanson S, Nouaille S, Even S,
Piot M, Girbal L, Le Loir Y, Loubiére P, Lortal S, Cocaign-
Bousquet M (2011) Dynamic analysis of the Lactococcus
lactis transcriptome in cheeses made from milk concen-
trated by ultrafiltration reveals multiple strategies of
adaptation to stresses. Appl Environ Microbiol 77:247-257

den Hengst CD, Groeneveld M, Kuipers OP, Kok J (2006)
Identification and functional characterization of the Lac-
tococcus lactis CodY-regulated branched-chain amino acid
permease BcaP (CtrA). J Bacteriol 188:3280-3289

Detmers FJ, Lanfermeijer FC, Abele R, Jack RW, Tampe R,
Konings WN, Poolman B (2000) Combinatorial peptide
libraries reveal the ligand-binding mechanism of the oli-
gopeptide receptor OppA of Lactococcus lactis. Proc Natl
Acad Sci USA 97:12487-12492

Doeven MK, Kok J, Poolman B (2005) Specificity and selectivity
determinants of peptide transport in Lactococcus lactis and
other microorganisms. Mol Microbiol 57:640-649

Driessen AJ, de Jong S, Konings WN (1987) Transport of
branched-chain amino acids in membrane vesicles of
Streptococcus cremoris. J Bacteriol 169:5193-5200

Foucaud C, Kunji ER, Hagting A, Richard J, Konings WN,
Desmazeaud M, Poolman B (1995) Specificity of peptide
transport systems in Lactococcus lactis: evidence for a
third system which transports hydrophobic di- and tripep-
tides. J Bacteriol 177:4652—4657

Helinck S, Charbonnel P, Foucaud-Scheunemann C, Piard JC,
Juillard V (2003) Charged casein-derived oligopeptides
competitively inhibit the transport of a reporter oligopep-
tide by Lactococcus lactis. I Appl Microbiol 94:900-907

Jensen NBS, Christensen B, Nielsen J, Villadsen J (2002) The
simultaneous biosynthesis and uptake of amino acids by
Lactococcus lactis studied by (13)C-labeling experiments.
Biotechnol Bioeng 78:11-16

Juillard V, Laan H, Kunji ER, Jeronimus-Stratingh CM, Bruins
AP, Konings WN (1995a) The extracellular PI-type pro-
teinase of Lactococcus lactis hydrolyzes beta-casein into
more than one hundred different oligopeptides. J Bacteriol
177(12):3472-3478

Juillard V, Le Bars D, Kunji ER, Konings WN, Gripon JC,
Richard J (1995b) Oligopeptides are the main source of
nitrogen for Lactococcus lactis during growth in milk.
Appl Environ Microbiol 61:3024-3030

Kok J, Buist G (2003) Genetics of Proteolysis in Lactococcus
lactis. In: Wood B, Warner P (eds) Genetics of lactic acid
Bacteria. Springer, New York, pp 189-223

Konings WN (2002) The cell membrane and the struggle for life
of lactic acid bacteria. Antonie Van Leeuwenhoek 82:3-27

Konings WN, Poolman B, Driessen AJ (1989) Bioenergetics
and solute transport in lactococci. Crit Rev Microbiol
16:419-476

Lahtvee PJ, Adamberg K, Arike L, Nahku R, Aller K, Vilu R
(2011) Multi-omics approach to study the growth efficiency

@ Springer



Antonie van Leeuwenhoek

and amino acid metabolism in Lactococcus lactis at various
specific growth rates. Microb Cell Fact 10:1-12

Lamarque M, Charbonnel P, Aubel D, Piard JC, Atlan D, Juil-
lard V (2004) A multifunction ABC transporter (Opt)
contributes to diversity of peptide uptake specificity within
the genus Lactococcus. J Bacteriol 186:6492—-6500

Lamarque M, Aubel D, Piard JC, Gilbert C, Juillard V, Atlan D
(2011) The peptide transport system Opt is involved in both
nutrition and environmental sensing during growth of
Lactococcus lactis in milk. Microbiology 157:1612-1619

