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Abstract

Lactobacilli are commonly used in food fermentasionPreservation and
changes in food quality due to fermentation arigeabise of the growth,
metabolism and enzymatic activity of these orgasisrknzymatic pathways of
lactobacilli can also be exploited for the prodoctof bioactive compounds. In
this work, Lactobacillusspp. were used to enzymatically produce hydroxty fa
acids with anti-fungal activities and oligosaccdas with anti-adhesion
properties. These bioactive compounds were foangetpresent as mixtures of
geometric and positional isomers. In order to abi@rize individual isomers with
minimal preparatory steps, liquid chromatograpmdim mass spectrometry
(LC-MS/MS) methods were developed.

Lactobacillus hammesandLactobacillus plantaruntonverted linoleic acid
into a racemic mixture of anti-fungal 10-hydrogig-12-octadecenoic and 10-
hydroxytrans-12-octadecenoic acid by means of hydratase enzymé@hen
produced in sourdough bread 10-hydroxy-12-octad®ceacid and anti-fungal
13-hydroxyeis-9trans-11-octadecadienoic acid, the latter which is enzigaby
formed by flour lipoxygenase in the presence ofluotng agents, increased the
mould-free storage-life of the bread. Results flo@3tMS/MS methods allowed
for conversion pathway elucidation of linoleic atidconjugated linoleic acid by
lactobacilli.

Lactobacillus spp. containing galactosidase enzymes were usefbrio
composite oligosaccharides with anti-adhesive ptgse Using LC-MS/MS

analysis, several novel oligosaccharides formegh-bgnd a-galactosidase were



identified. In particular, GAl(1—4)-GIcNAc was formed, which is the core
structure in human milk oligosaccharides and asta @ompetative inhibitor to
enteropathogeniEscherichia coli

The LC-MS/MS methods developed in this work proveseful in
investigating structure-function relationships oftidungal lipids and anti-
adhesive oliogsaccharides. This research can bleefuapplied to increase the
variety of bioactive compounds identified for foqurotection and health

promaotion.
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1. Introduction

1.1. The genud. actobacillus

The first pure culture dfactobacillusspecies was isolated in 1901 by using
an enrichment culture technique developed by MastiBeijerinck (Beijerinck,
1907; Overmann, 2006). A little over a centuryefatthe genusactobacillus
one of the largest of the ordémctobacillales,comprises over 150 species
(Salvetti et al, 2012), with approximately six species identifieshnually
(Hammes & Hertel, 2009). Generallyactobacillus are Gram-positive, rod
shaped, non-spore forming, aero-tolerant or anagralith a G+C DNA content
range of 32-55% mol %. Species within the gdragtobacillusexhibit a variety
of phenotypical, biochemical and physiologicaltsaiThese traits lead to species
specific nutritional requirements and metabolisngwaver, all lactobacilli
produce lactic acid as the major end product ofbaaydrate metabolism
(Axelsson, 2004). It is from the production of lactacid that the genus
Lactobacillusis considered to be lactic acid bacteria (LAB),ahhis a group that
consists of other taxonomically related genera (gs@n, 2004). Orla-Jensen
(1919) first classified LAB according to their plglegical and morphological
characters. LAB are divided according to the enzyemaployed for metabolism:
obligately homofermentative, facultatively heterofientative or obligately
heterofermentative (Hammes and Vogel, 1995). Hemmoéntative species
metabolize hexoses using the Embden-Meyerhof-PdEl®) pathway almost

exclusively to lactic acid. These lactobacilli emplfructose-1,6-biphoshate-
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aldolase to ferment hexoses, but lack phospholssdltaferment either pentoses
or gluconate. Facultative heterofermentative laatdb exhibit both aldolase and
phosphoketolase enzymes. Hexoses and pentosetliaesl by the EMP and 6-
phosphogluconate (6-PG) pathway, respectively. Ha presence of hexose,
enzymes of the 6-PG pathway are repressed and asabteh are metabolized
through the EMP pathway. Obligate heterofermergatactobacilli metabolize
pentoses and hexoses exclusively through the 6&@vay. Lactic acid, carbon
dioxide, ethanol and acetic acid are end produdiseo6-PG pathway.
Morphological, physiological and biochemical chaeaistics are not reliable
for taxonomic identification of lactobacilli (Hamme & Hertel, 2009).
Lactobacillus species are more accurately classified by sequgnt6S rRNA
genes. Little association remains between traditiormetabolic-based
classification and phylogenic relatedness. As altesequencing techniques have
allowed for a multitude of newactobacillusspecies to be identified in the last
two decades (Hammes & Hertel, 2009). By analyzitg XRNA genes of
bacteria, phylogenic relationships have been prgas associateactobacillus
into seven main group&:. buchnerigroup,L. caseigroup,L. delbrueckiigroup,
L. plantarumgroup, L. reuteri group, L. sakeigroup andL. salivarius group
(Hammes & Hertel, 2006). However, the relationshiggtween the groups are
ambiguous. As an example, the germediococcusis closely related to the
Lactobacillusgenus, and species were often misclassifiedPediococcudike

before being properly reclassified t@ctobacillusspecies (Leisneet al, 2000;
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Haakenseret al, 2011). Due to their interrelatedne®&diococcusspecies are
intermixed with theLactobacillus group (Hammes & Hertel, 2006). As new
species of actobacillusandPediococcusre identified, the phylogenic groupings
do not become clearer; instead, additional grougpenrg proposed. Salvett al
(2012) recently reviewed the phylogenic analysesetbaon the 16S rRNA gene
sequence for theactobacillusgenus and divided the genus into 15 main groups
instead of the previous seven. Within these grosipscies are often heterologous
in terms of their phenotypic properties, confirmirtbat genotypic data,
specifically 16S rRNA based sequencing, is mor@aléd for current taxonomic
classification.

The adaptation of lactobacilli to specific ecolaimiches and resulting
biosynthetic pathways is reflected by the sizehaf genome. Reconstruction of
genes from the common ancestorlafctobacillales indicated that lactobacilli
reduced the genome size during their evolution @lakaet al, 2006). Thus it
was postulated that during the transition to margient-rich media, lactobacilli
lost genes for biosynthesis of nutrients. It i®rasting to observe that species of
Lactobacillusalso vary in their genome size, which appearsetate to how
narrow or broad their respective biosynthetic cdjpeds are.L. sanfranciscensis
TMW 1.1304 has a small genome size of 1.29 Mbp;ewaw, it is highly adapted
to sourdough fermentations and rapidly propagates ottcompete other
microorganisms (Vogedt al, 2011). In comparison, lo plantarumWCFS1, has

a larger genome size of 3.31 Mbp. plantarumis encountered in various
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ecological niches and has the capability to adagnlvironments as represented
by a relatively large amount of regulatory and $fort genes (Kleerebezeet
al., 2003). In terms of food fermentations, chanazétion of the bacterial
genome is important to determine genes encodingneex that are important in
flavor and texture forming pathways, in order t@gct or control the overall

quality of the food product.

1.2. Lactobacilli in foods

For more than 10,000 years, lactobacilli have beemployed in food
fermentations and thus have been part of the huti@nSecond to drying, food
fermentations are the world’s oldest methods ob@mneation (Prajapati & Nair,
2003). Rapid anaerobic growth hyactobacillus species together with the
production of acids, antibacterial, and antifungainpounds inhibit the growth of
other organisms in food fermentations (Molin, 200Because of their history of
safe use, many.actobacillus species were awarded GRAS status (generally
recognized as safe) by the U.S. Food and Drug Adination (Bourdichoret al.,
2012). According to Health Canada (2013), in ofdedemonstrate a history of
safe use, evidence must be supplied that the aigadoes not infer harm, over
several generations and a variety of geneticaffgidint human populations. The
organism must also not harbor antimicrobial resrsta and if genetically
modified, any differences between novel and coneeat strains must be

assessed. Currently, lactobacilli are widely expbbifor their health benefits as



CHAPTER 1

probiotics and also serve as vaccine carriers @Bgou et al, 2011,
Mohamadzadebt al, 2009; Kajikaweet al., 2012).

Food preservation by fermentation with lactobaciboth alters the
organoleptic properties of the food and improvesiitritional quality (Poutanen
et al, 2009; Steeleet al, 2012; Costelloet al, 2013). The adaptation of
lactobacilli to utilize enzymes that regulate cdmndrate, peptide/amino acid and
lipid metabolism has led them to achieve a domimal& in food fermentations.
Lactobacilli are utilized to perform the main corsiens in dairy, meat, vegetable
products, sourdough, wine and coffee fermentatjblasnmes & Hertel, 2006).

1.2.1.Carbohydrates

The ability of lactobacilli to metabolize carbohgtks during fermentations,
resulting in the acidification of foods, is theirost characteristic feature. By
understanding the enzymatic pathways of bacteridh &hich substrates are
available in the food matrix, the quality of ferntesh end products can be better
predicted. Lactobacilli contain enzymes that meliabacarbohydrates by the 6-
PG pathway, the EMP pathway or both. Heterofernmethactobacillusspecies
utilize hexoses and pentoses from foods via th&6gRthway. Disaccharides
such as maltose, sucrose and lactose are trandpairectly into the cell by
specific permeases, transporters or the phosphgsmoavate phosphotransferase
system (PEP-PTS) (Kandler, 1983; Ganeteal, 2007). Once within the cell,
glycosyl hydrolases or phosphorylases act to lysacdharides (Géanzlet al,

2012). Generally, hexose metabolism by the 6-PGweayt yields lactate, ethanol
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and carbon dioxide as the major products (Axels20@4). In the presence of
electron acceptors, acetyl-phosphate from hexosehoksm is further converted
to acetate. Examples of electron acceptors in foads fructose, oxidized
glutathione and short chain aldehydes (Sétlal, 1996; Vermeuleet al, 2006b;
Vermeulenet al, 2007a). Homofermentativieactobacillus strains undergo the
EMP pathway for carbohydrate metabolism in whichtita acid is formed,
additionally, by this pathway the conversion ofvfla forming aldehydes is
reduced (Vermeuleet al., 2007a).

The metabolism of organic acids is linked to caslavate metabolism due to
the production of pyruvate, an intermediate in lsxonetabolism. Citrate, if
available in the food matrix, is utilized by lactatilli to produce acetate, diacetyl,
acetoin, 2, 3-butanediol and carbon dioxide (Axats2004). Homofermentative
formation of diacetyl imparts a “butter” flavor, @grdepending on the food type
this can be a desired or an undesired trait (Matsrh 1986). Citrate metabolism
of lactobacilli has been well characterized in gaiwine and sourdough
fermentations (Hugenholz, 1993; Liu, 2002; Géaneteal, 2007). Malate is
another organic acid that can be utilized by laatib to produce lactate and
carbon dioxide; this reaction is considered a daydoate secondary fermentation
(Axelsson, 2004). In wine and cider, beveragesdaracidified and this reaction
is known as the malo-lactic fermentation (Wiboweb al,, 1985; Jarviset al,

1995).
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1.2.2. Proteins

Similar to carbohydrate metabolism, peptide meiabolby lactobacilli
produce flavor compounds and flavor precursors imamb in food fermentations.
Lactobacilli require an exogenous nitrogen soucckd present in the media for
metabolism and growth (Hammes & Hertel, 2009). r&oellular proteinases are
necessary for protein degradation, as only oligbgep peptide or amino acid
forms are utilized (Savijoket al, 2006). Flavor compounds produced by protein
metabolism in foods are plentiful; however, flavempounds may or may not be
beneficial depending on the type of food. For exi@nip cheese, fermentation of
branched chain amino acids bgctobacillusspecies results in the formation of
aldehydes, alcohols and fatty acids. These aldehydtuide 3-methyl butanal and
2-methyl butanal, which are described as malty famtly, are desired for cheese
flavor but are a defect in fermented milk produé&teronczyk, 2001; Marilley &
Casey, 2004). For amino acid metabolism, the manymatic pathways of
lactobacilli are transamination, decarboxylationd athe lysing of sulfur-
containing amino acids (McSweeney & Sousa, 2000nz(eédet al, 2007,
Hammes & Hertel, 2009). Specific examples of sutptampounds converted by
lactobacilli in dairy, wine and meats are: methhimt methional, dimethyl
disulphide, and dimethyl trisulphide, and these poumds impart garlic, boiled
potato-like and cooked cabbage flavors (Pripis-Migaet al 2004; Martinez-
Cuestaet al, 2013). Flavor compounds resulting in the transation and

decarboxylation of amino acids are 3-methyl buta@ehethyl butanol, 2-methyl
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propanol, 2-methylbutyric and isobutyric acids whiconfer alcoholic, fruity,
sweaty, rancid, fecal, and putrid flavors (Naka&lBott, 1965a; Nakae & Elliott,
1965b; Kieronczyk, 2001; Marilley & Casey, 2004).

In sourdough, glutamine is liberated from gluterd dvwy glutaminase is
converted to glutamate ldy sanfranciscensiproducing bread with more savory
flavor (Vermeuleret al, 2007b). Additionally, in sourdough, ornithinederived
from lactobacilli from the conversion of argining lthe arginine-deiminase
pathway (De Angeligt al, 2002; Ganzlet al, 2007). Ornithine is a precursor to
the compound 2-acetyl-1-pyrroline which is convertduring baking and
contributes to a roasty flavor in bread (Thietal, 2002).

1.2.3.Lipids

Lipid metabolism ofLactobacillus species also results in compounds that
contribute to the flavor of foods; however, the hwey mechanisms for lipid
utilization have been far less studied than thatcafbohydrate and protein
metabolism by lactobacilli. In foods, lipids oca@s triglycerides, containing fatty
acids atsnl, -2, and -3 bound by esters to a glycerol baokboA few
Lactobacillusspecies such ds. fermentumL. plantarumandL. caseiproduce
lipases or esterases to cleave triglycerides rielgdsee fatty acids (Gobbetét
al., 1996; Gobbettet al, 1997; Lee & Lee, 1990). Free fatty acids couniiebto
the flavor profile of the food at different thre$th® depending on the chain length
and degree of unsaturation and have been descabdtaving a fatty, soapy

and/or bitter flavor (Schieffman & Dackis, 1975).yddoxy fatty acids are
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produced by lipoxygenase activity, or by hydrataseymes from specific
lactobacilli reacting with unsaturated fatty ac{@ogrenet al, 2003; Kishimoto
et al, 2003; Yanget al, 2013). Heating hydroxy fatty acids in the preseof
water forms lactones (Eriksen, 1976), which argedfacompounds described as
imparting coconut, peachy or green butter notedcieell, 1996). Lactobacilli
do not utilize lipids for metabolism as they do bm#rydrates; however, the
presence of fatty acids is required for growth e brganism, as fatty acids are
incorporated into the cellular membrane (Hammes &tél, 2009). Generally,
oxidative reactions converting unsaturated fattydscinto aldehydes are
responsible for undesirable lipid flavor formatiandoods. If heterofermentative
lactobacilli are present, these aldehydes may laastormed by alcohol
dehydrogenase into alcohols with higher flavor shadds (Vermeuleret al,
2007a). The reduction of aldehydes to alcohols ©vaatageous for
heterofermentative lactobacilli, as it releases itaaithl energy for growth;
however, aldehydes are key aroma compounds of wamtk sourdough bread

(Grosch & Schieberle, 1997; Cullezéal., 2007).

1.3.Lactobacilli and biotransformation

Functional compounds are compounds that posses&tivie or healthful
properties and are produced by lactobacilli in itradal food fermentations;
however, until more recently, the demand for th@®selucts was low. Interest has

accumulated due to the acceptance of these comp@mthatural”, considering
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the substrates to be converted originate from foadd are not chemically
synthesized (Canadian Food Inspection Agency, 20¥2th governmental
legislation limiting preservatives and consumer dethfor foods that are high in
guality, natural, safe, minimally processed andehavprolonged storage-life,
innovative substitutes are required to achievedimesessities.

Currently, the most widely studied compounds preduisy lactobacilli with
bioactivity are bacteriocins. Bacteriocins are sismally synthesized proteins
with antimicrobial activity. Since bacteriocins allegraded by the proteases of
the mammalian gastrointestinal tract, they are idemed safe for human
consumption (Clevelanet al, 2001). Although bacteriocins will not be revieive
here, since they are not enzymatically producestetlre select reviews to which
the reader is directed for more information (Drié¢ral, 2006; Vignoloet al,
2012).

Bioactive compounds produced in enzymatic convassiuring lactobacilli
fermentation, differ due to the types of substrated species that are present.
Genomic sequencing olfactobacillus species has led to the prediction of
metabolic pathways, and therefore, biochemical stamation (Mayoet al,
2008). However, the link between genome sequenitiestobacilli that code for
specific enzymes and the conversion substrateBagetwith bioactive function
must be first investigated. A non-exhaustive lisbioactive compounds produced
through conversion of substrates by lactobacild haen compiled iffable 1-1

These compounds are considered bioactive as themagbe safety of food

10
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products or the health of the consumer beyond basitition. Bioactive
compounds can either be formed directly in the foocddded after purification
and isolation steps to create a functional fooddki& Ofori, 2010).

Within each example given withifable 1-1, precursor substrates converted
by lactobacilli are not substantially active congzhito the products. Products
differ from substrates in terms of structure, amd thange in structure allows for
functionality of the products. Relationships betwé&enction and structure can be
assessed by assaying for activity and structurddbracterizing products formed
by Lactobacillus species. Sometimes only slight differences occuwéen
substrates and products with activity, thereby mawm sophisticated tools for

their analyses.