Lobo-Alfonso J, Price P, Jayme D (2010) Benefits and limita-
tions of protein extracts. In: Pasupuleti VK, Demain AL
(eds) Protein hydrolysates in biotechnology. Springer, New
York, pp 55-78

Nisamedtinov I, Kevvai K, Orumets K, Rautio JJ, Paalme T
(2010) Glutathione accumulation in ethanol-stat fed-batch
culture of Saccharomyces cerevisiae with a switch to
cysteine feeding. Appl Microbiol Biotechnol 87:175-183

Nissen-Meyer J, Lillehaug D, Nes IF (1992) The plasmid-encoded
lactococcal envelope-associated proteinase is encoded by a
chromosomal gene in Lactococcus lactis subsp. cremoris
BC101. Appl Environ Microbiol 58:750-753

Poolman B, Smid EJ, Konings WN (1987a) Kinetic properties of
a phosphate-bond-driven glutamate-glutamine transport
system in Streptococcus lactis and Streptococcus cremoris.
J Bacteriol 169:2755-2761

Poolman B, Driessen AJ, Konings WN (1987b) Regulation of
solute transport in streptococci by external and internal pH
values. Microbiol Rev 51:498-508

Poquet I, Saint V, Seznec E, Simoes N, Bolotin A, Gruss A
(2000) HtrA is the unique surface housekeeping protease in
Lactococcus lactis and is required for natural protein pro-
cessing. Mol Microbiol 35:1042-1051

@ Springer

Rockwood AL, Van Orden SL (1996) Ultrahigh-speed calcu-
lation of isotope distributions. Anal Chem 68:2027-2030

Savijoki K, Ingmer H, Varmanen P (2006) Proteolytic systems of
lactic acid bacteria. Appl Microbiol Biotechnol 71:394—406

Schuurman-Wolters GK, Poolman B (2005) Substrate speci-
ficity and ionic regulation of GInPQ from Lactococcus
lactis. An ATP-binding cassette transporter with four ex-
tracytoplasmic substrate-binding domains. J Biol Chem
280:23785-23790

Smid EJ, Konings WN (1990) Relationship between utilization
of proline and proline-containing peptides and growth of
Lactococcus lactis. J Bacteriol 172:5286-5292

Trip H, Mulder NL, Lolkema JS (2012) Cloning, expression,
and functional characterization of secondary amino acid
transporters of Lactococcus lactis. J Bacteriol 195:340-
350

Tynkkynen S, Buist G, Kunji E (1993) Genetic and biochemical
characterization of the oligopeptide transport system of
Lactococcus lactis. J Bacteriol 175:7523-7532

Ummadi M, Curic-Bawden M (2010) Use of protein hydroly-
sates in industrial starter culture fermentations. In: Pa-
supuleti VK, Demain AL (eds) Protein hydrolysates in
biotechnology. Springer, New York, pp 91-114

Xie Y, Chou L, Cutler A, Weimer B (2004) DNA macroarray
profiling of Lactococcus lactis subsp. lactis 11403 gene
expression during environmental stresses. Appl Environ
Microbiol 70:6738-6747

Zhang G, Mills DA, Block DE (2009) Development of chemi-
cally defined media supporting high-cell-density growth of
lactococci, enterococci, and streptococci. Appl Environ
Microbiol 75:1080-1087



DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
NATURAL AND EXACT SCIENCES

1. Olav Kongas. Nonlinear Dynamics in Modeling Cardiac Arrhytmias. 1998.

2. Kalju Vanatalu. Optimization of Processes of Microbial Biosynthesis of Isotopical-
ly Labeled Biomolecules and Their Complexes. 1999.

3. Ahto Buldas. An Algebraic Approach to the Structure of Graphs. 1999.

4. Monika Drews. A Metabolic Study of Insect Cells in Batch and Continuous Cul-
ture: Application of Chemostat and Turbidostat to the Production of Recombinant
Proteins. 1999.

5. Eola Valdre. Endothelial-Specific Regulation of Vessel Formation: Role of Recep-
tor Tyrosine Kinases. 2000.

6. Kalju Lott. Doping and Defect Thermodynamic Equilibrium in ZnS. 2000.

7. Reet Koljak. Novel Fatty Acid Dioxygenases from the Corals Plexaura homomalla
and Gersemia fruticosa. 2001.

8. Anne Paju. Asymmetric oxidation of Prochiral and Racemic Ketones by Using
Sharpless Catalyst. 2001.

9. Marko Vendelin. Cardiac Mechanoenergetics in silico. 2001.

10. Pearu Peterson. Multi-Soliton Interactions and the Inverse Problem of Wave
Crest. 2001.

11. Anne Menert. Microcalorimetry of Anaerobic Digestion. 2001.

12. Toomas Tiivel. The Role of the Mitochondrial Outer Membrane in in vivo Regu-
lation of Respiration in Normal Heart and Skeletal Muscle Cell. 2002.

13. Olle Hints. Ordovician Scolecodonts of Estonia and Neighbouring Areas: Taxon-
omy, Distribution, Palaeoecology, and Application. 2002.

14. Jaak Nolvak. Chitinozoan Biostratigrapy in the Ordovician of Baltoscandia.
2002.

15. Liivi Kluge. On Algebraic Structure of Pre-Operad. 2002.

16. Jaanus Lass. Biosignal Interpretation: Study of Cardiac Arrhytmias and Electro-
magnetic Field Effects on Human Nervous System. 2002.

17. Janek Peterson. Synthesis, Structural Characterization and Modification of
PAMAM Dendrimers. 2002.

18. Merike Vaher. Room Temperature lonic Liquids as Background Electrolyte
Additives in Capillary Electrophoresis. 2002.

19. Valdek Mikli. Electron Microscopy and Image Analysis Study of Powdered
Hardmetal Materials and Optoelectronic Thin Films. 2003.

20. Mart Viljus. The Microstructure and Properties of Fine-Grained Cermets. 2003.

187



21. Signe Kask. Identification and Characterization of Dairy-Related Lactobacillus.
2003

22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and Micro-
biological Processes in Swiss-Type Cheese. 2003.

23. Anne Kuusksalu. 2-5A Synthetase in the Marine Sponge Geodia cydonium.
2003.

24. Sergei Bereznev. Solar Cells Based on Polycristalline Copper-Indium Chalcogen-
ides and Conductive Polymers. 2003.

25. Kadri Kriis. Asymmetric Synthesis of C,-Symmetric Bimorpholines and Their
Application as Chiral Ligands in the Transfer Hydrogenation of Aromatic Ketones.
2004.

26. Jekaterina Reut. Polypyrrole Coatings on Conducting and Insulating Substracts.
2004.

27. Sven N6mm. Realization and Identification of Discrete-Time Nonlinear Systems.
2004.

28. Olga Kijatkina. Deposition of Copper Indium Disulphide Films by Chemical Spray
Pyrolysis. 2004.

29. Gert Tamberg. On Sampling Operators Defined by Rogosinski, Hann and Black-
man Windows. 2004.

30. Monika Ubner. Interaction of Humic Substances with Metal Cations. 2004.

31. Kaarel Adamberg. Growth Characteristics of Non-Starter Lactic Acid Bacteria
from Cheese. 2004.

32. Imre Vallikivi. Lipase-Catalysed Reactions of Prostaglandins. 2004.
33. Merike Peld. Substituted Apatites as Sorbents for Heavy Metals. 2005.

34. Vitali Syritski. Study of Synthesis and Redox Switching of Polypyrrole and
Poly(3,4-ethylenedioxythiophene) by Using in-situ Techniques. 2004.

35. Lee Pollumaa. Evaluation of Ecotoxicological Effects Related to Qil Shale Indus-
try. 2004.

36. Riina Aav. Synthesis of 9,11-Secosterols Intermediates. 2005.

37. Andres Braunbriick. Wave Interaction in Weakly Inhomogeneous Materials.
2005.

38. Robert Kitt. Generalised Scale-Invariance in Financial Time Series. 2005.

39. Juss Pavelson. Mesoscale Physical Processes and the Related Impact on the
Summer Nutrient Fields and Phytoplankton Blooms in the Western Gulf of Finland.
2005.