11



Table 1-1.Overview of select bioactive compounds enzymatyoadinverted by lactobacilli

Strain

Category Compound name Precursor Bioactivity Reference
Example
, , Casein or : : L. helveticus; Uenoet al,
VPP & IPP tripeptides antihypertensive ' . 2004; Huet
gluten L. reuteri al 2011
p-Lactoglobulin-derived . immunomodulatory . Prioultet al,
peptides S-Lactoglobulin effects L. paracasei 2004
IKHQGLPQE,
VLNENLLR & Casein antibacterial L.acidophilus ggggset al,
. SDIPNPIGSENSEK
Protein

o . antihypertensive Higuchiet al,
GABA (yazézgl)nobutyrlc Glutamate and L. brevis 1997; Zhang

antitumorigenic et al, 2012

. . : antibacterial; Lavermicocca
Phenyllactic acid Phenylalanine antifungal L. plantarum et al, 2000
L. johnsonii;  Anwaret al,
Inulin Sucrose prebiotic; texture L. reuteri; 2008; Tieking

L.acidophilus et al, 2005

Gl | L. delbrueckii U |
Carbohydrate ucose, galactose,.pglesterol subsp. emuraet al,

. and phosphate  eqyction, prebiotic, bulgaricus 1998
Exopolysaccharides .
and immune

Lactose or glucose modulation L. thamnosus 2" Calstern

et al, 2002




Table 1-1. Continued:Overview of select bioactive compounds enzymatyaadinverted by lactobacilli

Category Compound name Precursor Bioactivity Strain Reference
Example
Galacto-oligosaccharides Lactose prebiotic L. reuteri Splechtnaet
al., 2006
prebiotic, L. fermentum;
Lactose and  competitive L. plantarum; Schwaket al
Hetero-oligosaccharides mannose, fucose inhibitors to L. delbrueckii 2011 "
Carbohydrate or GIcNAC  pathogenic subsp.
bacteria bulgaricus
Reuterin antibacterial; . Axelssonet
(3- Glycerol antifunaal L. reuteri al. 1989
hydroxypropionaldehyde 9 "
3-hydroxydecanoic acid,
3-hydroxy-cis-5-
dodecenoic acid, 3-  Unsaturated fatty antifunaal L olantarum Sjogrenet al.,
hydroxydodecanoic acid acids 9 P 2003
and 3-
Lipids hydroxytetradecanoic acid
: o affects immune : , Ogawaet al
agjé?é?&alcg response, insulin L+ @cidophilus 550,
Conjugated linoleic acid . sensitivity, and .
octadecenoic bodv f Kishinoet al,
acid) ody fat L. plantarum 2002
composition
L. acidophilus; Weiet al,
antioxidation, L. paracasei 2007
antimutagenic, Marazzaet
Phenolic Aglycone 5322!%265 reduction of post- L. rhamnosus al., 2009
menopause L. fermentum; Di Caanoet
symptoms L. plantarum; g
al., 2010
L. rhamnosus




Table 1-1. Continued:Overview of select bioactive compounds enzymatyaadinverted by lactobacilli

Category Compound name Precursor Bioactivity Strain Reference
Example
L rhamnosus Tamuraet al,
' 2011
Daidzein antioxidant, L. delbrueckii
(@ 7- antiandrogenic, sﬁbs Li & Jing,
Phenolic Equol din drox’ isoflav lowers plasma total bul éricus 2010
y y cholesterol, 9
one) -
anti-inflammatory | fermentum: .
;> Di Cagnoet
L. plantarum;
al., 2010
L. rhamnosus
. L. crispatus  Vallor et al,
Hydrogen peroxide L. jenseni 2001
Branen &
L casei Keenan, 1971,
Glucose antimicrobial, ' Lanciotti et
Other Diacetyl metabolism  flavor al., 2003
Jyotiet al,
L. rhamnosus 2003
Organic acids All Axelsson,
(lactate & acetate) lactobacilli sp. 2004
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1.4. Analysis of bio-active metabolites from lactadilli

Bioactive compounds produced by lactobacilli aremfstructurally similar
to corresponding substrates or co-products that Hdtle or no biological
activity. In order to fully identify bioactive cogpounds or groups of compounds
that possess activity, analytical techniques willpjh hstructural specificity are
required. For example, a challenging structurantdication might involve
isomeric compounds, such as an isomeric amino seglience, carbohydrates
differing only by linkage type, or the location fafnctional group along a lipid
hydro-carbon chain. Many such isomeric structepsast, for example conjugated
linoleic acid (CLA) is a term used to describe #yfacid mixture of positional
and geometric 18:2 isomers containing conjugatatbidobonds; however, only
specific CLA structures possess biological activiiyicCrorie et al, 2011).
Glucans, such as reuteran(1—4)-, a-(1—6)-linked, act as molecular decoys for
enterotoxigenid&scherichia colito potentially inhibit mammalian infection; while
a-(1—6)-linked dextran has no activity (Waegal, 2010).

Spectroscopic and spectrometric analytical teclesagure widely used for the
structural analysis of biological compounds. Th@smcommon types of
spectroscopy employed in structural studies of miganolecules are infrared
(IR), ultraviolet (UV) and nuclear magnetic resocafNMR) techniques, while
mass spectrometry (MS) is used for biological specttric structural analysis.
An IR spectrum allows for the detection of funcamroups in compounds by

absorbance at specific infrared wavelengths that uarique to the molecular
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group in question, but other analytical methods tniags used to determine the
locale of the functional groups within the molec(lomons & Fryhle, 2004).
UV detection indicates the presence of compoundsaging chromophores that
absorb specific UV range wavelengths due to elaatrtransition; however, no
characteristic spectra are obtained for structud@ntification and many
compounds have absorbance at similar wavelengthmirf@® da Paixdo, 2009).
Both IR and UV techniques are most informative fpore samples, and can be
used in conjunction with chromatography (Khah al, 2012). Alternatively,
NMR can be used to produce characteristic spearacémpound structural
identification by measuring the absorption of a neg field and
electromagnetic energy by nuclei with unpaired gmet or neutrons; however,
pure samples are required and often two-dimensiex@ériments are performed
to structurally characterize biological compounBgre, 2007).

Mass spectrometry (MS) separates ionized compoumdde gas phase
according to their mass to charge rati. Chromatography, either gas (GC) or
liquid (LC), can be coupled with MS to provide tegtra element of compound
separation so that pure compound peaks can bezadalzC separates analytes
based on volatility and polarity, and the elutinlytes are ionized by chemical
ionization (Cl) or electron impact ionization (Edgfore MS analysis. The first
step toward identifying the eluting compounds frima GC is by fragmentation
using a fixed energy of 70 eV with El. Under thesaditions, EI mass spectra

are reproducible and can be searched against wsttoons of El spectra of

16



CHAPTER 1

known compounds (eg. National |Institute of Standardand
Technology/Environmental Protection Agency/Natioladtitute of Health Mass
Spectral Library and Wiley Registry of Mass Spddata). However, GC/MS is
limited to the separation of low molecular weightiytes that are both thermally
stable and volatile, and often samples must bevalered prior to analysis in
order to achieve these criteria (Poole, 2012). [@arderivatization can be time
consuming and prolonged run times may be necedsarysomer separation
(Black & Curtis, 2013; Stolyhwo & Rutkowska, 2013).However, where
resolution is still not readily achievable, morgBisticated two-dimensional GC
systems offer the possibility of enhanced isompassion through the use of two
columns in sequence that differ in polarity (Vilsegt al, 2010).

In contrast to the ionization techniques used f&/[8S, those used in
LC/MS are more suitable for nonvolatile and thefgn&dbile compounds, as an
estimated 85% of compounds in nature fall into tbagegory (Dass, 2007).
LC/MS systems also have a selection of compatiniézation sources operating
at atmospheric pressure. Atmospheric pressure dboir is compatible with
direct analysis of solutions and hence, can belyeasupled with LC. Two
atmospheric pressure sources, electrospray ioaiedeSl), which generally
ionizes more polar and higher mass compounds, endsaheric pressure photo
ionization (APPI), which generally ionizes lessgchnd lower mass compounds,
can be used as complimentary sources to ionize gongs over a wide range of

polarity (de Hoffmann & Stroobant, 2007; Mardtial, 2009). Additionally, ESI
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leads to minimal in-source fragmentation of anayferoducing a greater
abundance of molecular ions for analysiBiggre 1-1). Tandem mass
spectrometry (MS/MS or M$is applied to structurally identify compoundstor
guantify compounds using multiple-reaction-moniigti MS/MS is performed
by selecting specific precursor ions and fragmentimem through collisional
activation at a selected collision energy withrgea gas to produce product ions.
The product ions are separatednbizin another region of the instrument, and the
resulting product spectrum allows for informatiam@recursor ion structure to be
obtained (de Hoffmann & Stroobant, 2007). Dueh® advancement of modern
LC/MS systems, rapid identification of compound sskes and individual
compounds from biological samples is widely used lipidomics and
metabolomics (Rougt al, 2011). Quantification of analytes is also plokeswith
the use of external calibration curves or isot@ieeled compounds (Giavaliseb
al., 2009). Derivatization of analytes for LC/MS bys#s is usually unnecessary
and often not recommended due to possible artifactmation and the
introduction of variance, such as degradation efabmpounds and introduction
of contaminants (Xwet al, 2010). However, derivatization may be applied in
some cases to support ionization or enhance fragtem (Xuet al, 2011).

LC/MS is one of the most important analytical tedues, as this robust
system fulfills the need for rapid, sensitive aetestive analytical measurements
(Holcapeket al, 2012). For these reasons, LC/MS is suitableHerseparation,

structural identification and quantification of bhiive components in
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complicated mixtures (Di Stepfaret al, 2012). For the purpose of analyzing
bioactive metabolites from lactobacilli, LC/MS htee capability for structural
and quantitative analysis alone; however, it canpla@ged with orthogonal
analytical techniques for method validation.

1.5. Hypothesis

Currently, LC/MS is the method of choice for thealgsis of a wide range of
biologically active compounds. However, many |gpahd carbohydrates are still
routinely analyzed using GC/MS (Dass, 2007; Chaisi Han, 2010). These
GC/MS methods for structural characterization gfids and carbohydrates
usually involve derivatization procedures and oféattended run times to obtain
the required compound resolution (Dass, 2007; Gar& Han, 2010; Xuet al,
2010, Wittenbureet al, 2013; Yanget al, 2013). In this thesis it is hypothesized
that carbohydrate and lipid bioactive metaboliteent lactobacilli can be
structurally characterized by LC/MS without a caolesable amount of sample
preparation. In order to test this hypothesis eexpents were conducted to meet
the following objectives: (1) to determine thatttdzacilli convert fatty acid and
saccharides into active compounds, (2) to use agu@drupole time-of-flight MS
system to structurally identify fatty acid and alggccharide active compounds in
complicated mixtures with little or no derivatizati and (3) to determine
structure-function relationships between identtima and activity of fatty acid

and oligosaccharide compounds.
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CHAPTER 2

2. Antifungal hydroxy fatty acids produced during urdough fermentation®

2.1. Introduction

Sourdough bread has an extended mold-free storfegesbmpared to
conventionally leavened products (Salovaara, 2@mithet al, 2004) and the
presence of metabolites from specific strains afdbacilli contributes to the
prolonged storage-life of sourdough bread (Cetal, 2008; Codeet al, 2011,
Ryanet al, 2011). While the fermentation microbiota of itemhal sourdough is
controlled by the fermentation conditions and theice of raw materials, the
industrial production of sourdough often relies gingle strains of lactobacilli
with defined metabolic properties (Brandt, 2007 ysedti, 2013). To date, cyclic
dipeptides, phenyllactic acid, acetic and propi@uis, and short-chain hydroxy-
fatty acids have been identified as antifungal imalites of sourdough lactobacilli
(Lavermicocceet al, 2000; Schnurer, 200Zhanget al, 2010). However, these
compounds are either not produced in effective tie® in sourdough
fermentations, or adversely affect the quality leé product when produced in
active concentrations. Cyclic dipeptides, such &s-diketopiperazines, are
produced in quantities 1000-fold below the MIC agai molds, and are
accompanied by bitter or metallic flavors if presenhigher quantities (Ryaet

al., 2009a). Similarly, the amount of phenyllactiedaproduced in sourdough is

1 A version of this chapter has been published. IBIBc A., Zannini, E., Curtis, J.
M. & Ganzle, M. G. (2013). Applied and Environmdriacrobiology. 79, 1866-
1873.
Reprinted with permission. Copyright© 2013, Amenic@ociety for
Microbiology
Asterisks (*) indicate contributions by E. Zannini
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1000 times less than the required amount for dgt{(liavermicocceet al.,, 2000;
Valerioet al, 2004; Ryaret al, 2009b). Cooperative metabolism in sourdough of
Lactobacillus buchneriand Lactobacillus diolivorans produced acetic and
propionic acids in concentrations of 4 and 3 § flespectively, in sourdough
(Zhang et al, 2010). Acetic and propionic acid formation dgrisourdough
fermentation contributed to mold inhibition in bdegZhang et al, 2010),
however, their concentrations remain below the MdCmold inhibition at 7.2 g
Lt and 4.4 g [}, respectively, and increased concentrations adlersffect
sensory properties of bread.

Pseudomonas aeruginofansformed linoleic acid to a mixture of mono-, di
and tri-hydroxy fatty acids with antifungal activibgainst wide range of crop
fungal pathogens (Hou, 2008; Martin-Argl al, 2010). However?. aeruginosa
is not suitable for use in food fermentations. Ilaeicid bacteria also convert
linoleic acid to hydroxy fatty acids (Kishimo#g al, 2003; Volkovet al, 2010);
however, this conversion was not demonstrated od féermentations and it
remains unknown whether hydroxy fatty acids produbty lactobacilli have
antifungal activity. Hence, the aim of this studyasvto determine whether
lactobacilli convert linoleic acid to metabolitestivantifungal activity, to assess
whether this conversion can be achieved in soutddieggmentation, and to
determine whether conversion of linoleic acid inurslough delays fungal

spoilage of bread. The screening of lactobacittuked on sourdough isolates that
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were previously shown to convert linoleic and oleicids to hydroxylated

metabolites (Shahzadi, 2011).

2.2. Materials and methods
2.2.1. Chemicals and standards
cis-9-cis-12-Octadecadienoic (linoleic) acid, 12-hydrasig-9-octadecenoic
(ricinoleic) acid, 12-hydroxy octadecanoic acidtamiecanoic (stearic) acidis-9-
octadecenoic (oleic) acid and distearin with > 99atity, were purchased from
Nu-Chek Prep, Inc. (Elysian, MN). 9,10-Dihydroxyaste acid (> 90%) was
supplied by Pfaltz and Bauer (Waterbury, CT). CQysteHCl ¢ 98%), trizma
hydrochloride (> 99%), lipoxidase fror®lycine max(soybean) type I-BX
50,000 units mg) were purchased from Sigma-Aldrich, (St. Louis, MBisher
Scientific (Ottawa, Canada) supplied microbiologicaedia, HPLC grade
chloroform, methanol and acetic acid. Solvents waranalytical grade unless
specified otherwise.
2.2.2. Strains and growth conditions
Lactobacillus sanfranciscensfsTCC27651 Lactobacillus reuterLTH2584,
Lactobacillus pontis LTH2587, Lactobacillus hammesii DSM16381,
Lactobacillus plantarunTMW1460 and TMW1701 were cultivated on modified
DeMan-Rogosa-Sharpe (MMRS) (de Mah al, 1960) containing 10 gt
maltose, 5 g I fructose and 5 gt glucose with a pH of 6.2. Lactobacilli were

incubatedunder microaerophilic conditions (1%,Malance M) for 24 h at 37 °C
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(L. reuter) or 30 °C (all other strainsMucor plumbeud=UA5003, Aspergillus
niger FUA5001 orPenicillium roquefortiFUA5005 (Zhanget al, 2010) were
used as target organisms for antifungal assaysgdfwultures were grown on
malt extract agar medium at 25 °C for 72 h andepavrere harvested from plates
using a 0.9% NaCl (w/v), 0.1% (w/v) Tween-80 sadatiand scraping with a
Drigalski spatula. Mycelia debris was removed btefing the solution through
sterilized cotton gauze. The spore count was stdimal to 10 or 1¢ spores mL
! with a haemocytometer (Fein-Optik, Jena, Germany)

2.2.3. Screening of antifungal activity*

MMRS broth was used to screen the ability of laatdh to convert linoleic
acid into antifungal compounds. Lactobacilli steaimere inoculated into 15 mL
of mMMRS and incubated for 24 h. The cells were wddstwice with 0.85% NaCl
and resuspended in 10 mL of 0.85% NaCl. For eaeins5% (v/v) 16 cfu mL*
washed cells were inoculated into 20 mL mMRS braéthditionally, linoleic acid
at 0, 2 or 4 g I was added. Inoculated broth was incubated wittisgaat 120
rpm for 8 days. After 1, 4 and 8 days of incubatibmL culture supernatant was
withdrawn, centrifuged (4000 x g for 10 min) andrized by filtration (0.45
um, MCE; Milipore Corp., Bedford, MA). Organic extta of culture
supernatants were obtained by extraction with cfitom 2:1 (v/v). The organic
phase was collected by centrifugation (4000 x g5fanin) and the upper layer
was again extracted in the same manner. Both eultupernatants and organic

extracts were dried under nitrogen gas and testeantifungal activity.
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Sourdough was prepared by mixing 10 g white whieatr fand 10 mL tap
water, and inoculation with 5% (v/v) 16fu mL* lactobacilli suspended in saline.
Linoleic acid (0, 2, or 4 g kY was added as a substrate and dough was incubated
at 30 °C, or 37 °C for 8 d. At days 1, 4 and 8, amgples of sourdough were
removed for extraction and analysis. All sourdotfgmentations were routinely
characterized with regards to cell counts and pMetafy growth of lactobacilli,
and to ensure the identity of fermentation micrédwmith the inoculum. Aqueous
extracts were obtained by centrifugation (4000fargLO min). To obtain organic
extracts, 2 mL of water and 1.5 mL isopropanol watded to 2 g sourdough. The
pH of the mixture was adjusted to 2.5 = 0.05 usng HCI and adding 2 mL of
water. The organic phase was extracted by miximg_2sopropanol, 2 mL water
and saturating with NaCl to obtain phase separatiBolids were removed by
centrifugation, and the organic phase was collectBdth aqueous and organic
extracts were dried under nitrogen gas and weesved for further analysis.