40. Olari llison. Solitons and Solitary Waves in Media with Higher Order Dispersive
and Nonlinear Effects. 2005.

41. Maksim Sakki. Intermittency and Long-Range Structurization of Heart Rate.
2005.

188



42. Enli Kiipli. Modelling Seawater Chemistry of the East Baltic Basin in the Late
Ordovician—Early Silurian. 2005.

43. Igor Golovtsov. Modification of Conductive Properties and Processability of
Polyparaphenylene, Polypyrrole and polyaniline. 2005.

44. Katrin Laos. Interaction Between Furcellaran and the Globular Proteins (Bovine
Serum Albumin B-Lactoglobulin). 2005.

45. Arvo Mere. Structural and Electrical Properties of Spray Deposited Copper
Indium Disulphide Films for Solar Cells. 2006.

46. Sille Ehala. Development and Application of Various On- and Off-Line Analytical
Methods for the Analysis of Bioactive Compounds. 2006.

47. Maria Kulp. Capillary Electrophoretic Monitoring of Biochemical Reaction Kinet-
ics. 2006.

48. Anu Aaspdllu. Proteinases from Vipera lebetina Snake Venom Affecting Hemo-
stasis. 2006.

49, Lyudmila Chekulayeva. Photosensitized Inactivation of Tumor Cells by Porphy-
rins and Chlorins. 2006.

50. Merle Uudsemaa. Quantum-Chemical Modeling of Solvated First Row Transi-
tion Metal lons. 2006.

51. Tagli Pitsi. Nutrition Situation of Pre-School Children in Estonia from 1995 to
2004. 2006.

52. Angela Ivask. Luminescent Recombinant Sensor Bacteria for the Analysis of
Bioavailable Heavy Metals. 2006.

53. Tiina Lougas. Study on Physico-Chemical Properties and Some Bioactive
Compounds of Sea Buckthorn (Hippophae rhamnoides L.). 2006.

54. Kaja Kasemets. Effect of Changing Environmental Conditions on the Fermenta-
tive Growth of Saccharomyces cerevisae S288C: Auxo-accelerostat Study. 2006.

55. lldar Nisamedtinov. Application of 3C and Fluorescence Labeling in Metabolic
Studies of Saccharomyces spp. 2006.

56. Alar Leibak. On Additive Generalisation of Voronoi’s Theory of Perfect Forms
over Algebraic Number Fields. 2006.

57. Andri Jagomagi. Photoluminescence of Chalcopyrite Tellurides. 2006.

58. Tonu Martma. Application of Carbon Isotopes to the Study of the Ordovician
and Silurian of the Baltic. 2006.

59. Marit Kauk. Chemical Composition of CulnSe; Monograin Powders for Solar Cell
Application. 2006.

60. Julia Kois. Electrochemical Deposition of CulnSe; Thin Films for Photovoltaic
Applications. 2006.

61. llona Oja Agik. Sol-Gel Deposition of Titanium Dioxide Films. 2007.

189



62. Tiila Anmann. Integrated and Organized Cellular Bioenergetic Systems in Heart
and Brain. 2007.

63. Katrin Trummal. Purification, Characterization and Specificity Studies of Metal-
loproteinases from Vipera lebetina Snake Venom. 2007.

64. Gennadi Lessin. Biochemical Definition of Coastal Zone Using Numerical Model-
ing and Measurement Data. 2007.

65. Enno Pais. Inverse problems to determine non-homogeneous degenerate
memory kernels in heat flow. 2007.

66. Maria Borissova. Capillary Electrophoresis on Alkylimidazolium Salts. 2007.

67. Karin Valmsen. Prostaglandin Synthesis in the Coral Plexaura homomalla: Con-
trol of Prostaglandin Stereochemistry at Carbon 15 by Cyclooxygenases. 2007.

68. Kristjan Piirimde. Long-Term Changes of Nutrient Fluxes in the Drainage Basin
of the Gulf of Finland — Application of the PolFlow Model. 2007.

69. Tatjana Dedova. Chemical Spray Pyrolysis Deposition of Zinc Sulfide Thin Films
and Zinc Oxide Nanostructured Layers. 2007.