2.2.4. Antifungal activity assay

The assay used to determine MIC values were peeidras serial two-fold
dilutions using a microtiter plate well method ddsed by Magnusson and
Schndirer, 2001. Microtiter plates were inoculatathwnMRS broth containing
10* spores mL* of A. niger M. plumbeusor P. roquefortiand incubated at 25 °C.
The MIC was determined as the lowest concentratf@ample inhibition growth.

Organic solvents in the samples were removed bpaadion under a laminar
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flow hood prior to the addition of fungal sporesriplicate independant
experiments were performed.

2.2.5. Combined liquid chromatography/atmospheric pessure photo

ionization — mass spectrometry

Un-derivatized organic extracts were analyzed byARPI-MS. Separations
were conducted on an Agilent 1200 series LC sygfegiient Technologies, Palo
Alto, CA) at 25°C using a YMC PVA-Sitolumn (150 mm x 2.0 mm i.d.,|5n;
Waters Ltd., Mississauga, Canada). Lipid samplesailved in chloroform were
eluted using an injection volume of 5 pL and a gradof (A) hexane with 0.2%
acetic acid and (B) isopropanol with 0.2% aceticl at a flow rate of 0.2 mL
min™. The gradient was as follows: 0 min 99% A; 20 M@% A; 20.1 min 99%
A; for a total run time of 27 min, including thent to equilibrate the column.
Negative ion APPI-MS was performed on a QStar®eHhiybrid orthogonal Q-
TOF mass spectrometer coupled to a PhotoSpray®&eauith Analyst® QS 2.0
software (Applied Biosystems/MDS Sciex, Concordnh&ia). The source and
mass spectrometer conditions were: nebulizer gag@ititrary units), auxillary
gas 20, curtain gas 25, ionspray voltage -13000uyce temperature 40TC,
declustering potential (DP) -35 V, focusing potahtiLl30 V and DP2 -13 V with
a scanning mass rangernfz50-700.

2.2.6. ldentification and quantitation of antifungd compounds
For isolation of antifungal compounds, mMRS wasmiented with L.

hammesibor L. sanfranciscensiand 4 g L linoleic acid for 4 days. Cultures were
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extracted twice with two volumes chloroform/methia@6:15 (v/v). The organic
phase was then dried under vacuum at’GOand was stored at -2 under
nitrogen gas. Up to 25 mg of extracted sample wasldd onto a conditioned
Sep-Pak 500 mg silica cartridge (Waters Ltd., Missuga, Canada), washed with
20 mL of chloroform, and hydroxy fatty acids wereited with 10 mL 50%
isopropyl alcohol in chloroform (v/v). The hydrofatty acid fraction was dried
under nitrogen and dissolved in chloroform at 30 mmg>. For further
fractionation according to hydroxyl group numbermspreparative high
performance liquid chromatography was performecmomigilent 1200 series LC
system (Agilent Technologies, Palo Alto, CA). Aneiction volume of 100 pL
was loaded onto a Zorbax Rx-SIL semi-prep columd (Bm x 250 mm i.d., 5
pum, Agilent Technologies). Separations were perfarrae23 °C at a flow of 3
mL min® with a gradient analogous to the analytical coluaforementioned.
Separations were monitored by diode array deteqiishD) at 210 nm, and
confirmed by splitting the post-column flow to amaporative light scattering
detector (ELSD) at 60 °C with 3.5 standard L thititrogen gas. Fractions were
collected in 0.1 min time-slices, analyzed by msggsctrometry for purity, and
assessed for their antifungal activity by MIC assay triplicate independant
experiments.

For the further fractionation of C18:1 mono-hydrdayty acids, a Supelcosil
LC-18-DB column (10mm x 250 mm i.d., pm; Sigma-Aldrich, Oakville,

Canada) was employed with a 3 mL thiflow rate and a gradient of 50%
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acetonitrile and 50% water at O min, increasin@@6% acetonitrile at 35 min. A
total of 20 pL was injected of a 1 mg fhLfatty acid extract in

chloroform/methanol. Fractions were collected frbg+ 15.5 min and LC/APPI-
MS confirmed the absence of other compounds poi@ssessment for antifungal

activity.

For relative quantification, peak areas percentagfebydroxy fatty acids
were compared to the peak area of the same hydattyyacid in extracts from
cultures ofL. hammesiisupplemented with linoleic acid. mMRS and sourdoug
were fermented for 4 days with. hammesiior L. sanfranciscensjsor were
chemically acidified with 4:1 lactic/acetic acid\yto pH 3.5. Linoleic acid was
added at either 0 or 4 gL mMMRS was extracted directly with
methanol/chloroform as described above. Wheat dougdre extracted using the
Bligh and Dyer method (Bligh & Dyer, 1959). Brieflyhe wheat dough was
lyophilized and to the dried sample 1:2:0.8 chlorof/methanol/water (v/v/v)
was added. The mixture was homogenized at 10, p@0for 1 min and left at
ambient temperature for 1 h. One part each chlomfand water was added for
phase separation, the solution was mixed againhentbwer phase was collected.
Each broth and dough lipid extract was dried umdigogen and reconstituted in
chloroform/methanol 85:15 (v/v) to 1 mg Mlwith 5 pg mL* distearin added as
an internal standard. All samples were then andiyae LC/APPI-MS and the
Analyst® software was used to determine peak ateash peak was normalized

using the response of the distearin internal stahdaFor optimization of
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lactobacilli metabolites over time, the same fertagons were prepared and
sampled at 24 h intervals over 8 days. All relatjuantifications were performed
in triplicate independent experiments with a minimaf three technical repeats.

For absolute quantification of the antifungal fatiyid in sourdough starter,
dough and bread, 200 mg lyophilized samples weteaeed by the Bligh and
Dyer method (Bligh & Dyer, 1959). The lyophilizedmsples were first spiked
with 150 pg of ricinoleic acid standard to measaxgraction recovery. Each
extraction was adjusted to a volume of 5 mL withoobform after 25 pg of
distearin internal standard was added. An extestaaldard of ricinoleic acid was
used to construct a calibration curve, with theuagstion that ionization
efficiency was similar to the unknown mono-hydrdx¥8:1 product. All samples
from triplicate independent experiments were aredyin duplicate by LC/APPI-
MS.

2.2.7. Enzymatic production of coriolic acid

To test the activity of different components of Cta&ty acids, 13-hydroxy-
cis-9-trans-11-octadecadienoigcoriolic) acid was produced in a one-step method
(Shahzadi, 2011). Linoleic acid was added at torecentration of 3 mM to a 0.1
M Trizma® hydrochloride buffer (pH 9.0) containing cysteinea 4:1 molar ratio
to linoleic acid. After the addition of 0.16 g'Lipoxygenase, the reaction was
carried out under a gentle stream of oxygen at reemperature for 5 min and
then transferred to an incubator at 25 °C with sigkpeed of 150 rpm for 25

min. At the end of incubation period, the bufferswadjusted to pH 2 with 1 N
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HCI and extracted three times with chloroform conitey 15% (v/v) methanol.
Coriolic acid was purified from unreduced peroxitety acids by semi-
preparative silica chromatography as outlined abb@APPI-MS confirmed the
identity and the preparation and the absence dbhounants.
2.2.8. Sourdough fermentation and bread preparation

L hammesiiand L. sanfranciscensisvere used to prepare sourdough bread.
A volume of 1% (v/v) overnight cell culture was ds® inoculate mMRS broth
and was incubated for 24 h at 30 °C. Cells wereheddwice and suspended in
sterile tap water to a concentration of @FU mL*. Sourdough was prepared by
mixing white wheat flour, sterile tap water andtau in a ratio of 2:1:1 (w/w/w),
and 4 g kg linoleic acid to homogeneity. The dough was ferredrat 30 °C for 2
days. Samples were taken after 0, 1 and 2 d fdysieaf cell counts, pH-values,
and the concentration of organic acids and ethandlhe identity of the
fermentation microbiota and the inoculum was vedfiby observation of a
uniform and matching colony morphology metabolitefiies. During sourdough
fermentation, cell counts fdr. hammesiiandL. sanfranciscensiseached 9 log
CFU mL! after 24 h and remained constant after 48ppéndix 1, Figure 1A-1
for methods). The pH values of sourdough afteh 2 fermentation were 3.3
0.1 L. sanfranciscensjsand 3.4 + 0.1L{. hammes)i The pH values remained
consistant after 24 h of fermentatioh; hammesiiand L. sanfranciscensis
produced 64.9 + 6.1 and 70.6 + 2.4 mmol lactates@grdough}, respectively,

and 11.1 + 1.6 and 12.5 + 2.3 mmol acetate (kgdsmgh)', respectively.
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Dough was prepared with bread formulations showrainle 2-1

Table 2-1.Bread formulation.

Recipe ()

Ingredients Non- Chemically Propionate Coriolic

acidified acidified acid

Flour 200 200 180 200 200

Water 130 130 110 130 130
Salt 4 4 4 4 4
Yeast 4 4 4 4
Acid mix® 0 1.3 0 0 0
Sourdough 0 0 40 0 0
p?oa;l?(i;rjlgte 0 0 0 038 0

Coriolic acid 0 0 0 0 0.3

3 Mixture of lactic and acetic acid (4:1 v/v) teeld a dough pH of 3.9 + 0.5.

®) Fermented by eithér. hammesibr L. sanfranciscensisupplemented with 4 g
kg™ linoleic acid.

Bread was prepared with 20% addition of sourdougbn-acidified dough,
chemically acidified dough and dough supplementét @.4% (w/w) calcium
propionate or 0.15% (w/w) coriolic acid were pregzhas references. Dough was
mixed for 8 min (Kitchen Aid, K45SS, Hobart, OH)daproofed for 25 min at 30
°C and 85% relative humidity in a proofer (Cres-Cti2711, Cleveland, OH).
After the first proof, the dough was molded, plag&d tins (202 x 102 x 55 mm)
and proofed under the same conditions for an aufditi 105 min. Dough was

baked in a convection oven (Bakers Pride Canad3)0{-, Lachine, Canada) at

180 °C for 25 min. The loaves were cooled to raemperature on racks for 120
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min, where samples were taken for antifungal tgstipH determination and
guantification of antifungal compounds by LC/APPEM

Determination of bread pH was measured by homogene 10-fold dilution
of bread crumb in deionized water. Growth of moidloead was measured by
slicing the bread in 25 mm thick uniform slices endterile conditions and
placing into sealed sterile plastic bags with filtgps inserted to allow the
exchange of oxygen. Bread slices were inoculateth & spore suspension
containing 16 spores mL* in a 0.9% NaCl (w/v), 0.1% (w/v) Tween-80 solution
The spore suspension was sprayed five times in @acter of the bread slice and
once in the middle delivering 89.1 + 3.1 pL spouspension folP. roqueforti
and 90.3 = 3.3 plA. nigerspore suspension with each spray. Additional sasnpl
were sliced in an open baking area to allow envirental contamination without
inoculation. Slices were incubated for 15 days®@ and monitored every 12 h.
The time to visible mycelial growth was reportedhasld-free shelf life.

The effect of sourdough fermentation was determinead triplicate
independent experiments (triplicate sourdough fetateon and baking).
Statistical analysis was conducted using SAS 9t8 Wiukey’s pairwise multiple
comparison test. Significant differences were reggbat a confidence level of<p

0.05.
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2.3. Results
2.3.1. Selection of sourdough lactobacilli with affungal activity*

Seven strains of lactobacilli that are known to w&h linoleic acid
(Shahzadi, 2011) were screened for antifungal g tio identify lactobacilli that
specifically convert linoleic acid to antifungal tabolites. Inhibitory activity of
culture supernatant or organic extracts from cakun mMRS or sourdough was
investigated againgt. nigerand M. plumbeus Table 2-2 shows the activity of
culture supernatants after 4 days fermentation Witmiger as indicator strain.

Comparable results were obtained withplumbeugTable 2-3.

Table 2-2.MIC of aqueous extracts from cultures in mMRS andrdough with

differing levels of linoleic acid. Samples wereraxted at 4 days of fermentation
and tested for activity usingspergillus nigeras an indicator. MIC analysis was
performed after 4 days of indicator growth and data shown as means *

standard deviation of triplicate independent experits.

MIC (mL-L ™) MIC (mL-L %
MMRS Broth Sourdough
Linoleic acid concentration

0g-L* 2gL* 4gL* 0glL' 2glL' 4glL?

Starter culture

L. sanfranciscensi8TCC
27051

L. plantarumTMW 1460 7020 912 4210 2810 4240 1716
L. plantarumTMW 1701 5620 10+0 70+24  83%0 83+0 3512

83+0 70«17 83+0 3510 1745 42+0

L. reuteriLTH 2584 42+0 9+2 56+24 1745 2140 14+6
L. pontisLTH 2587 70+20 83x0 70+24  42+0 42+0 21+0
L. hammesiDSM 16381 1445 17+5 3+2 28+10  21%0 10+0
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Table 2-3.MIC of aqueous extracts from cultures in mMRS aondrdough with

differing levels of linoleic acid. Samples wereraxted at 4 days of fermentation
and tested for activity usinglucor plumbeuss an indicator. MIC analysis was
performed after 4 days of indicator growth and data shown as means *

standard deviation of triplicate independent experits.

MIC (mL-L ™) MIC (mL-L ™
MMRS Broth Sourdough
Linoleic acid concentration

0g-L* 2gL* 4gL* 0glL' 2glL' 4glL?

Starter culture

L. sanfranciscensiaTCC 83+0  17+5  83+0 1745 17+5 1746

27051

L. plantarumTMW 1460 9+2 7£2 69+24  42+0 21+0 10+0
L. plantarumTMW 1701 69+20 7+2 83+0 3510 28+10 50
L. reuteriLTH 2584 41+0 21+0 42+0 1445 175 14+6
L. pontisLTH 2587 56+20 175  35+12  42+0 1445 21+0
L. hammesiDSM 16381 21+0 10+0 10+0 1745 10+0 4+2

L. plantarum TMW1460, L. reuteri LTH2584 andL. hammesiiDSM16381
exhibited the strongest activity in both mMRS brathd sourdough medium.
However,L. hammesiwas the only strain where higher concentrationnofeic
acid lead to a stronger antifungal effect. Orgamitracts exhibited higher activity

compared to the culture supernataiiiahle 2-4).
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Table 2-4. MIC of organic extracts from cultures in mMRS aswlrdough with

differing levels of linoleic acid. Samples wereraxted at 4 days of fermentation
and tested for activity usingspergillus nigeras an indicator. MIC analysis was
performed after 4 days of indicator growth and data shown as means *

standard deviation of triplicate independent expernits.

MIC (mL-L ™) MIC (mL-L ™
MMRS Broth Sourdough
Linoleic acid concentration

0g-L* 2gL* 4gL* 0glL' 2glL' 4glL?

Starter culture

L. sanfranciscensi8TCC 240 240 642 140 542 642

27051

L. plantarumTMW 1460 240 810 810 240 240 3+1
L. plantarumTMW 1701 612 240 3+1 440 140 810
L. reuteriLTH 2584 1+0 1+0 3+1 542 810 3+1
L. pontisLTH 2587 810 1+0 810 2+0 2+0 2+0
L. hammesiDSM 16381 4+1 210 1+0 612 542 1+0

The strongest activity of the organic extract fromMRS broth was fronL.
reuteri, L. pontisand L. hammesii the strongest activity in sourdough extracts
was observed with. sanfranciscensjd.. plantarumandL. hammesii Again, L.
hammesiiexhibited a strong effect in either media and @aidiof linoleic acid
increased the antifungal effect agaiwst niger (Table 2-4 and M. plumbeus

(Table 2-5.
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Table 2-5. MIC of organic extracts from cultures in mMRS aswlrdough with

differing levels of linoleic acid. Samples wereraxted at 4 days of fermentation
and tested for activity usinglucor plumbeusas an indicator. MIC analysis was
performed after 4 days of indicator growth and data shown as means *

standard deviation of triplicate independent experits.

MIC (mL-L % MIC (mL-L ™
MMRS Broth Sourdough
Linoleic acid concentration

0g-L* 2gL* 4gL* 0glL' 2glL' 4glL?