70. Katrin Tomson. Production of Labelled Recombinant Proteins in Fed-Batch
Systems in Escherichia coli. 2007.

71. Cecilia Sarmiento. Suppressors of RNA Silencing in Plants. 2008.

72. Vilja Mardla. Inhibition of Platelet Aggregation with Combination of Antiplate-
let Agents. 2008.

73. Maie Bachmann. Effect of Modulated Microwave Radiation on Human Resting
Electroencephalographic Signal. 2008.

74. Dan Hiivonen. Terahertz Spectroscopy of Low-Dimensional Spin Systems. 2008.

75. Ly Villo. Stereoselective Chemoenzymatic Synthesis of Deoxy Sugar Esters
Involving Candida antarctica Lipase B. 2008.

76. Johan Anton. Technology of Integrated Photoelasticity for Residual Stress
Measurement in Glass Articles of Axisymmetric Shape. 2008.

77. Olga Volobujeva. SEM Study of Selenization of Different Thin Metallic Films.
2008.

78. Artur Jogi. Synthesis of 4’-Substituted 2,3’-dideoxynucleoside Analogues. 2008.

79. Mario Kadastik. Doubly Charged Higgs Boson Decays and Implications on Neu-
trino Physics. 2008.

80. Fernando Pérez-Caballero. Carbon Aerogels from 5-Methylresorcinol-
Formaldehyde Gels. 2008.

81. Sirje Vaask. The Comparability, Reproducibility and Validity of Estonian Food
Consumption Surveys. 2008.

82. Anna Menaker. Electrosynthesized Conducting Polymers, Polypyrrole and
Poly(3,4-ethylenedioxythiophene), for Molecular Imprinting. 2009.

190



83. Lauri Ilison. Solitons and Solitary Waves in Hierarchical Korteweg-de Vries
Type Systems. 2009.

84. Kaia Ernits. Study of In»S3 and ZnS Thin Films Deposited by Ultrasonic Spray
Pyrolysis and Chemical Deposition. 2009.

85. Veljo Sinivee. Portable Spectrometer for Ionizing Radiation “Gammamapper”.
2009.

86. Jiiri Virkepu. On Lagrange Formalism for Lie Theory and Operadic Harmonic
Oscillator in Low Dimensions. 20009.

87. Marko Piirsoo. Deciphering Molecular Basis of Schwann Cell Development.
2009.

88. Kati Helmja. Determination of Phenolic Compounds and Their Antioxidative
Capability in Plant Extracts. 2010.

89. Merike Somera. Sobemoviruses: Genomic Organization, Potential for Recom-
bination and Necessity of P1 in Systemic Infection. 2010.

90. Kristjan Laes. Preparation and Impedance Spectroscopy of Hybrid Structures
Based on CulnzSes Photoabsorber. 2010.

91. Kristin Lippur. Asymmetric Synthesis of 2,2’-Bimorpholine and its 5,5’-
Substituted Derivatives. 2010.

92. Merike Luman. Dialysis Dose and Nutrition Assessment by an Optical Method.
2010.

93. Mihhail Berezovski. Numerical Simulation of Wave Propagation in Heteroge-
neous and Microstructured Materials. 2010.

94. Tamara Aid-Pavlidis. Structure and Regulation of BDNF Gene. 2010.

95. Olga Bragina. The Role of Sonic Hedgehog Pathway in Neuro- and Tumor-
igenesis. 2010.

96. Merle Randriiiit. Wave Propagation in Microstructured Solids: Solitary and
Periodic Waves. 2010.

97. Marju Laars. Asymmetric Organocatalytic Michael and Aldol Reactions Medi-
ated by Cyclic Amines. 2010.

98. Maarja Grossberg. Optical Properties of Multinary Semiconductor Compounds
for Photovoltaic Applications. 2010.

99. Alla Maloverjan. Vertebrate Homologues of Drosophila Fused Kinase and
Their Role in Sonic Hedgehog Signalling Pathway. 2010.

100. Priit Pruunsild. Neuronal Activity-Dependent Transcription Factors and
Regulation of Human BDNF Gene. 2010.

101. Tatjana Knjazeva. New Approaches in Capillary Electrophoresis for Separa-
tion and Study of Proteins. 2011.

102. Atanas Katerski. Chemical Composition of Sprayed Copper Indium Disulfide
Films for Nanostructured Solar Cells. 2011.