Starter culture

L. sanfranciscensi8TCC 1 6.0 4 16404 6£2 0.6£0.20.6£02 80

27051

L. plantarumTMW 1460 1+0 1+0 8+0 8+0 1.6+04  6%3
L. plantarumTMW 1701 1.2+0.4 1.2+0.4 0.6x0.3 2+0 210 8+0
L. reuteriLTH 2584 8+0 210 6+2 612 5#2 1.6+x0.5
L. pontisLTH 2587 2+0 1.2+04  4+0 1+0 2+0.4 6+2
L. hammesiDSM 16381 8+0 8+t0 1.6#05 80 1.2+04 0.3%0.1

Overall, results indicate that hammesiconverts linoleic acid to a hydrophobic
compound with antifungal activity.
2.3.2. Preliminary characterization of antifungal @mpounds

Antifungal compounds were fractionated from orgaregtract of L.
hammesii Corresponding extracts from sanfranciscensiwere also fractionated
for comparison. The organic extract from both sgain MMRS medium was
shown by normal phase LC/APPI-MS analysis to bexdure of carbon 18 fatty
acid isomers with from 0 to 3 hydroxyl groups ani @ double bondg-{gure 2-

1).
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Figure 2-1.LC/APPI-MS extracted ion chromatogram (XIC) overt#yorganic
extract of sourdough fermented withhammesiin presence of 4 g'tlinoleic

acid Panel A) and extract of sourdough fermented witrsanfranciscensis
presence of 4 g'tlinoleic acid Panel B) Shown are the [M-Hjons ofm/z279
corresponding to linoleic acid (LAIM/z293 — 299 corresponding to saturated,
mono-, di- and tri-unsaturated mono-hydroxy C18yfatids (solid line)m/z309

— 315 corresponding to saturated, mono-, di- arghsaturated di-hydroxy C18
fatty acids (dotted line); and/z325 — 331 corresponding to saturated, mono-, di-
and tri-unsaturated tri-hydroxy C18 fatty acidssfoed line). Separations were

performed on a Waters YMC silica column.
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Detection with ELSD revealed that mono-hydroxy yfadicids in extracts from
cultures ofL. hammesiaccounted for greater than 90% of the hydroxyldifed
product peak area in the chromatogrédppendix 1, Figure 1A-2). The peak
area for mono-hydroxy fatty acids in extracts frmhammesiiwas 6.5 times
larger compared to extracts froim sanfranciscensisgi- and tri-hydroxy fatty
acids were at or below the limit of detection fo€/ELSD for both strains
(Appendix 1, Figure 1A-2). Fatty acids were fractionated by hydroxyl group
number and tested for antifungal activity. Mono-opd/ fatty acids from either
L. hammesior L. sanfranciscensiexhibited antifungal activityTable 2-6. The
MIC of di-hydroxy and tri-hydroxy fatty acids wasegter than 20 gt LC/MS
analysis of the mono-hydroxy fraction from. hammesiiindicated that it
consisted almost exclusively of a single compouFfte main compound in the
mono-hydroxy fraction ofL. hammesiiproduced an [M-H] ion with m/z
297.2403, indicating a mono-hydroxy C18:1 fattydaevith the composition
C18H3303. Contrary to this, the same fraction framsanfranciscensisonsisted

of many mono-hydroxy fatty acids and isomers.
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Table 2-6. MIC of fatty acids isolated from culture supernasaaf L. hammesii
and L. sanfranciscensjsreference compounds, and enzymatically produced
coriolic acid. MIC analysis was performed aftere8/sl of growth witbAspergillus
niger or 5 days growth witlPenicillium roqueforti as an indicator strain; data are
shown as means + standard deviation of triplicateependent experiments. The
MIC of di- and tri-hydroxy-fatty acids frorh. hammesiandL. sanfranciscensis
was higher than 20 gL

MIC (gL™

Compound _ p Structure

A. niger e

roqueforti
Mono-OH FA 07+02 01+006 Mono-hydroxy, mono_-unsaturated C18 fatty
L. hammesii acid
Mono-OH F.A Mixture of saturated and unsaturated mono-
L. sanfranciscens 5.9 £ 0.0 )
is hydroxy C18 fatty acids
o _ — COOH
Coriolic acid 07202 01+008 > Y'Y T NN
OH
OH

Ricinoleic acid 24+0.0 \/\/\)\/=\/\/\/\/COOH

Linoleic acid 4.0+£0.0 AN TSNS COOH
. . NN NN TSNS CO0H

Oleic acid > 20
Stearic acid > 20 NN NSNS COOH

-OH- ' COOH
12-OH-stearic > 20 W/\M/\/
acid o

. OH

stearic acid L

Because mono-hydroxy fatty acids frdm hammesior L. sanfranciscensis

differed in their antifungal activity, the influeacof fatty acid structure on
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antifungal activity was examined. The mono-hydrdsaction fromL. hammesii
and coriolic acid were the most active with a MI£0o67 and 0.1 g  usingA.
niger and P. roquefortiias indicator strains, respectively. The MIC of maeic
acid againsA. nigerwas 2.4 g [*. Oleic and stearic acids and saturated hydroxy
fatty acids exhibited no antifungal activitygble 2-6. The C18:1 mono-hydroxy
fatty acid fromL. hammesiiwas purified by reverse phase chromatography to
attribute antifungal activity to a single compounthe purified compound
inhibited A. nigerwith a MIC of 0.7 + 0.2 g I andP. roquefortiwith a MIC of
0.1+0.06 g [*.
2.3.3. Quantification of conversion products

In sourdough, hydroxy fatty acids may be produced dmzymatic or
chemical oxidation in addition to microbial metaboi. Particularly the oxidation
of linoleic acid by lipoxygenase, followed by cheaili reduction to coriolic acid
may contribute to the pool of hydroxy fatty aci@&éhzadi, 2011). To distinguish
between chemical, enzymatic and microbial convassia quantification of fatty
acids in organic extracts from mMRS and sourdougis werformed. Since
authentic standards were not available, hydroxyy faicids were quantified
relative to the concentration of the same compoumdsilture supernatants bf
hammesii Relative quantification was performed in extrafttsn cultures ofL.
hammesiior L. sanfranciscensisn mMRS and sourdoughand chemically

acidified controls Table 2-7). Peak areas for each fatty acid were expressed as
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percentage of the peak area of the same fatty iacithe supernatant of.

hammesigrown mMRS with 4 g L linoleic acid.

Table 2-7. Relative quantitation of C18 hydroxy fatty acids mMRS and
sourdough by LC/MS. Hydroxy fatty acid concentraiare expressed relative to
the concentration of the same compound inLtheammesimMRS + LA sample.
Data are shown as means + standard deviation pfickie independent

experiments. LA, addition of 4 g'llinoleic acid.

No. of hydroxyl groups” Mono-OaI(-!i ((j:SlS fatty Di-OHa((.:‘,i}ji fatty
No. double bondg)

Strain / matrix 0 1 0 !

L. hammesii / mMMRS + LA® 100+12 10043 100+11 1004
L. hammesiif mMMRS 258443 1+0 249124 9+1
L. sanfranciscensiSmMRS + LA 190+31 30+3 126+28 28+2
L. sanfranciscensismMRS 34151 0+0 203+28 7+3
L. hammesii dough + LA 3146 29+1 58+11 176+8
L. hammesii dough 15+2 15+1 35+13 2017
L. sanfranciscensisdough + LA 812 310 36110 12348
L. sanfranciscensisdough 7+2 4+1 10+5 9+0
(LZRemicaIIy acidified / mMRS + 541 140 1641 2145
(LZRemicaIIy acidified / dough + 041 0+0 1241 1740

@ Number of hydroxy groups on C18 fatty acitldf\umber of double bonds on
C18 fatty acids® The concentration of fatty acids extracted fronmammesii
grown in mMRS in presence of linoleic acid was uasa@ reference (100%).
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Mono-hydroxy octadecenoic acid concentrations irméntations withL.
hammesiiincluding linoleic acid were 20-fold higher comparéo controls
containing no linoleic acid, or chemically aciddiecontrols without bacterial
metabolism Table 2-7), demonstrating that it is a microbial metabolitem
linoleic acid. The relative concentration of the maehydroxy C18:1 antifungal
metabolite was higher in mMRS than in sourdough amate abundant in
fermentations withL. hammesiicompared toL. sanfranciscensisAbsolute
guantification of the mono-hydroxy C18:1 from hammesiirevealed that it is
produced in sourdough to a concentration of 0.78A8 g kg, a level that is
equivalent or higher than the MIC.

Culture supernatants from mMRS without the addibbfinoleic acid show a
high amount of mono- and di-hydroxy saturated faityds Table 2-7). These
products thus likely result from metabolism of otfedty acids, i.e. the hydration
of oleic acid (Volkovet al, 2010), a component of Tween 80. Sourdough
fermentations with added linoleic acid generateldrge amount of di-hydroxy
octadecenoic acid, suggesting that flour-derived/eres or microbial conversion
of fatty acids present in dough play a role in thigirmation. The relative
concentration of mono-hydroxy fatty acids with tatothree double bonds and di-
hydroxy fatty acids with two or three double bondsre high in the chemically
acidified controls, and their absolute concentratias low Appendix 1, Table
1A-1). This result indicates that these compounds teSam chemical or

enzymatic oxidation rather than microbial metabolis
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2.3.4. Concentration of hydroxy fatty acids in douf and bread

Initially, the fermentation time to achieve higloncentrations of C18
hydroxy fatty acids was optimized. Sourdough witioleic acid was fermented
with L. hammesiandL. sanfranciscensifor up to 8 d and samples were taken
every 24 h for analysis with LC/APPI-MS. The peageaafor the antifungal C18:1
hydroxy fatty acid peaked by 2 d of fermentatiom fo hammesiiand L.
sanfranciscensisand remained at a constant level throughout suieseq
incubation Appendix 1, Figure 1A-3). Therefore, sourdoughs for use in bread
making were fermented for 2 d. Bread dough prepasgth L. hammesii
sourdough contained 0.13 + 0.02 g*kgono-hydroxy C18:1 after proofing. After
baking, 0.11 + 0.02 g kgremained, corresponding to a loss of 14%. Corimticl
was also present in the bread fermented Wwithammesiat a concentration of 0.
13 + 0.03 g kg, confirming its formation from linoleic acid, enmes and
reducing agents in the wheat flour. Bread suppléetewith 1.5 g kg coriolic
acid contained 1.2 + 0.09 g kgoriolic acid after proofing and 1.1 + 0.02 g'kg
coriolic acid after heating, corresponding to aibghkoss of 12%. The pH value
of bread was 5.3 £ 0.1 for non-acidified controdasread supplemented with
calcium propionate or coriolic acid. Chemically dited bread and sourdough
bread fermented with. sanfranciscensisr L. hammesihad pH values of 4.1 +

0.1,4.3+0.1 and 4.4 £ 0.1, respectively.
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2.3.5. Effect of sourdough fermentation and corioti acid on fungal

spoilage of bread

The effect of sourdough fermentation on fungal sjg@ was evaluated by
challenge with two different fungal strains anceattnvironmental contamination.
Sourdough bread was compared to bread preparedstraight dough process
without additives, and to bread with 0.4% calciurogionate or 0.15% coriolic
acid. Chemical acidification or addition of sourdbu fermented withL.
sanfranciscensiBad no effect on growth &. nigeror P. roqueforticompared to
the control. Environmental contaminants, howeveatennhibited by inclusion of
sourdough fermented with sanfranciscensi@Figure 2-2). Bread prepared with
L. hammesisourdough inhibited growth of all molds relativett@ control, and
delayed growth of environmental contaminants wheommared to L.
sanfranciscensisourdough or the chemically acidified control. ©bd acid
supplemented bread exhibited inhibitory effectsiragjaall molds when compared
to the control, and was as effective as 0.4% cadcpropionate for bread

inoculated withP. roquefortiand environmental contaminants.
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Figure 2-2. Mold free shelf life of bread - non-acidified cawitr chemically
acidified bread, sourdough bread fermented with sanfranciscensisor L.
hammesii and bread supplemented with 0.15% coriolic agiddd% calcium
propionate. Sourdough was supplemented with 4 g kgoleic acid and
fermented withL. hammesior L. sanfranciscensiBread slices were inoculated
with A. niger, P. roquefortii or contaminated by environmental fungal spores
during handling, and stored until visible mold growth,for 15 days. Data are
shown as means * standard deviation of triplicaigependent experiments.
Values for bread inoculated with the same mold thatnot share a common
superscript are significantly different (p <0.05).
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2.4, Discussion

This study demonstrated that hammesiiDSM16381, an isolate from
sourdough (Valchevat al, 2005), converts linoleic acid to a mono-hydroxy
octadecenoic acid with antifungal activity. Thugdioxy fatty acids produced by
food fermenting lactic acid bacteria (Ogaetaal, 2001; Kishimotecet al, 2003;
Volkov et al, 2010; Shahzadi, 2011) exhibit antifungal acyiviMoreover,
linoleic acid metabolism by lactic acid bacteriaswaeviously not observed in
food fermentations (Kishimotet al, 2003; Volkovet al, 2010).L. hammesii
produced higher quantities of the mono- hydroxy QCl&tty acid thanL.
sanfranciscensjs and demonstrated higher antifungal activity thather
lactobacilli. Moreover, coriolic acid exhibits aftngal activity and its activity is
comparable to the hydroxy fatty acid produced_bhpammesiiSourdough bread
prepared withL. hammesiidelayed fungal spoilage of bread and coriolic acid
delayed fungal spoilage of bread for up to 15 days.

Lactobacilli hydrate linoleic acid to 13-hydroxye@tadecenoic acid or 10-
hydroxy-12-octadecenoic acid (Ogawnal, 2001; Kishimotcet al, 2003). The
hydratase of lactic acid bacteria converting lirolend oleic acids to hydroxy
fatty acids was recently characterized (Volkatval, 2010; Yanget al, 2013).
Hydratases of lactobacilli produce predominantlyhiroxy-octadecenoic acid
(Yanget al, 2013). InLactobacillus acidophilusthe proportion of hydroxy-fatty
acids in the cytoplasmic membrane increased atghehigrowth temperature

(Fernandez Murgaet al, 1999), suggesting a role of hydroxy fatty acids
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membrane homeostasis. Correspondingly, over-expressf the hydratase in
lactic acid bacteria increased their heat resigtgiRosberg-Codt al, 2011).
Cells change the fatty acid composition of the plasnembrane in response to
altered environmental conditions to maintain a iligerystalline state (Quinn,
1981; Annouset al, 1997). Hydroxy-C18:1-fatty acids decreased tlasp
transition temperature of the membrane, stabilizimg liquid—crystalline state
(Jenskeet al, 2008). Under direct comparison, the same unsidrfatty acid
had much less impact on membrane properties (Jenske 2008).

The antifungal activity of hydroxy fatty acids (Ho@008) is likely also
linked to their interaction with membranes. Pastitng of hydroxy fatty acids
into fungal membrane has been proposed to incresm®brane permeability
(Sjogrenet al, 2003; Pohkt al, 2008; Pohkt al, 2011). Our results demonstrate
that antifungal activity is highly dependent ontyaacid structure. Unsaturated
mono-hydroxy fatty acids exhibited antifungal aityiobut saturated hydroxy fatty
acids or unsaturated fatty acids were not actiles Buggests that at least one
double bond and one hydroxyl group along a C1l&atip chain are required for
antifungal activity. Remarkably, the mono-hydrox¥8Cl fatty acid produced by
L. hammesiihad higher activity than the mixture of mono-hydrdatty acids
extracted fromL. sanfranciscensisMoreover, the 13-hydroxgis-9-trans-11-
octadecadienoic (coriolic) acid had higher antifaingctivity than 12-hydroxy-
cis-9-octadecenoic (ricinoleic) acid. Theans configuration in coriolic acid has

no effect on antifungal activity (Kobayas#i al, 1987; Avis, 2007), indicating
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that the exact positioning and configuration of toxyl groups and double bonds
also affects antifungal activity.

The antifungal activity of metabolites from lactcid bacteria in bread has,
to date, not been attributed to a single compobnud rather to their synergistic
activity with substrate- or yeast-derived compou(@edaet al, 2011; Ryaret
al., 2011; Lavermicoccat al, 2000; Zhanget al, 2010). This study demonstrated
that enzymatic and microbial activities generatéfamgal hydroxy fatty acids
from linoleic acid. Coriolic acid, the product afiz/matic conversion of linoleic
acid, has antifungal activity that is equivalenthe linoleic acid metabolite from
L. hammesiiConversion of linoleic acid to coriolic acid depks on lipoxygenase
activity to generate fatty acid peroxides and thitw reduce fatty acid peroxides
to hydroxy fatty acids (Shahzadi, 2011); both lipgagnase activity and low-
molecular weight thiols are present in wheat (shaugh (Vermeuleet al, 2006;
Belitz et al, 2009). Chemical and enzymatic oxidation generadditional
hydroxy fatty acids in wheat dough, although idkcdtion of all of the isomeric
structures has not yet been achieved. Microbialemnon of linoleic acid during
growth of L. hammesiiand L. sanfranciscensigproduced C18:1 mono hydroxy
fatty acids. Mono-hydroxy-C18:1-fatty acids proddcat the dough stage were
relatively stable with a baking loss of less thab%l after baking. The
concentration of the antifungal hydroxy C18:1 fa#tgid fromL. hammesiiin
bread was at or below the MIC; nevertheless, bpragared withL. hammesii

sourdough delayed growth oA. niger P. roquefortii, and environmental
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contaminants. The comparison to bread prepared withsanfranciscensis
sourdough indicates that microbial conversion pbleic acid contributes to the
antifungal activity of sourdough. The antifungatiaty of 0.15% coriolic acid —
a concentration exceeding the MIC agaiAstniger and P. roquefortii two to
tenfold - was comparable to the preservative ef®é@.4% calcium propionate.
The bitter taste threshold level for di- and trdhyxy fatty acids was 4 and 2 g L
! respectively Baur et al, 1977); whereas, mono-hydroxy fatty acids have a
higher taste threshold (Biermamt al, 1980). Mono-hydroxy fatty acids thus
delay or prevent fungal spoilage of bread withaltesse impact on the sensory
properties of bread.

In conclusion, L. hammesiiconverts linoleic acid to a mono-hydroxy
octadecenoic acid with antifungal activity. Thisngersion was observed in
sourdough fermentations supplemented with linola@d but generation of
hydroxy fatty acids in sourdough also occurred uigto enzymatic or chemical
oxidation. Mono-hydroxy octadecenoic acid in conalbion with substrate
derived coriolic acid inhibited of mold growth oowdough bread. The use of
coriolic acid and antifungal metabolites from liewl acid as natural antifungals is
not limited to food preservation. Antifungal metétes from lactobacilli may
complement or substitute chemically derived furdgsi for use in seed treatment

and crop protection (Hernandetzal,, 2012).
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3. Antifungal lipids produced by lactobacilli and their structural
identification by liquid chromatography/atmospheric pressure photo

ionization — tandem mass spectrometfy

3.1. Introduction

Lactobacillus species are widely used in food fermentations (Mas &
Hertel, 2009). Lactobacilli convert linoleic acidte hydroxy fatty acids and
conjugated linoleic acid (CLA) (Ogawat al, 2001; Kishimotoet al, 2003;
Kishino et al, 2009; Andradeet al, 2012). The first step of this conversion, the
hydration of linoleic acid to 13-hydroxy-9-octadeoe acid or 10-hydroxy-12-
octadecenoic acid, is catalyzed by hydratases (stio et al, 2003; Volkovet
al., 2010; Yanget al, 2013). The subsequent synthesis of conjugatdyl daids
from hydroxy fatty acids involves enzymes that hageyet been characterized in
purified form (Kishino et al, 2002; Kishinoet al, 2009). However, CLA
formation by lactobacilli has been observed in dufiermentations but not in
growing cultures (Ogawat al, 2001; Kishinoet al, 2002; Xuet al, 2005;
Kishino et al, 2009). Overall, information on the physiologicale of linoleic
acid conversion in lactobacilli remains scarce (@erty & Klaenhammer,

2010).