103. Kristi Timmo. Formation of Properties of CulnSe; and Cu,ZnSn(S,Se)s
Monograin Powders Synthesized in Molten KI. 2011.

191



104. Kert Tamm. Wave Propagation and Interaction in Mindlin-Type Microstruc-
tured Solids: Numerical Simulation. 2011.

105. Adrian Popp. Ordovician Proetid Trilobites in Baltoscandia and Germany.
2011.

106. Ove Parn. Sea Ice Deformation Events in the Gulf of Finland and This Impact
on Shipping. 2011.

107. Germo Vili. Numerical Experiments on Matter Transport in the Baltic Sea.
2011.

108. Andrus Seiman. Point-of-Care Analyser Based on Capillary Electrophoresis.
2011.

109. Olga Katargina. Tick-Borne Pathogens Circulating in Estonia (Tick-Borne En-
cephalitis Virus, Anaplasma phagocytophilum, Babesia Species): Their Prevalence
and Genetic Characterization. 2011.

110. Ingrid Sumeri. The Study of Probiotic Bacteria in Human Gastrointestinal Tract
Simulator. 2011.

111. Kairit Zovo. Functional Characterization of Cellular Copper Proteome. 2011.

112. Natalja Makarytsheva. Analysis of Organic Species in Sediments and Soil by
High Performance Separation Methods. 2011.

113. Monika Mortimer. Evaluation of the Biological Effects of Engineered Nanopar-
ticles on Unicellular Pro- and Eukaryotic Organisms. 2011.

114. Kersti Tepp. Molecular System Bioenergetics of Cardiac Cells: Quantitative
Analysis of Structure-Function Relationship. 2011.

115. Anna-Liisa Peikolainen. Organic Aerogels Based on 5-Methylresorcinol. 2011.

116. Leeli Amon. Palaeoecological Reconstruction of Late-Glacial Vegetation Dy-
namics in Eastern Baltic Area: A View Based on Plant Macrofossil Analysis. 2011.

117. Tanel Peets. Dispersion Analysis of Wave Motion in Microstructured Solids.
2011.

118. Liina Kaupmees. Selenization of Molybdenum as Contact Material in Solar
Cells. 2011.

119. Allan Olspert. Properties of VPg and Coat Protein of Sobemoviruses. 2011.
120. Kadri Koppel. Food Category Appraisal Using Sensory Methods. 2011.

121. Jelena Gorbatsova. Development of Methods for CE Analysis of Plant Phenol-
ics and Vitamins. 2011.

122. Karin Viipsi. Impact of EDTA and Humic Substances on the Removal of Cd and
Zn from Aqueous Solutions by Apatite. 2012.

123. David Schryer. Metabolic Flux Analysis of Compartmentalized Systems Using
Dynamic Isotopologue Modeling. 2012.

124. Ardo lllaste. Analysis of Molecular Movements in Cardiac Myocytes. 2012.

192



125. Indrek Reile. 3-Alkylcyclopentane-1,2-Diones in Asymmetric Oxidation and
Alkylation Reactions. 2012.

126. Tatjana Tamberg. Some Classes of Finite 2-Groups and Their Endomorphism
Semigroups. 2012.

127. Taavi Liblik. Variability of Thermohaline Structure in the Gulf of Finland in
Summer. 2012.

128. Priidik Lagemaa. Operational Forecasting in Estonian Marine Waters. 2012.

129. Andrei Errapart. Photoelastic Tomography in Linear and Non-linear Approxi-
mation. 2012.

130. Kulliki Krabbi. Biochemical Diagnosis of Classical Galactosemia and Mucopoly-
saccharidoses in Estonia. 2012.

131. Kristel Kaseleht. Identification of Aroma Compounds in Food using SPME-
GC/MS and GC-Olfactometry. 2012.

132. Kristel Kodar. Immunoglobulin G Glycosylation Profiling in Patients with Gas-
tric Cancer. 2012.

133. Kai Rosin. Solar Radiation and Wind as Agents of the Formation of the Radia-
tion Regime in Water Bodies. 2012.

134. Ann Tiiman. Interactions of Alzheimer’s Amyloid-Beta Peptides with Zn(ll) and
Cu(ll) lons. 2012.

135. Olga Gavrilova. Application and Elaboration of Accounting Approaches for
Sustainable Development. 2012.

136. Olesja Bondarenko. Development of Bacterial Biosensors and Human Stem
Cell-Based In Vitro Assays for the Toxicological Profiling of Synthetic Nanoparticles.
2012.

137. Katri Muska. Study of Composition and Thermal Treatments of Quaternary
Compounds for Monograin Layer Solar Cells. 2012.

138. Ranno Nahku. Validation of Critical Factors for the Quantitative Characteriza-
tion of Bacterial Physiology in Accelerostat Cultures. 2012.

139. Petri-Jaan Lahtvee. Quantitative Omics-level Analysis of Growth Rate De-
pendent Energy Metabolism in Lactococcus lactis. 2012.

140. Kerti Orumets. Molecular Mechanisms Controlling Intracellular Glutathione
Levels in Baker’'s Yeast Saccharomyces cerevisiae and its Random Mutagenized
Glutathione Over-Accumulating Isolate. 2012.

141. Loreida Timberg. Spice-Cured Sprats Ripening, Sensory Parameters Develop-
ment, and Quality Indicators. 2012.

142. Anna Mihhalevski. Rye Sourdough Fermentation and Bread Stability. 2012.

143. Liisa Arike. Quantitative Proteomics of Escherichia coli: From Relative to Abso-
lute Scale. 2012.

144. Kairi Otto. Deposition of In,S; Thin Films by Chemical Spray Pyrolysis. 2012.

193



145. Mari Sepp. Functions of the Basic Helix-Loop-Helix Transcription Factor TCF4
in Health and Disease. 2012.

146. Anna Suhhova. Detection of the Effect of Weak Stressors on Human Resting
Electroencephalographic Signal. 2012.

147. Aram Kazarjan. Development and Production of Extruded Food and Feed
Products Containing Probiotic Microorganisms. 2012.

148. Rivo Uiboupin. Application of Remote Sensing Methods for the Investigation
of Spatio-Temporal Variability of Sea Surface Temperature and Chlorophyll Fields in
the Gulf of Finland. 2013.

149. Tiina Krisciunaite. A Study of Milk Coagulability. 2013.

150. Tuuli Levandi. Comparative Study of Cereal Varieties by Analytical Separation
Methods and Chemometrics. 2013.

151. Natalja Kabanova. Development of a Microcalorimetric Method for the Study
of Fermentation Processes. 2013.

152. Himani Khanduri. Magnetic Properties of Functional Oxides. 2013.

153. Julia Smirnova. Investigation of Properties and Reaction Mechanisms of Re-
dox-Active Proteins by ESI MS. 2013.

154. Mervi Sepp. Estimation of Diffusion Restrictions in Cardiomyocytes Using
Kinetic Measurements. 2013.

155. Kersti Jaager. Differentiation and Heterogeneity of Mesenchymal Stem Cells.
2013.

156. Victor Alari. Multi-Scale Wind Wave Modeling in the Baltic Sea. 2013.

157. Taavi Pall. Studies of CD44 Hyaluronan Binding Domain as Novel Angiogenesis
Inhibitor. 2013.

158. Allan Niidu. Synthesis of Cyclopentane and Tetrahydrofuran Derivatives. 2013.

159. Julia Geller. Detection and Genetic Characterization of Borrelia Species Circu-
lating in Tick Population in Estonia. 2013.

160. Irina Stulova. The Effects of Milk Composition and Treatment on the Growth
of Lactic Acid Bacteria. 2013.

161. Jana Holmar. Optical Method for Uric Acid Removal Assessment During Dialy-
sis. 2013.

162. Kerti Ausmees. Synthesis of Heterobicyclo[3.2.0]heptane Derivatives via
Multicomponent Cascade Reaction. 2013.

163. Minna Varikmaa. Structural and Functional Studies of Mitochondrial Respira-
tion Regulation in Muscle Cells. 2013.

164. Indrek Koppel. Transcriptional Mechanisms of BDNF Gene Regulation. 2014.

165. Kristjan Pilt. Optical Pulse Wave Signal Analysis for Determination of Early
Arterial Ageing in Diabetic Patients. 2014.