2 A version of this chapter has been published.IBIBc A., Sun, C., Zhao, Y.,
Géanzle, M. G. & Curtis, J. M. (2013). Journal ofriegltural and Food
Chemistry, 61, 5338-5346; Sun, C., Black, B. A.aghY., Ganzle, M. G. &
Curtis, J. M. (2013). Analytical Chemistry, 85, B34352.

Reprinted with permission. Copyright© 2013, Amenicahemical Society
Asterisks (*) indicate contributions by C. Sun
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The biological activities of conjugated linoleicids and hydroxy fatty acids
are highly related to lipid structure. The actis@mers of CLA includecis-9,
trans-11 andtrans-10, cis-12; both of these isomers elicit different biokegiand
physiological effects including changes in immuesponse, insulin sensitivity,
and body fat composition (Pariz al, 2001; Risérugt al, 2002; Songet al.,
2005; Gaullieret al, 2005). However, conflicting results have ariserhuman
studies as to the healthful effects of CLA (McCeaet al, 2011). Only theis-9,
trans11l andtrans10, cis-12 isomers have been studied, while others remain
untested or elicit concern (Krametral, 1998).

Hydroxy fatty acids produced by lactobacilli exhitantifungal activity
(Black et al, 2013). Similar to the biological activity of CL.Aonly specific
hydroxy-fatty acids display antifungal action (Btaet al, 2013). For example,
the antifungal activity of 13-hydroxgis-9-trans-11-octadecadienoic (coriolic)
acid produced by the conversion of lipoxygenasgesyeall as a hydroxy fatty acid
metabolite produced blactobacillus hammesiwere substantially higher than
that of 12-hydroxyeis-9-octadecenoic (ricinoleic) acid. Furthermoretusated
hydroxy fatty acids have been shown to be inact®lack et al, 2013). This
difference in activity appears to relate to theatomn of a hydroxyl group and the
unsaturation(s) along the 18 carbon chain.

Since subtle structural differences of linoleic dacmetabolites from
lactobacilli strongly affect their biological acity, it is necessary to fully

elucidate these fatty acid metabolite structurgsis tan be challenging since
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many isomeric forms may be present and the moshdani forms are not
necessarily the most active. Combined results froinared spectroscopy (IR),
nuclear magnetic resonance (NMR) and mass spedinpiidS) have been used
for the analysis of lipid metabolites from lactollac(Ogawaet al, 2001).
However, relatively large amounts and/or purifiesimples are required for
complete identification. Analysis of hydroxy fathigids and CLA isomers by gas
chromatography coupled to mass spectrometry (GC/M&)uires sample
derivatization, long run times and ultimately gedmeeisomers are still difficult
to differentiate (Volkovet al, 2010; Yanget al, 2013). Alternatively, liquid
chromatography-mass spectrometry (LC/MS) can bd faethe analysis of fatty
acids with the advantage that purification and \dgization is not always
necessary (Lima & Abdalla, 2002). In addition, thee of atmospheric pressure
photo ionization (APPI) sources, available for may/MS systems, has been
shown to have high ionization efficiency for nongracompounds such as lipids,
but with less matrix effect compared to electrogpaization (ESI) (Robb &
Blades, 2008).

The aim of this study was to develop methods feritiolation and structure
elucidation of antifungal compounds produced bytdbacilli. The preparative
purification of antifungal mono-hydroxy fatty acidgas achieved using high-
speed counter-current chromatography (HSCCC), dernative to semi-
preparative HPLC for the fractionation of complectracts (Ito, 2005). A normal

phase LC/APPI-MS/MS method was developed for theyais of the antifungal
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hydroxy fatty acids and applied to elucidate theicttre of these compounds
produced by select strains of lactobacilli. Irsthiay, it was hoped to investigate
the pathway of conversion from linoleic acid intpdhoxy fatty acids and other

metabolites by lactobacilli.

3.2. Materials and methods
3.2.1. Chemicals and standards
Cis-9-cis-12-octadecadienoic (linoleic) acid, ricinoleic @cil2-hydroxy
octadecanoic acid, distearitis-7-nonadecenoic acidjs-7-nonadecenoic methyl
ester,cis-9-cis-12- cis-15-octadecatrienoic (linolenic) methyl ester, lerac acid
and conjugated octadecadienoic (CLA) methyl eslisrq, trans11 andtrans-10,
cis-12 mixture) all with > 99% purity were purchasednmi Nu-Chek Prep, Inc.
(Elysian, MN). 9, 10-Dihydroxy octadecanoic acikl90% purity) was supplied
by Pfaltz and Bauer (Waterbury, CT). 2-Amino-2-hytl-propanol (95%
purity), butyronitrile, 4-methylmorpholine-N-oxid€7% purity), and osmium
tetroxide 2.5 wt% solution in 2-methyl-2-propancéne from Sigma Aldrich (St.
Louis, MO). HPLC grade solvents (chloroform, meibla hexane, isopropyl
alcohol, acetonitrile, acetic acid) as well as wutf acid, formic acid and
microbiological media were obtained from Fishere@tiic (Ottawa, Canada).
3.2.2. Strains and growth conditions
Lactobacillus hammesii DSM16381, Lactobacillus sanfranciscensis

ATCC27651, andLactobacillus plantarum TMW1460 were cultivated in
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modified DeMan-Rogosa-Sharpe (mMRS) (de Maral, 1960) containing 10 g
L™ maltose, 5 g T fructose and 5 gt glucose with a pH of 6.2. Lactobacilli
were incubatedinder microaerophilic conditions (1% Malance K at 30 °C for
24 h. The cells were washed twice with 0.85% Na@{ resuspended in 10 mL
of 0.85% NaCl, and 20 mL mMRS broth containing 4 4 linoleic acid were
inoculated with 5% 10 cfu mL* inoculum. Alternatively, cultures were
inoculated in MMRS medium containing 4 ¢ Imono-hydroxy octadecenoic
acid, linolenic acid, CLA, or ricinoleic acid. Medthat were incubated without
inoculum and cultures grown without addition ofidipsubstrates served as
controls. Inoculated media were incubated with sigalt 120 rpm for 48 h at 30
°C.
3.2.3. Extraction of lipids

After incubation, cells were removed by centrifugatand filtration with a
0.45 um filter. Supernatants were extracted three tinvéh two volumes of
chloroform/methanol 85:15 (v/v) and the organic gghavas collected after each
extraction. The organic solvent was removed undeuvum at 30°C and the
residue was stored at -2G under nitrogen until analysis.

3.2.4. High-speed counter-current chromatography

HSCCC was performed using a model TBE-300B higledm®unter-current
chromatograph with 300 mL column capacity and @8 i.d. tubing (Tauto
Biotech, Shanghai, China), equipped with a 501 Ekime solvent delivery

module (Analytical Scientific Instruments, El Sotig CA), a VUV-24 Visacon
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UV-Vis detector (Reflect Scientific Inc., Orem, UTand a model CHF 122SC
fraction collector (Avantec Toyo Kaisha Ltd., Tokylapan). The solvent system
consisting of hexanel/ethyl acetate/methanol/watér.1%5:3:2 (v/viviv) was
selected for separation of lipids extracted fronitures of lactobacilli. The
solvent mixture was usually prepared in 2 L batctwed allowed to separate at
room temperature overnight. The upper phase obitiieasic solvent system was
used as stationary phase and the lower phase veabk ass mobile phase. A
retention of 70 £ 1.6% (v/v) stationary phase wasie@/ed on introduction of the
mobile phase which was pumped at 3 mL Tin the head-to-tail modéito,
2005). The sample was dissolved to give a conagorr of 25 mg mL in 10 mL
of solvent comprised of 5 mL of the upper phase&niL of the lower phase; the
entire 10 mL of sample solution was injected ott® HSCCC column. After a
run time of 180 min at a rotor speed of 1000 rplnhofathe hydroxy fatty acids
eluted and the mobile phase was switched to beugper phase to facilitate
elution of linoleic acid and CLA. HSCCC separatiomere monitored at 242 nm
with a UV detector. Fractions were collected am intervals and were
analyzed by normal phase LC/APPI-MS as describddwbe After analysis,
fractions containing only the C18:1 mono-hydroxytyfaacid were combined.
This combined fraction was used for derivatizatimethod development analysis

and lactobacilli pathway determination.
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3.2.5. Preparation of hydroxylated derivatives

The procedure for the vicinal hydroxylation of délbonds was based on
the method described by Moe and Jensen (2004).oXppately 1 mg fatty acid
was dissolved in 100 pL chloroform and 200 pL of% (w/v) solution of 4-
methylmorpholine-N-oxide in methanol and 10 pL &hmoum tetroxide were
added. The sample was flushed with nitrogen gasreacted at 60C for 2 h.
After cooling, the sample was dissolved in 1 mL abloroform and passed
through a conditioned Sep-Pak 500 mg silica sotidse cartridge (Waters Ltd.;
Mississauga, Canada). Hydroxylated fatty acidsviieen eluted using 20 mL of
chloroform/methanol/formic acid (10:1:0.1 v/v/iv)h@ sample was dried under
nitrogen gas and resuspended in chloroform/methgi®&:15 v/v) at a
concentration of 0.1 mg nilLprior to LC/APPI-MS/MS analysis.

3.2.6. Preparation of fatty acid methyl ester deriatives

Esterification of free fatty acids was performedngsan acid catalyst as
outlined by Christie (1989). Fatty acid (10 mg)swissolved in 1 mL methanol
and 2 mL of 1% (v/v) sulfuric acid in methanol wadded. The sample was
reacted at 50C for 2 h with intermittent shaking. After the otian was
complete, 5 mL of a 5% (w/w) sodium chloride sajatwas added and 5 mL of
hexane was used to extract fatty acid methyl egted1E) twice. The hexane
layer was washed with a 4 mL solution of 2% potassbicarbonate (w/w). The
hexane layer was collected, and dried over anhgdreadium sulfate, and

evaporated under nitrogen gas. FAME were re-sugieta a concentration of

78



CHAPTER 3

0.1 mg mL* in isopropyl alcohol for analysis by ozonolysis/AR®S or in
hexane for silver ion LC/APPI-MS/MS.

3.2.7. Ozonolysis/atmospheric pressure photo ionizan - mass
spectrometry*

In-line ozonolysis/APPI-MS analysis was performed the pure mono-
hydroxy octadecenoic FAME fraction from HSCCC fdretdetermination of
double bond positions as described by ®tirel (2013). Briefly, the in-line
system consisted of a 0.5Qmnifit solvent bottle, a three-valve bottle capl d%
cm of gas permeable Teflon AF-2400 tubing (0.5 mmd.,00.25 mm i.d.;
Biogeneral Inc., San Diego, CA). The Teflon tubwags inserted into the ozone
filled solvent bottle, with one end connected te tIC autosampler and the other
end directly coupled to the APPI ion source ofrness spectrometer. Samples in
3 uL aliquots were injected into a 0.2 mL rififiow of hexane/isopropanol (98:2,
viv) in the Teflon tubing. After being subjected ¢zonolysis, FAME were
directly analyzed by APPI/MS operating in positiva mode.

3.2.8. Combined liquid chromatography/atmospheric pessure photo

ionization - tandem mass spectrometry
Un-derivatized fatty acid extracts, hydroxylatettyfaacids and FAME were
analyzed by LC/APPI-MS/MS. All liquid chromatograpiwas conducted on an
Agilent 1200 series LC system (Agilent Technologid3alo Alto, CA).
Separations for un-derivatized and vicinal hydratgtl fatty acid derivatives

were conducted on an YMC PVA-Siblumn (150 mm x 2.0 mm i.d., pm;

Waters Ltd., Mississauga, Canada) at 5 Lipid samples were injected
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(injection volume, 2 uL) onto the column and eluteth a gradient of (A) 0.2%
acetic acid in hexane and (B) 0.2% acetic acidgapiopanol at a flow rate of 0.2
mL min™. The gradient was as follows: 0 min 99% A; 20 Mm% A; 20.1 min
99% A; for a total run time of 27 min including elguration. Silver ion
chromatography was performed on lipid fractions FSME using a Varian
ChromSpher 5 Lipids column (250 mm x 2.0 mm i.dyrd; Varian Inc., Palo
Alto, CA) at 25°C. The separation used an isocratic flow of 0.3mik* hexane
containing 0.14% butyronitrile, a run time of 20mand an injection volume of 2
ML.

Negative and positive ion APPI-MS/MS was perfornmeda QStar® Elite
hybrid orthogonal Q-TOF mass spectrometer coupbed PhotoSpray® source
with Analyst® QS 2.0 software (Applied Biosystem®&8l Sciex, Concord,
Canada). For negative ion-mode, the source and s@@actrometer conditions
were: nebulizer gas 70 (arbitrary units), auxillgas 20, curtain gas 25, ionspray
voltage -1300 V, source temperature 4@) declustering potential (DP) -35 V,
focusing potential -130 V and DP2 -13 V with a secange ofm/z50 — 700.
Collision induced dissociation (CID) was used rgen at a collision energy of 35
eV for un-derivatized fatty acids and 40 eV forina hydroxylated fatty acids.
The conditions used for positive-ion mode were: utiebr gas 50 (arbitrary
units), auxillary gas 10, curtain gas 25, ionsprajitage 1300 V, source

temperature 380C, DP 30 V, focusing potential 130 V and DP2 5 \thva scan
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range ofm/z100 — 1000. CID spectra of FAME were obtained gigircollision
energy of 20 eV.

Positive ion APPI-MS analysis of the FAME ozono$ygiroducts were run
under the same conditions except for a source teanpe of 375°C, DP 35V,
focusing potential 150 V and DP2 10 V and a scageafm/z100 — 1300. For
analysis of FAME CLA, the flow was split 1:1 posikemn between a UV
detector at 242 nm and the mass spectrometer ar ¢toddistinguish CLA from
linoleic acid.

3.2.9. Preparation of 4,4-dimethyloxazoline derivates and gas

chromatography/mass spectrometry analysis

4,4-DimethyloxazolingDMOX) derivatives of fatty acids were prepared as
described by Fay and Richli (1991). Briefly, 0.850f 2-amino-2-methyl-1-
propanol was added to 1 mg of pure fatty acid samfthe samples were flushed
with nitrogen gas and reacted at 180 °C for 2 herAtooling to ambient
temperature, the reaction mixture was dissolve® imL dichloromethane and
washed with 3 mL of water. The water layer wastlegtracted with 2 mL
dichloromethane. The combined dichloromethane layes dried with anhydrous
sodium sulphate and evaporated under a streantrofjen gas. The derivatized
DMOX fatty acid sample was dissolved in hexane woacentration of 0.1 mg
mL™ prior to analysis by GC/MS using an Agilent 789¢#@s chromatograph and
Agilent 5975C mass-selective detector (Agilent Textbgies Inc., Palo Alto,
CA). A 2 uL sample volume was injected with a 58plit onto a HP-5 capillary

column (30 m x 0.32 mm i.d., 0.25 um film thickneds& W Scientific Inc.,
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Folsom, CA) at 300 °C. The helium flow was kephstant at 1 ml mih. The
oven program was as follows: the initial column pemature of 100 °C was
increased to 285 °C at 10 °C mjmfter which, immediately to a final temperature
of 300 °C at 15 °C mihfor 3 min. Electron impact ionization was used@teV
electron energy and a mass scan ranga/pfl0 — 500. An Agilent Chem Station
E.02.02.1431 was used for data analysis.
3.2.10. Quantification of metabolites

For the quantification of hydroxy fatty acids, 200 of the supernatant from
the centrifugation and filtration of bacterial auks was extracted twice with 15%
methanol in chloroform (v/v). The samples were egikwith 150 pug of a
ricinoleic acid standard to measure extraction vepp Extracts were adjusted to
a volume of 5 mL with chloroform after addition 86 pg of distearin as an
internal standard. Calibration curves were esthbtls with 10-hydroxy-12-
octadecenoic acid that was purified frammhammesicultures by HSCCC. The
identity and purity of the standard was verifiedo® >99% by normal phase and
reversed phase LC/MS, LC/ELSD and GC/MS. All sasaplere analyzed by
negative ion LC/APPI-MS from triplicate independemperiments with triplicate
technical repeats.

For the quantification of CLA in bacterial culturés mL of the supernatant
was extracted twice with 15% methanol in chlorofdiv) in the presence of
100 pg ofcis-7-nonadecenoic acid recovery standard. The regudixtract was

dried under nitrogen gas and methylated as desteabeve. After the extraction
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of FAME, 50 ug of linolenic methyl ester internaaisdard was added to the 10
mL total volume of hexane. External calibratiomvas were established witis-

7-nonadecenoic methyl ester and CLA methyl estrdstrds. All samples were
analyzed by positive ion LC/APPI-MS from triplicatedependent experiments

with triplicate technical repeats.

3.3. Results

3.3.1. Development of a high-speed counter-curreschromatography

method for isolation of antifungal fatty acid

In our previous communication (Bla&k al, 2013) we identified antifungal
activity from a hydroxy fatty acid fraction extract fromL. hammesii In order
to isolate a sufficient quantity of this antifundehction for structural analyses
and further testing an HSCCC method was developedwo phase solvent
system was selected on the basis of recommendabpri® (2005). Various
combinations of biphasic solvent systems were #mated following this,
linoleic, 12-hydroxy octadecanoic or 9, 10-dihydyactadecanoic acid standards
were added, mixed, and left to settle at room teatpee. Aliquots of the upper
and lower phases were removed and analyzed by LGiMiSrelative peak areas
from these analyses were used to determine theigartoefficient (Ky ). The
Ky of each analyte was calculated for each solvestesy containing different
ratios of hexane/ethyl acetate/methanol/water. Sidteent system selected for the
separation of lipids extracted from cultures oftdhacilli was hexane/ethyl

acetate/methanol/water 3.5:1.5:3:2 (v/v/viv) witliKg. for linoleic, 12-hydroxy
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octadecanoic and 9, 10-dihydroxy octadecanoic axid400, 1.4 and 1.0,
respectively. Using this solvent system, the sspar was monitored at 242 nm
(Appendix 2, Figure 2A-1) and fractions were collected every three minares

analyzed by flow injection APPI-MS~{gure 3-1).

.——rf-FFII ‘ IIIH“HI‘I”ﬁw
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Time, min

Peak area, counts

Figure 3-1.Flow injection APPI-MS analysis of fractions caited from HSCCC
separations oL. hammesiilipid extracts. Black bars represemi/z 295.2273
(C1gH3103); grey bars represenn/z 297.2403 (G@gH3303), antifungal mono-
hydroxy C18:1 fatty acid.

Over the elution times of interest, two major connpds were observed. The
first, with a nominalm/z of 295, was shown previously to be a lipid oxidati
product (Blacket al, 2013). This eluted close to the antifungal mbgdroxy
fatty acid of m/z 297 Figure 3-1). The fractions that did not contain the

compound withm/z295 were all combined to give the purified extremhtaining
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the mono-hydroxy fatty acid. A 250 mg injectionarfide lipid extract froni.
hammesiifermentation yielded >55 mg of purified mono-hydydatty acid in
each HSCCC separation.

3.3.2. Analysis of hydroxy fatty acid fractions byliquid
chromatography/atmospheric pressure photo ionizatin — mass
spectrometry

Since the crude lipid extracts from fermentatiorislactobacilli contain
complex mixtures of fatty acids with various degreaf hydroxylation and
unsaturation, a sophisticated analytical approaels weeded to separate and
identify individual compounds. Initially, LC sedions in both normal and
reversed phase modes were compaFegu(e 3-2A & Appendix 2, Figure 2A-

2). It was found that a normal phase separationgusgxane and isopropanol
with acetic acid on a polymeric (polyvinyl alcohdl)lica phase resulted in
complete separation of mono-, di- and tri- hydrofatty acids and un-

hydroxylated compound$igure 3-2A).

85



CHAPTER 3

LA/ Mono- Di- Tri-
CLA OH OH OH
w | A *
o
-
2
/]
c e
E WL
=
5 10 15 20
e
o
=
2
v
c
8
£
= 10 15 20
Time, min

Figure 3-2. Silica LC/APPI-MS analysis of deprotonated un-datized fatty
acids fromL. hammesii (A) XIC of m/z279 — 331.5, encompassing the crude
lipid extract profile before fractionation by HSCCCCompounds that were
produced by microbial transformation were labelethwan asterisk. (B) XIC of
m/z279 — 331.5, after fractionation by HSCCC. A sengkak was collected, with
an elution time of 8.4 min andma/z297.2403 (GsH3303).

Separation of many isomeric hydroxy fatty acids\aéso achieved with normal
phase, where as reverse phase separation waslkxgsage for hydroylated fatty
acids Appendix 2, Figure 2A-2). However, such normal phase separations can
be less amenable to analysis using electrospragation methods without post-

column make-up flows of polar solvents, ideally egus. To overcome this, in
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the present work we have exclusively used atmosppeessure photoionization
which does not require post-column solvent additorassist in ionization. In

addition, the hexane in the mobile phase acts a&R#I dopant due to its low
ionization potential, so no addition of tolueneotiner dopant is required. Thus, it
was found that normal phase LC/APPI-MS was highiyable for the separation
and mass spectrometric identification of hydroxyyfacids. However, it should

be noted that the APPI-MS response to linoleic arid other non-hydroxylated
fatty acids were considerably lower than thosehfairoxylated compounds.

The LC/APPI-MS chromatogram of the lipid extraarfrL. hammesibefore
and after HSCCC fractionation was compareéfigure 3-2A and 3-2B Only a
single peak with retention time of 8.4 min was obed in the HSCCC purified
material demonstrating the complete separation fif@rlinoleic acid substrate as
well as from more highly hydroxylated metabolitéEhe negative ion APPI mass
spectrum averaged across the single peak seEmume 3-2B showed a single
ion of nominalm/z 297 in addition to a background ion rafz 59 assigned to
acetic acid from the mobile phase. The measuresk fta the observed [M-H]
ion at m/z 297.2410, corresponded to the exact mass of a +ngs@xy
octadecenoic acid (calculatedz297.2403).

3.3.3. Identification of the hydroxyl group locatian

3.3.3.1. Liquid chromatography/atmospheric pressurg@hoto

ionization — tandem mass spectrometranalysis
After collection by HSCCC, the antifungal hydroxttly acid produced bly.

hammesiwas analyzed by negative ion LC/APPI-MS/MS to idgrthe position
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of the hydroxyl group. The MS/MS spectrum of the- T ion atm/z297 showed

two main fragment ions an/z279 and 18%Figure 3-3).

o 185 OH

2 O m/z185

g .OM
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Figure 3-3. Silica LC/APPI-MS/MS spectrum of deprotonated wanihtized
fatty acid compound frorh. hammesiwith am/z297.2403 (GH3303) isolated
by HSCCC.

The ion atm/z 279 was due to loss of water from [M-H]which was consistent
with the presence of one hydroxyl group (Zha&a@l, 2011). The fragment ion
of m/z 185.1183, identified from the accurate mass asnbgaan elemental
composition of GoH170s, indicated the likely formation of an aldehydetfz A™°
position of the hydroxy fatty aci@Moe et al, 2004). This implies that the
hydroxyl group position was a'°. However, the mass spectrum, which showed

limited fragmentation, gave no indication of thedton of the double bond.
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3.3.3.2. Gas chromatography/mass spectrometry anaig

The hydroxy group position was further confirmed dmrivatization of the
fatty acid to a DMOX derivative for subsequent gsm by GC/MS in the
electron impact mode of ionization. Derivativessas DMOX, can be used in
mass spectrometry to localize the charge, resulting charge-remote
fragmentation along the hydrocarbon chain (DobsorCiistie, 2002). This
allows for simple interpretation of the mass spettr determine the positions of
functional groups and unsaturations. The mass speatf the DMOX derivative
of the hydroxy fatty acid isolated frolmn hammesiwas shown inFigure 3-4.
The intense ion ain/z 113 was characteristic of mass spectra of DMOX
derivatives of fatty acids, due to a McLafferty mnamgement ion (Dobson &
Christie, 2002). The series of fragment ions saedr by 14 mass units going
from m/z 126 to m/z 210 indicate successive GHjroups, i.e., a saturated
hydrocarbon chain. A 30 mass unit difference omzlibetween fragmentations
m/z 210 and 240 (with intermediate ionratz 224), indicating the presence of a

hydroxyl group as shown iRigure 3-4.
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Figure 3-4. GC/MS mass spectra of 4,4-dimethyloxazoline dékreaof mono-
hydroxy C18:1 fatty acid frorh. hammesiiThe proposed McLaffertty ion at/z

113 is designated with an asterisk.

The general features of this spectrum , includivggttigh abundance of the ion at
m/z 240 resulting from fragmentation adjacent to thgrbxyl group, are
consistent with that seen for the isomeric DMOXiviive of 9-hydroxy-12-
octadecenoic acid (Christie, 2013). Thus, analgsthe DMOX derivative of the
fatty acid metabolite fromh. hammesiconfirms the hydroxyl group to be located
at A'™®. However, although the double bond location wamswshto be closer to end
of the chain than the hydroxyl group, consisterthwhe MS/MS spectrum, its

location cannot be determined from the spectruth@DMOX derivative.
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3.3.4. Identification of double bond location

3.3.4.1. Liquid chromatography/atmospheric pressurg@hoto

ionization — tandem mass spectrometry analysis

The position of the double bond in the hydroxytyfaacid from L.
hammesiwas identified after vicinal hydroxylation. Follavg this derivatization
procedure, analysis by LC/APPI-MS resulted in tweaks from the mono-
hydroxy fatty acid with retention times of 13.2 ah®l5 min Figure 3-5A). The
MS/MS spectra of the [M-H] ions from both peaks showed identical
fragmentation patterns (only one of which is shawrkigure 3-5), suggesting
stereoisomers. The exact mass of the deprotonadéztule 0fm/z331.2484 and
the consecutive triple water loss ionsnatz 313, 295 and 277Figure 3-5B)
indicated the presence of three hydroxyl groupssistent with the addition of
hydroxyl groups across the double boRth(re 3-5 inse}. The fragment ion at
m/z 185 in the MS/MS spectrum was the result of fragiagon adjacent to the
original hydroxy group, consistent with the un-glatized fatty acid spectrum in
Figure 3-3. Considering the overall structure of a hydroxiyyfacid, the fragment
ion atm/z99.0815 (GH110) can only arise via cleavage that incorporatsisigle

hydroxyl group.
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Figure 3-5. LC/APPI-MS analysis of deprotonated vicinal hydpation
derivatized fatty acid frorh. hammesjiexact mass/z331.2484 (GgH3s05). (A)
Silica separation of the hydroxylated mono-hydr@3@8:1 fatty acid collected
from HSCCC, two peaks eluting at 13.2 and 13.5 m{B) LC/APPI-MS/MS
spectra of 10-hydroxy-12-octadecenoic acid, reprtasiee of both peaks.

This cannot be the original hydroxy group sincs tkiould have required multiple
cleavages along the chain and was thus highly elylik Furthermore, the

fragment ion am/z129, and complementary ionrafz199 located the second of
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the vicinal hydroxyl groups in the derivative, &®wn inFigure 3-5. Hence, the
MS/MS spectra indicated that the double bond waatésl at the\'? position in
the hydroxy fatty acid.

3.3.4.2. Ozonolysis/atmospheric pressure photo i@aition — mass

spectrometry analysis*

The position of the double bond At*was further confirmed by analysis of
the methyl ester derivative of the hydroxy fattyidacusing in-line
ozonolysis/APPI-MS (Suet al, 2013). In this method, ozonolysis which cleaves
double bonds, resulting in characteristic aldehytias were indicative of double
bond positions, was performed in-line with APPI-M®e degree of ozonolysis
was adjusted such that both the molecular ion [M-gfid ozonolysis fragments
were seen. In the ozonolysis/APPI-MS spectrumhefRAME derivative of the
mono-hydroxy fatty acid froth. hammesjithe [M+H] ion and subsequent water
loss indicated a methylated mono-hydroxy fatty a@iigure 3-6A). The
abundant ion atn/z227 corresponded to the formation of an aldehypdleviing
ozonolysis and subsequent neutral loss of watas Whs indicative of a double
bond atA? (Figure 3-6B). The ion am/z195 was due to a further methanol loss
from the protonated aldehyde ion @z 227, which was often observed in
previous ozonolysis experimen{Sun et al, 2013) (Figure 3-6C). Since
oxidative cleavage of ozonolysis only occurs aca@bon-carbon double bonds,
in-line ozonolysis/ APPI-MS unambiguously assigtieel double bond position at

A", in agreement with the vicinal hydroxylation resul
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Figure 3-6. Ozonolysis/APPI-MS spectra of protonated metisyges fromL.
hammesii(A) [M+H] " m/z313.2737; (B) fragment iom/z227.1642, proposed

structure; (C) fragment iom/z195.1380, proposed structure.

In summary, LC/APPI-MS/MS analysis identified thatifungal hydroxy
fatty acid produced by. hammesiito be 10-hydroxy-12-octadecenoic acid; the
hydroxyl group and double bond locations were camdid using GC/MS and in-

line ozonlysis/MS.

94



CHAPTER 3

3.3.5. Identification of geometric isomers

As described above, normal phase separation optinéied hydroxylated
derivative of 10-hydroxy-12-octadecenoic acid gavgair of peaks with identical
mass spectraFgure 3-5). Therefore, silver ion chromatography was emgtby
to investigate the possibility that these stereoms arose through thgyn
addition of hydroxyl groups by Os@o both thecis andtrans geometric isomers
of the unsaturated hydroxy fatty acid. The pudfiO-hydroxy-12-octadecenoic
acid from L. hammesiiwas collected by HSCCC, derivatized to FAME and
analyzed by silver ion LC/APPI-MS/MS. The extratten chromatogram (XIC)
of the [M+H] ion atm/z 295 gave two well resolved peaks, as showRigure
3-7. The MS/MS spectra of the [M+H]Jons were identical for each of the two
peaks Figure 3-7), implying isomeric compounds. It is well known thte
interaction between silver ions and double bondthaitrans configuration are
weaker than those witbis double bonds (Dobsoet al, 1995). Thus, the two
peaks eluting at 15.0 and 17.7 min can be idedtifi® methylatettans and cis
10-hydroxy-12-octadecenoic acid, respectively. Gisgssomeraccounted for 53 +
5% of the total peak area of th@'z 295 extracted ion chromatogram whilst the
trans isomer accountefor 47.4 + 5%. This indicates that the 10-hydrd@+
octadecenoic acid produced by hammesiiwas a racemic mixture afis and

transisomers.
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Figure 3-7.(A) XIC of a silver ion LC/APPI-MS chromatogram wfethyl ester
geometric isomers from. hammesjiproduct ion 0in/z295.2; (B) MS/MS
spectra representative of both methylatadsisomer at 15.0 min and methylated

cisisomer at 17.7 min.

3.3.6. Analysis of the lipid extract fromL. plantarum by liquid
chromatography/atmospheric pressure photo ionizatin —

tandem mass spectrometry
The normal phase LC/APPI-MS/MS technique was furttpplied to analyze
the crude lipid extract of. plantarum,fermented in broth supplemented with
linoleic acid. Comparison to cell free or substrge controls revealed théat
plantarumproduced three hydroxy fatty acids and several @diers. Two of

these hydroxy fatty acids (one mono- and one dr¢wy compound) were not
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produced byL. hammesiiunder similar conditions (compafégure 3-8A and

Figure 3-2A).
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Figure 3-8. Silica LC/APPI-MS chromatograms of crude lipid extractnfrd..
plantarum (A) XIC of m/z 279 — 331.5, un-derivatized fatty acids. CLA and
linoleic acid (LA) co-eluted at 5.1 min. While cooynds produced from
microbial transformation were a secondary mono-bygrC18:1 fatty acid
eluting at 7.8 min and 10-hydroxy-12-octadecenaid &luting at 8.4 min, both
with an exact mass oh/z297.2403 (GH3303), and a saturated di-hydroxy fatty
acid eluting at 11.8 min with a mass mfz 315.2535 (GH3504). Compounds
that were produced by microbial transformation wabeled with an asterisk. (B)

XIC of m/z279 — 348.5, hydroxylated derivatives of crudellipxtract. Resulting
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peaks consisted of a saturated di-hydroxy fattg adth a retention time of 11.8
min, m/z 315.2535 (G@H350,); saturated tri-hydroxy fatty acids, two pairs of
peaks at 13.2 & 13.5 min and 14.0 & 14.3 min withméz of 331.2484
(C18H3505); and an unresolved group of saturated tetra-hydfatty acids with a
mass 0in/z348.2517 (GgH360s).

Without fractionation or derivatization, LC/APPI-M& the L. plantarumlipid
extractshows a peak at 11.8 min ([M-Htm/z315.2535, GH350,4); the MS/MS
spectrum of this pealE{gure 3-9) identifies it as 10, 13-dihydroxy octadecanoic

acid.
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Figure 3-9. APPI-MS/MS spectra of 10, 13-dihydroxy octadeceramid fromL.
plantarum eluting at 11.8 minm/z315.2535 (GgH3504).
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The second compound eluting at 7.8 minFigure 3-8A was identified as a
mono-hydroxy octadecenoic acid isomer/Z 297.2403, GgH3303); its MS/MS

spectrum Figure 3-10 was distinct to that of 10-hydroxy-12-octadecenacid

(Figure 3-3).
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Figure 3-10.APPI-MS/MS spectra of deprotonated un-derivatizesho-hydroxy
C18:1 fatty acid fronk. plantarumeluting at 7.8 minm/z297.2403 (GgH33053).

The fragment ion aim/z 99.0815 (GH:;0) and complimentary ion at/z

197.1547 (GH»10,) identified the hydroxyl group position as® but the MS/MS
spectrum can only locate the double bond to betwéemnd A% Hence, vicinal
hydroxylation of the whole crude lipid extract waerformed. The LC/APPI-MS

chromatogram Kigure 3-8B) of the resulting hydroxylated derivatives showed
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that while 10, 13-dihydroxy octadecanoic acid wasftected (retention time
11.8 min), the unsaturated compounds, such aslmakid/CLA and the mono-
hydroxy fatty acids were shifted to longer elutitbmes due to the addition of
hydroxyl groups across double bonds. Thus, mommxy C18:1 compounds
were converted to diastereomers of saturated thrdxy fatty acids ro/z
331.2484, @H3s05). At the same time CLA isomers were convertedetmat
hydroxy derivatives. Additionally, from thie. plantarumfermented crude lipid
extract, a separate peak pair resulted from thwateration at retention times of
14.0 and 14.3, each with an identical MS/MS specti&igure 3-11) which
indicates the double bond positionAdfrom diagnostic fragment ions at/z201,

171 and 157.
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Figure 3-11. APPI-MS/MS spectra of deprotonated vicinal hydiakgn
derivatized 13-hydroxy-9-octadecenoic acid franplantarum representative of
both peaks at 14.0 & 14.3 mim/z331.2484 (GH350s).

Hence, in the case of mono-hydroxy C18:1 fatty geimtduced by.. plantarum
the combination of normal phase LC/APPI-MS/MS witisinal hydroxylation
was used to identify 13-hydroxgs/trans-9-octadecenoic acid, without
fractionation of the crude lipid extract.
3.3.7. Pathway of conversion
Conversion of linoleic acid by lactobacilli prodaoas/trans10-hydroxy-12-

octadecenoic acid and CLA&iQure 3-12).
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— — COOH

Linoleic acid

L. hammesii 25%
L. sanfranciscensis 4.3% L. plantarum
L. plantarum 5%

COOH — COOH

OH OH

10-hydroxy-cis/trans-12-octadecenoic acid 13-hydroxy-cis/trans-9- octadecenoic acid

L. hammesii 1.3%
L. sanfranciscensis 1.1% L. plantarum L. plantarum
L. plantarum 0.9%
OH

VW/MCOOH /V\)\/Y\/\/V\/COOH

OH
Conjugated linoleic 13,10-dihydroxy
acid octadecanoic acid

Figure 3-12.A proposed scheme of two alternate pathways ®bth-conversion
of linoleic acid by lactobacilli after 2 d. Eacbkrpentage represents the amount of
compound converted of the original 4 g™ Llinoleic acid used for

supplementation. Reactions are not reversible.