194



166. Andres Anier. Estimation of the Complexity of the Electroencephalogram for
Brain Monitoring in Intensive Care. 2014.

167. Toivo Kallaste. Pyroclastic Sanidine in the Lower Palaeozoic Bentonites — A
Tool for Regional Geological Correlations. 2014.

168. Erki Karber. Properties of ZnO-nanorod/In,Ss/CulnS; Solar Cell and the Con-
stituent Layers Deposited by Chemical Spray Method. 2014.

169. Julia Lehner. Formation of CuZnSnSas and Cu;ZnSnSes by Chalcogenisation of
Electrochemically Deposited Precursor Layers. 2014.

170. Peep Pitk. Protein- and Lipid-rich Solid Slaughterhouse Waste Anaerobic Co-
digestion: Resource Analysis and Process Optimization. 2014.

171. Kaspar Valgepea. Absolute Quantitative Multi-omics Characterization of Spe-
cific Growth Rate-dependent Metabolism of Escherichia coli. 2014.

172. Artur Noole. Asymmetric Organocatalytic Synthesis of 3,3’-Disubstituted
Oxindoles. 2014.

173. Robert Tsanev. Identification and Structure-Functional Characterisation of the
Gene Transcriptional Repressor Domain of Human Gli Proteins. 2014.

174. Dmitri Kartofelev. Nonlinear Sound Generation Mechanisms in Musical Acous-
tic. 2014.

175. Sigrid Hade. GIS Applications in the Studies of the Palaeozoic Graptolite Argil-
lite and Landscape Change. 2014.

176. Agne Velthut-Meikas. Ovarian Follicle as the Environment of Oocyte Matura-
tion: The Role of Granulosa Cells and Follicular Fluid at Pre-Ovulatory Development.
2014.

177. Kristel Halvin. Determination of B-group Vitamins in Food Using an LC-MS
Stable Isotope Dilution Assay. 2014.

178. Mailis Pari. Characterization of the Oligoadenylate Synthetase Subgroup from
Phylum Porifera. 2014.

179. Jekaterina Kazantseva. Alternative Splicing of TAF4: A Dynamic Switch be-
tween Distinct Cell Functions. 2014.

180. Jaanus Suurvali. Regulator of G Protein Signalling 16 (RGS16): Functions in
Immunity and Genomic Location in an Ancient MHC-Related Evolutionarily Con-
served Synteny Group. 2014.

181. Ene Viiard. Diversity and Stability of Lactic Acid Bacteria During Rye Sourdough
Propagation. 2014.

182. Kristella Hansen. Prostaglandin Synthesis in Marine Arthropods and Red Al-
gae. 2014.

183. Helike Lohelaid. Allene Oxide Synthase-lipoxygenase Pathway in Coral Stress
Response. 2015.

184. Normunds StivrinS. Postglacial Environmental Conditions, Vegetation
Succession and Human Impact in Latvia. 2015.

195



	Blank Page
	Blank Page
	article2.pdf
	Caseins from bovine colostrum and milk strongly bind piscidin-1, an antimicrobial peptide from fish
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Bacterial cultures
	2.2.2 Radial plate diffusion assay
	2.2.3 Degradation of fluorescein-piscidin in colostrum
	2.2.4 Protection of fluorescein-piscidin by colostrum
	2.2.5 Binding of fluorescein-piscidin by colostrum and milk
	2.2.6 Cross-titration setup with piscidin and casein in liquid medium growth assay
	2.2.7 Release of fluorescein-piscidin from colostrum
	2.2.8 Obtaining the low molecular weight fraction from colostrum or caseins
	2.2.9 Identification of piscidin in LMW fractions by MALDI-TOF MS


	3 Results
	3.1 Antimicrobial activity of colostrum and piscidin
	3.2 Degradation of fluorescein-piscidin in colostrum
	3.3 Piscidin interaction with colostrum and milk
	3.4 Dissociating the interaction between colostrum and piscidin
	3.5 Antimicrobial activity of recovered piscidin from colostrum and casein

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


	Blank Page
	Blank Page