L. hammesiiconverted 25% (1.0 + 0.1 g%). of the substrate to 10-hydroxy-12-
octadecenoic acid; other lactobacilli tested alswdpced this metabolite
including L. sanfranciscensiandL. plantarumwhich converted 4.3% (0.17 £ 0.0
g L") and 5% (0.2 + 0.0 g1, respectively. All strains produced racemic
mixtures of thecis and trans isomers. After 48 h of fermentation with.
hammesii L. sanfranciscensignd L. plantarum CLA isomers were observed
(Figure 3-13 Appendix 2 for structural identification with ozonolysis/M@&nd
accounted for 1.3% (0.1 + 0.0 g'). 1.1% (0.04 + 0.01 g't), and 0.9% (0.04 +

0.0 g ') of the initial substrateFjgure 3-12)
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Figure 3-13.Ag" — LC/APPI-MS separation df. plantarumFAME. XIC of m/z
295 showing CLA isomers.

L. plantarumconverted linoleic acid tois/trans13-hydroxy-9-octadecenoic acid
and 10, 13-dihydroxy octadecanoic acid in additibtm 10-hydroxy-12-
octadecenoic acid and CLA. These metabolites wetdfound in lipid extracts
from cultures oL.. hammesiandL. sanfranciscensis

To determine whether the conversion of linoleiddaa hydroxy fatty acids
and CLA was reversible, cultures were grown in enes of 4 g [ CLA or
purified cis/trans10-hydroxy-12-octadecenoic acid. 10-Hydroxy-12-detzenoic
acid was converted to CLA by all three strainsfoutation of linoleic acid from
10-hydroxy-12-octadecenoic acid was not observe@LA was not further
transformed by any of the three strains. Hencectmeersion of linoleic acid to
hydroxy-fatty acids and further to CLA was foundo®irreversible.

The enzymatic transformation of ricinoleic acid by. hammesji L.

sanfranciscensiyr L. plantarumresulted in a saturated di-hydroxy fatty as sole
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product. Conversion of linolenic acid yielded aty@roxy di-unsaturated fatty
acid as the sole product, indicating a preferemeehfdration of double bond
located atA®’. These results confirm that hydratases of laatitibaaccept

alternative substrates, however, only linoleic asigpported the formation of

CLA.

3.4. Discussion

In this study, LC/APPI-MS/MS was used to effectiwelucidate the structure
of antifungal 10-hydroxyis-12-octadecenoic and 10-hydrokgns12-
octadecenoic acids, and to quantify metabolitetinoileic acid. APPI-MS was
found to be sufficiently sensitive to allow obsdiwa of un-derivatized fatty
acids and their hydroxyl-derivatives from bactegatracts. With the inclusion of
hexane in the LC mobile phase, the ionization gneifgthe mobile phase itself
was low enough that a post-column addition of aathbpvas not necessary for the
photoionization of fatty acids. No derivatizatiavas required for both the
identification of hydroxyl group positioning and eth quantification of
deprotonated fatty acids via silica LC/APPI-MS @addem mass spectrometry.
However, the addition of hydroxyl groups acrossuhseaturations was necessary
to determine the position of the double bonds.

HSCCC was utilized as an efficient semi-preparatiseeparation for
antifungal metabolites from lactobacilli extract3he identification of hydroxy

fatty acids with silica LC/APPI-MS/MS did not regeia pre-step fractionation
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with HSCCC, as the chromatography produced baseéselution from crude
lipid extracts of food and media fermented withtédacilli (Black et al, 2013).
Thus, when compared to previous fractionation gmetisoscopic identification
methods used for lactobacilli extracts (Ogaetaal, 2001), much less effort was
required for the fractionation and identificatioh loydroxy fatty acids by the
methods described above. In addition, the data wene informative than that
obtained from GC/MS methods (Volket al, 2010; Kishincet al, 2011; Yang
et al, 2013).

10-Hydroxy-12-octadecenoic acid inhibits growth Adpergillus nigerand
Penicillium roquefortiat concentrations of 0.7 g'Land 0.1 g [}, respectively,
and conversion of linoleic acid to 10-hydroxy-1zZamtecenoic acid during
growth of L. hammesiin sourdough delayed fungal spoilage of bread (Bltc
al., 2013). Thecis/transconfiguration of hydroxy fatty acids did not influee
their antifungal activity (Kobayastet al, 1987). However, the positioning of
hydroxyl groups and double bonds strongly affedteel antifungal activity of
hydroxy-fatty acids (Kobayaslat al, 1987; Blacket al, 2013). The LC/APPI-
MS/MS methods that were developed in this studyewessential for the
identification of these antifungal metabolitesiableic acid.

The first step of the conversion of linoleic acig lactic acid bacteria is
catalyzed by hydratases. Hydratases of lactic &eidteria recognize oleic,
linoleic, linolenic, and ricinoleic acid as substi They preferentially hydrate

double bonds an® and are specific for free fatty acids (Kishieo al, 2009;
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Volkov et al, 2010; Yanget al, 2013). Our data thus conforms to known
properties of hydratases and additionally demotestirghat the conversion is
irreversible. Remarkably, hydratases of lactic dwadteria do not hydrateans
double bonds (Volkowet al, 2010; Yanget al, 2013) even though unsaturated
hydroxy fatty acids were produced as a racemic umexbfcis andtransisomers
(this study). Linoleic acid was converted to 10;dilBydroxystearic acid by.
plantarumvia 10-hydroxy-12-octadecenoic acid and 13-hydrxyetadecenoic
acid, but not by the other strains used in thigh\stlt remains unknown whether
the observed differences in the profile of fattydametabolites from different
lactobacilli relate to functional differences ofetlhydratase enzymes or other
species- or strain-specific differences.

Hydroxy fatty acids produced by lactic acid bacemwere previously
considered as intermediates of CLA formation. Hosvea majority of reports on
CLA formation by lactobacilli used buffer fermentats with high cell densities
(Ogawaet al, 2001; Kishimotoet al, 2003; Kishinoet al, 2009). This study
provides data on linoleic acid metabolites produmgdrowing cells, representing
physiological conditions. Our observations demaistthat hydroxy fatty acids
are the major product of conversion while CLA levetmain low. Lactobacilli
increase the proportion of hydroxy fatty acids iemibrane lipids in response to
environmental stress (Fernandez Muggaal, 1999), indicating a physiological
role in the protection against heat stress and mamabactive inhibitors

(O’Flaherty & Klaenhammer, 2010). A physiologicatle of CLA, or the
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presence of CLA in bacterial membranes, remairietdemonstrated. Moreover,
formation of CLA by purified enzymes from lacticiadacteria has not yet been
demonstrated. Recently, CLA formation from hydroxgtty acids by L.
plantarumwas attributed to the combined activity of an atbotlehydrogenase
and acetolactate decarboxylase (Kisheoal, 2011). Taken together, CLA
production from hydroxy-fatty acids likely occurs an enzymatic side reaction
of metabolic enzymes that moonlight as linoleicdasomerases. Comparable to
the formation of hydroxy fatty acids by lactobagilthe formation CLA by
lactobacilli yields a mixture otis-9, trans11l andtrans9, transll geometric
isomers (Kishinoet al, 2003; Kishinoet al, 2011). However, the previous
analytical methods were not sufficiently sensitiaad/or specific and many
isomers were potentially not accounted for. To d#ie biological function of
most CLA isomers remains unknown (Park, 2009). tHis work, six CLA
isomers were shown to be produced lbyhammesiiand L. plantarum The
analytical methods developed in this study camenftiture be used in optimizing
the production of antifungal fatty acids in foodrfentations while monitoring
the production of CLA isomers of unknown biologieativity.

The antifungal activity of 10-hydroxy-12-octadecenacid has initially been
demonstrated in sourdough bread (Blatkal, 2013) However, lactobacilli are
commonly utilized in food fermentations (Hammes &rt¢l, 2009; Blaclet al,
2013) and production of 10-hydroxy-12-octadecenattd was observed for

several other food-fermenting lactobacilli (Kishimed al, 2009; Blacket al,
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2013). Antimicrobial metabolites produced by ld&oailli during fermentation
are considered as “natural” and have potential ¢ used in many food
applications.  Within this study we demonstrate apid and sensitive
identification method as well as the means to cbliecreased quantities of 10-

hydroxy-12-octadecenoic acid.
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4. Structural identification of novel oligosacchardes produced by
Lactobacillus bulgaricus and Lactobacillus plantarum?®

4.1. Introduction

Galacto-oligosaccharides (GOS) are recognized ebigircs that support
digestive and immune healtf-GOS consist of one to foyi-linked galactose
moieties with galactose or glucose located at duicing end. GOS other than
lactose are not digested in the small intestind,leave a low caloric content and
prebiotic activity (Macfarlanet al, 2008; Oku & Nakamura, 2002). In lactose-
intolerant individuals, lactose also remains unsligé in the small intestine and is
fermented in the colon (Venema, 2012). Prebiatto/ay promotes the growth of
beneficial bacteria in the gut, which displaceshpgenic bacteria (Macfarlaret
al., 2008). Dietary indigestible oligosaccharides atso prevent the adhesion of
pathogens and toxins to epithelial cell walls byirer as receptor analogues
(Kulkarni et al 2010). The interaction between pathogen and gk/aan the
epithelial surface is highly specific for the canlgdrate structure. For example,
both Shiga toxin 1 and Shiga toxin 2e (Stx2e) poeduby Escherichia coli
respond to globotriaosylceramide as a glycan recepbwever, only Stx2e will
also recognize globotetraosylceramide (Johanne$i&dR, 2010). Owing to the

recognition of globotetraosylceramide by Stx2es thoxin causes disease in

3 A version of this chapter has been published. Bl&clA., Lee, V. S. Y., Zhao,
Y. Y., Hu, Y., Curtis, J. M., & Ganzle, M. G. (201Journal of Agricultural and
Food Chemistry. 60, 4886-4894.
Reprinted with permission. Copyright© 2012, Amenicahemical Society
Asterisks (*) indicate contributions by V.S.Y. L&€eY.Y. Hu
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piglets which are resistant to other Shiga-likeiriexas the corresponding glycan
receptor on the cell surface is lacking (JohannéX&ner, 2010).

The inhibition of pathogen adhesion by GOS has lsesnonstrated botim
vitro andin vivo (Shoafet al, 2006). In vivo, the oral delivery of GOS produced
by Bifidobacterium bifidumsignificantly reduced colonization dbalmonella
entericaserovar Typhimurium in mice (Seadéal, 2009). These benefits could
be relevant for human health if the amounts of GiD& are required for
prevention of pathogen adhesion do not cause gatsgstinal distress.

GOS of varying chain lengths are synthesized thHrougnzymatic
transgalactosylation of lactose vyiagalactosidases{Gal) (Torreset al, 2010;
Génzle, 2012). During lactose conversiornpb$al, galactose is covalently linked
to the active site of the enzyme and subsequerahsterred to water. If lactose
is present in excesg;Gal will use lactose, galactose or glucose aslt@nnative
galactosyl-acceptor to form GOS. Enzymatic gakdaiion leads to the
formation of f-(1—-2)-, p-(1—-3)-, p-(1—4)-, or p-(1—6)-linked GOS, and
bacterial and fungal enzymes generally form moas tbne linkage type (Torres
et al, 2010; Ganzle, 2012). The source Gal affects the type of GOS
produced, as different enzymes favor the formatbrspecific linkages, thus
creating structurally distinct GOS (Ganzle, 201Zyansglycosylation of acceptor
carbohydrates other than glucose or galactose syigjdlactose-containing
oligosaccharides with the acceptor carbohydratdbheateducing end (Torrest

al., 2010; Liet al, 2010; Ganzle, 2012). Composite oligosaccharidered by
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p-Gal are referred to as hetero-oligosaccharide<O&)e HeOS increase the
variation of oligosaccharide structures and magvalfor novel applications to
prevent pathogen adhesiotdeOS are also non-digestible oligosaccharides but
are fermented by bacteria in the colon. Because3Hemain undigested, they
may also have other health benefits similar to G 8ligosaccharides found in
human milk (Kunzet al, 2000; Schwab & Géanzle, 2011).

Although no single analytical method can completstigucturally identify
oligosaccharides present in small amounts, masstrepgetry (MS) is an
effective tool offering analytical diversity and ghi sensitivity. Mass
spectrometry, or tandem mass spectrometry (MS/MidEtwprovides structural
information through investigation of ion fragmembat is often coupled to liquid
chromatography, thereby adding an extra dimensiocompound separation.
Electrospray ionization (ESI) is a technique useaniass spectrometry to ionize
biomolecules with limited fragmentation occurring the ion-source. In
particular, ESI can directly ionize underivatizesltral oligosaccharides, in either
negative or positive ion modes, to achieve higls#ety detection and the
generation of informative data used for structigtahtification (Chaiet al, 2001;
Pfenningeret al, 2002). Moreover, ESI can ionize saccharides eveange of
molecular weights or degrees of polymerization (DFor example, picogram
levels of oligosaccharides with DP one to eleverrew®nized by ESI and
detected by an ion trap mass spectrometer €tial, 2005). Combined ESI-

MS/MS has been used to elucidate branching segsi@rcpartial sequences of,

116



CHAPTER 4

for example, neutral oligosaccharides from humalik ofi DP 10 and 11 (Chadt
al., 2005).

Commercial GOS production relies on microbfaGal used at lactose
concentrations close to saturation. Food gradearisgis, including
bifidobacteria and lactobacilli, have also beetiagd to produce GOS (Nguyen
et al, 2007; Macfarlanet al, 2008; Searlet al, 2009; Géanzle, 2012). The use
of food-grade enzyme sources facilitates the psdeselopment for production
of food ingredients (Splechtn&t al, 2007). However, commercial and
experimental GOS preparations are a mixture of mand oligosaccharides and
are often poorly characterized with regard to tleeimposition and the structure
of individual compounds in the preparation (Nguytral, 2007; Macfarlanet
al., 2008). LC/MS/MS methods for oligosaccharide lgsia have not been
employed and validated for characterization of GOZarticularly, the linkage
type and degree of polymerization of HeOS formedpb@al of lactobacilli
remain unknown (Schwadt al, 2011). It was therefore the objective of thisdst
to identify the structures of galactosylated N-gkBtglucosamine and
galactosylated fucose produced pByGal of lactobacill. A LC/ESI-MS/MS
method was established to identify oligosaccharidascrude cellular extract of
Lactobacillus bulgaricusATCC 11842 was usedas biocatalyst since this
previously has been shown to produce GOS and He®@® lhctose (Schwaet
al., 2011). Lactococcus lactisM1363 expressing LacLM ofL. plantarum

FUA3112 was additionally employed to assess thgigcof a defined enzyme.
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4.2. Materials and methods
4.2.1. Chemicals and standards

Oligosaccharide standards lacto-N-biose (&at3)-GIcNAc), N-acetyl-D-
lactosamine (Ggl(1—4)GIcNAc), p1-6 galactosyl-N-acetyl glucosamine
(Gals-(1—6)-GIcNAc) were purchased from Dextra Laborato(igeading, UK).
Fisher Scientific (Ottawa, Canada) supplied HPL&dgr acetonitrile, methanol,
ammonium acetate and crystalline sodium chloridé.ofher solvents were of
analytical grade unless specified otherwise.

4.2.2. Sample production*

L. bulgaricusATCC11842 and.. plantarumFUA3112 were cultivated under
microaerophilic conditions (1% balance M) at 37 °C in modified DeMan-
Rogosa-Sharpe (mMMRS) (de Mahal, 1960) containing 5% w/v lactose with a
pH of 6.2 (Schwalet al, 2011).Lc. lactis MG1363 harboring pAMJ586 with
LacLM from L. plantarum as sole source giGal activity (Schwalet al, 2010)
was grown in M17 with the addition of 0.5% glucas®l 5 mg L} erythromycin
at 30 °C. Cells were cultured for 12 h, harvestaold washed twice before
suspension in 1 mL of 50 mM sodium phosphate buffdt 6.8) with 20%
glycerol and 1 mM dithiothreitol. The cell suspamsiwas transferred to screw-
cap tubes with 0.5 mL of zirconia/silica beads (@uh), and disrupted in a Mini
Beadbeater-8 (model 693; BioSpec, Bartlesville, @if)two passes of 1.5 min
and chilled in ice between passes. The disrupthsl were centrifuged at 15 300

x g for 20 min at 4°C. The supernatant, designated as crude cellul@aatx
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(CCE), was used for GOS synthesis. The proteinettraf CCE was determined
using the Bio-Rad Protein Assay (Bio-Rad); the gpeactivity (enzyme activity
level relative to cell mass) was determined vaithitrophenylgalactoside (Sigma,
Oakville, Canada) as described (Schvesital, 2010). In keeping with previous
investigations (Schwast al, 2010; Schwalet al, 2011), thes-Gal activities of
CCE of L. bulgaricus L. plantarum,and L. lactis expressing LacLM fromi.
plantarumranged from 30 — 60 units (min x mg proté&in)

To analyze transglycosylation with CCE af bulgaricus carbohydrate
solutions were prepared with 23% wi/v lactose inOaniV sodium phosphate
buffer (pH 6.8) with 100 mM KCI and 2 mM MgE€IPB). An acceptor
carbohydrate of either N-acetyl-D-glucosamine (G\¢Nor L-fucose was added
in a concentration of 12% w/v to each of the solsi of lactose. Solutions were
filter sterilized prior to the addition of 20% v@CE. Enzymatic reactions were
conducted at 37C for 24 h, and terminated by heating to°@5for 15 min.

To analyze transglycosylation with CCE &f plantarum or Lc. lactis
expressing LacLM ot. plantarum 20 pl CCE was mixed with 80 pl PB, 100
mM KCI and 1 mM MgC} containing 0.5 M each of lactose and GIcNAc.
Reactions were incubated at 45 °C for 16 h anditexted by heating at 95 °C.

4.2.3. High performance anion exchange chromatogrdyy with pulsed

amperometric detection
High performance anion exchange chromatography wiplilsed
amperometric detection (HPAEC-PARpalyseswere performed using an ICS-

3000 system consisting of an AS50 autosampler, aapdised electrochemical
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detector with a gold electrode and an Ag/AgCI refiee electrode (Dionex Corp.,
Sunnyvale, CA). Sample oligosaccharide solutiorexewinjected in 10uL
aliquots on to a CarboPac PA-20 Dionex carbohydratdumn (3 x150 mm)
paired with a CarboPac PA-20 guard column (3 x 3Diamd were separated at a
flow rate of 0.25 mL mift for 42 min at 25°C. Eluents A (water), B (0.2 M
sodium hydroxide), C (1 M sodium acetate) were usdhle following gradient: O
min 30.4% B, 1.3% C; 25 min 30.4% B, 15% C; 28 @#B, 50% C; 31 min
73% B,17% C; 31.1 min 30.4% B, 36.3% C; 34 min /B%7% C; 37 min 73%
B,17% C; 40 min 30.4% B, 1.3% C.

4.2.4. Combined liquid chromatography/electrosprayonization —

tandem mass spectrometry

Un-derivatized oligosaccharide fractions were asedyby LC/ESI-MS/MS.
Separations were conducted on an Agilent 1200esdiC system (Agilent
Technologies, Palo Alto, CA) at Z& using a Supelcosil LC-NHolumn (250
mm X 4.6 mm i.d., 5um; Sigma Aldrich, Oakville, Canadalach solution
analyzed contained a final concentration of 0.1 godligosaccharide in water.
When the positive ion mode was used, 10 mM NaCl sugplemented to aid in
ionization. Twenty-five microliters of each solutievas injected onto the column
using an isocratic flow of acetonitrile/water 80:@@v) at a rate of 1 mL mih
The effluent from the column was split at a ratid @} (v/v), so that the flow rate
to the mass spectrometer was 0.2 mL hiith the remainder going to waste. A

post-column addition of ammonium acetate (40 mMniethanol) was delivered
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at a rate of 0.02 mL mihby an Agilent 1200 series isocratic pump to thoavfl
entering the ESI source.

Positive and negative ion ESI-MS and collision iogl dissociation tandem
mass spectrometry (CID-MS/MS) were performed on &ta@ Elite hybrid
orthogonal Q-TOF mass spectrometer coupled to &olon Spray source with
Analyst QS 2.0 software (Applied Biosystems/MDSeS¢iConcord, Canada). In
negative ion mode, the source conditions were #dews: nebulizer gas, 50
(arbitrary units); ion spray voltage, -4500 V; aimt gas, 25; declustering
potential, -45 V; focusing potential, -170 V; andctlistering potential 2, -20 V,
scanning over a mass rangemfz 50-600. Fragmentation was achieved using
nitrogen as a collision gas at a collision enefmt varied between -10 to -25 eV,
optimized for each saccharide. Similarly, condiidar the optimal formation and
analysis of positive ions were as follows: nebuligas, 45; ion spray voltage,
5000 V; curtain gas, 25; declustering potential \Jocusing potential, 170 V;
declustering potential 2, 20 V, with a scan rangg&50-1100. Collision energy
for positive ions was optimal between 25 to 40 edpehding on the analyte.
Auxillary gas flow was optimized at Girbitrary units and the source temperature
at 400°C for both negative and positive ion modes. Quas’ kpectra were
obtained from the MS/MS spectra of in-source fragmens fromed by
increasing the declustering potential by an add#id30 V. Estimation of the
amounts of galactosylated GIcNAc compounds presesamples was achieved

using calibration curves for the external standa@ap-(1—4)-GIcNAc and
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Galp-(1—6)-GIcNAc, with correction for the response of fseoadded as an

internal standard.

4.3. Results

4.3.1. Separation of galacto-oligosaccharides anetero-

oligosaccharides

HPAEC-PAD was first used to confirm the presenceHefOS formed by
transgalactosylation of fucose and GIcNAc. A congmr between the
chromatograms of the CCE enzymatic reactions «hroat in presence of
GIcNAc or fucose with those of a control reacticarried out in presence of
lactose only confirmed the successful transfer a@higgose to either fucose or
GIcNAc as previously observed (&t al, 2010). To obtain structural information
of HeOS, LC/MS data was obtained to detect molecsjecies arising from
HeOS produced by transgalactosylation of GIcNAcfuamose. A total of four
HeOS formed by transgalactosylation of GIcNAc welserved in addition to
five HeOS formed by transgalactosylation of fucobe.reactions containing
GIcNAc as an acceptor, two disaccharides and tisadcharides were identified
(Figure 4-1A). Additionally, two disaccharides and three tridarides isomers

were detected in reactions containing fucose acaaptor Figure 4-1B).
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Figure 4-1. LC/ESI-MS extracted ion chromatogram (XIC) ovedayf (A) the
[M-H] " ions of Gal-GIcNAan/z382.13 and Gal-Gal-GIcNA®/z544.18 and (B)
the [M-H] ions of Gal-Fuan/z325.11 and Gal-Gal-Fuun/z487.16.

The composition of the HeOS species were confirnigd exact mass
measurements in both positive and negative ion s@dble 4-1) The low mass

accuracy for the fucose—HeOS molecular ions in egaonization mode was
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likely due to the low signal-to-noise ratio. Howevéhe exact masses for the
molecular ions of all compounds of interest wetalatermined with a better than

5 ppm {Table 4-1).

Table 4-1. Mass accuracy (of sodiated adducts and depromatdéecules) and
retention times of all HeOS formed between sampléh either GICNAc or
Fucose added as acceptor carbohydrates.

[M+Na]* [M-H]~
. Exact Exact
Acceptor  Compound Retention Measured mass Error Measured mass Error

CHO Time (min)  mass (Da) (mDa) mass (Da) (mDa)

(Da) (Da)

Gal-GIcNAc  18.5; 23.2 406.1323 406.1319 0.3 382.1364 382.1354.9
+ GIcNAc

Gal-Gal- 55.2;67.3 568.1850 568.1848 0.3 544.1883 544.188%.0
GIcNACc
Gal-Fuc 17.0;19.1 349.1101 349.1105 -0.4 325.1150 325.114a.0
+ Fuc . .
Gal-Gal-Fuc 372&’3‘;1'0’ 511.1635 511.1633 0.2 487.1694 487.1668 25

4.3.2. Structural identification of oligosaccharide with electrospray -

mass spectrometry

Tandem mass spectrometry was then employed to deliecimonomer
sequence and glycosidic linkage information. Thregternal standards
(Gals-(1—3)-GIcNAc, Gap-(1—4)-GIcNAc, and Gal-(1—6)-GIcNAc) were
available as reference for GIcNAc-derived HeOS, home were obtained for
fucose-derived HeOS. The fragments that were obderfrom MS/MS
experiments were labeled according to the nomaneaif Domon and Costello
(1988). In this nomenclature, A-, B- and C-typegfreents are those retaining the

charge at the nonreducing end of the oligosaccbavithereas X-, Y- and Z-type
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fragments retain the charge at the terminal unitasdl X indicate cross-ring
fragmentation; B, C, Y, and Z signify fragmentatiainglycosidic linkages.

Both [M+Na]" and [M-HJ ions were detected in relatively high intensity fo
HeOS under either positive or negative ionizatiaslapty, respectively. In
general, the mass spectra of [M-Hjpecies gave more informative MS/MS
spectra than did [M+N&]ions. Hence, although, the MS/MS spectra of the
[M+Na]" ions from HeOS samples did in some cases give samplementary
fragmentation to that seen in negative ion mode,ntlore informative negative
ion MS/MS analysis is the focus of the data intetation presented below.
Positive ion MS/MS spectra is presentedppendix 3.

4.3.3. Disaccharides formed in the presence of anddetylglucosamine

galactosyl-acceptor
A total of two isomers could be resolved by amieparation: Gal-GIcCNAc
peaks 1 and 2M{gure 4-1A). Tandem mass spectrometry data for the two peaks
present different fragmentation patterns indicatihgt Gal-GIcNAc isomers in
peaks 1 and 2 have different glycosidic linkagésgyyre 4-2A and 4-2B;

Appendix 3, Figure 3A-1).
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Figure 4-2. ESI-MS/MS spectra of [M-H]ions of Gal-GIcNAc isomers. (A)
Sample compound, Gal-GIcNAc peak 1; (B) Sample aaumgd, Gal-GIcNAc
peak 2.

Interglycosidic B and G fragments atm/z of 179 andm/z 161 respectively,
present in both spectra, consistent with the matbsaide sequence of Gal-
GIcNAc. The retention time of the Gal-GIcNAc peakvhas congruent with the
retention time of a GA{(1—4)-GIcNAc standard, and the retention time of Gal-
GIcNAc peak 2 was also congruent with the standaeds-(1—6)-GIcNAC.
Compounds eluting at retention times correspontintpe Gab-(1—4)-GIcNAc
and Ggb-(1—6)-GIcNAc standards were also identified in the HERAPAD
analysis of total oligosaccharides (data not shown)gain further information,
the three available isomeric standards of Gal-GlcNere utilized under
identical chromatographic and MS/MS conditions lagsé of compounds Gal-

GIcNAc peaks 1 and 2. Panels A, B and CFgure 4-3 show the MS/MS
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spectra of [M-H] ions from the G#(1—4)-GIcNAc, Gap-(1—6)-GIcNAc, and
Galp-(1—3)-GIcNAc standards; sodiated spectra are showrAppendix 3,

Figure 3A-2.
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Figure 4-3. ESI-MS/MS spectra of [M-H]ions representative of Gal-GIcNAc
isomers: (A) Gal-(1—4)-GIcNAc standard; (B) GA}(1—6)-GIcNAc standard;
(C) Gap-(1—3)-GIcNAc standard.
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The MS/MS spectra of these isomers are distincifferént (Figure 4-3).
Fragment ions seen in the MS/MS spectrum of thg-Gab4)-GIcNAc standard
match, in terms of both the ions present and tledgitive intensities, those seen in
the Gal-GIcNAc peak 1Higure 4-3A andFigure 4-2A). Thus, the Gal-GIcNAc
peak 1 was identified as being G#l—4)-GIcNAc. Similarly, fragment ions in
the MS/MS spectra of the Ga(1—6)-GIcNAc standard closely matched those
from Gal-GIcNAc peak 2Higure 4-3B andFigure 4-2B), thereby confirming the
identity of the latter. In addition, both the retien time and the MS/MS spectra
of standard G@#l(1—3)GIcNAc differed from those of the Gal-GIcNAc pesaik
samples containing HeOS.

It was noted that the spectra for the f5@—6)-GIcNAc standard was not
entirely consistent with literature reports for etli,6 linked oligosaccharides. In
earlier reports, the MS/MS spectra of oligosaca®anions, it has been indicated
that 1,3 linkages display A cross-ring fragmentation; the presencensf 263
and m/z 281 and the absence of/z 251 ions indicate a 1,4 linkage; and the
presence om/z251 andn/z281 but the absence wi’z263 indicate a 1,6 linkage
(Dallinga & Heerma, 1991; Carro#it al, 1993; Guan & Cole, 2008). In this
work, the MS spectrum of G#(1—4)-GIcNAc exhibited a’?A, cross-ring
fragment ofm/z 281 and a water loss ofi/z 263, indicating a 1,4 linkage and
consistent with the above rules. However, the MSBp8ctrum of G#H(1—6)-
GlcNAc presents th&?A, cross-ring fragment ah/z281 with the absence of/z

263 as expected, but in additiom/z 251 ions were not detected. This
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inconsistency in the spectrum of G4ll—6)-GIcNAc compared to literature data
for 1,6-linked oligosaccharides is likely due te tffect of the N-acetyl group on
the fragmentation pattern compared to hexoses msigtithout this functional
group. Furthermore, this same fragmentation patteas observed using an
authentic standard as reportedrigure 4-3B andFigure 4-2B.

4.3.4. Trisaccharides formed in the presence of ax-

acetylglucosamine galactosyl-acceptor
The two distinct peaks seen in the extracted ianmlatogram of the [M-H]
ion of Gal-Gal-GIcNAc indicate the presence of tisBomeric species (peaks 1
and 2 inFigure 4-1A). The MS/MS spectra of each of these isomers Vaened
to have quite different fragmentation patterfg(res 4-4Aand4-5A; Appendix

3, Figure 3A-3).
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Figure 4-4. ESI-MS/MS spectra of sample compound Gal-Gal-Glchveek 1:
(A) [M-H] " ion atm/z544; (B) in-source fragment ion,& m/z341; (C) in-source
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However, both isomers display the fragment iopg®n/z179, G atm/z341 and
the corresponding Band B fragment ions at 1&/z units lower. These confirm
that the monosaccharide sequence of both peakd 2 enGal-Gal-GIcNAc. Due
to the lack of authentic standards for the trisadde, a quasi MSexperiment
was implemented to obtain additional linkage infation. This was
accomplished on a qTOF type instrument by incregptiie ESI cone voltage to
induce in-source fragmentation; the resulting fragmions were then selected
and subjected to collision-induced dissociatiorthis way, the MS/MS spectra of
the G fragment ion atm/z 341 from Gal-Gal-GIcNAc were obtained for both
peaks 1 and 2. The,@agment ion was specifically selected so thatghlactose
backbone and the first glycosidic linkage of thd-Gal-GIcNAc molecule would
remain intact, eliminating the N-acetyl glucosamgreup. It was found that the
MS/MS spectra of these,Gons from both Gal-Gal-GIcNAc peaks 1 and 2 are
identical Figures 4-4Band4-5B), indicating that the first glycosidic linkage in
each compound is the same. In these MS/MS spdararesence of small but
significant ion peaks ain/z281 andm/z251 is indicative of a 1,6 linkage, so that
the structure of the two isomers can be deducdsktGab-(1—6)-Gap-(1—X)-
GIcNAc.

Next, MS/MS experiments of tHéA; fragment ion ain/z443 were obtained
(Figures 4-4C and 4-5C). Because the”?A; fragment ion arises through
fragmentation excluding the N-acetyl glucosamineugt both the first and

second glycosidic linkages remain intact and heheeMS/MS spectrum of this
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ion is indicative of both linkages. The MS/MS spaabf the®?A; fragment ions
arising from Gal-Gal-GIcNAc peaks 1 and 2 are ddfe, but the A-type
fragments observed do not provide unambiguous nméition on the second
glycosidic linkage. However, it is believed thaktpresence of the cross-ring
fragment °?A; through the terminal sugar excludes the possibibf an
oligosaccharide with the structure G#l—6)-Gap-(1—3)-GlcNAc (Seymouet
al., 2006) because the blocked hydroxyl group oflmked saccharide prevents
the anomeric ring from opening and undergoing retrol rearrangement (Carroll
et al, 1995). This explanation is well demonstratedFigure 4-3C by the
complete absence of dffA cleavage from the G@l(1—3)-GIcNAc standard.
Hence a 1,3-linkage between Gal and GIcNAc woultlb®consistent with the
data. On the other hand, during the enzymatic &gmsh of HeOS by
transgalactosylation of GIcNAc, digalactosylateccKBAc must originate from
transgalactosylation of disaccharides. Thus, urider experimental conditions
employed in this study, trisaccharides are formedhfGap-(1—4)-GIcNAc or
Galp-(1—6)-GIcNAc as described above. This gives rise toresponding
structures G#(1—6)-Gap-(1—4)-GIcNAc and Ga-(1—6)-Gap-(1—6)-
GIcNAc as the only possibility that is consistenthwthe disaccharides produced
in the enzymatic reactions. In addition, under theomatographic conditions
used, linkage positioning alone influenced eluticmmes such that
Galp-(1—6)-GIcNAc eluted after GAH1—3)-GIcNAc or Gab-(1—4)-GIlcNAc

(Figure 4-1). By analogy, it is concluded that the trisacatb@rGab-(1—6)-Gaps-
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(1—6)-GIcNAc will elute after the trisaccharide @Gdll—6)-Gap-(1—4)-
GIcNAc, which differs only by the linkage at thedueing sugar. Hence, in
Figure 4-1A, the trisaccharide Gal-Gal-GIcNAc peak 1 is badgvo be G#-
(1—6)-Gap-(1—4)-GIcNAc, whereas peak 2 is @dll—6)-Gap-(1—6)-
GIcNAc,
4.3.5. Fucosylated hetero-oligosaccharides

Five new compounds were separated by LC/MS aféeisggalactosylation of
fucose with CCE oL. bulgaricus(Figure 4-1B). Isomers of the disaccharide and
trisaccharide HeOS were analyzed via MS/MS specfraheir [M-H] ions,
resulting in complementary B-, C-, and Z-type glsidic fragments to determine
the monosaccharide sequence. Sodiated spectraave ¢ Appendix 3, Figure
3A-4. Gal-Fuc peaks 1 and Eigure 4-6) both displayedn/z161 (B), m/z179

(C1) andm/z 145 (%), confirming that the sequence is indeed Gal-Fuc.
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Figure 4-6. ESI-MS/MS spectra of the [M-Hjons of sample compound (A) Gal-

Fuc peak 1 and (B) Gal-Fuc peak 2.
135



CHAPTER 4

However, both isomers of Gal-Fuc displayed diffefeagment ion patterns and
relative intensities in the MS/MS spectra, whichindicative of linkage variation
because all other structural aspects correspondVidSpectra analysis was also
performed on the [M-H]ions of the Gal-Gal-Fuc peaks 1 — Bigure 4-7),

indicating the monosaccharide sequence to be GlaF@&a

Z
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Figure 4-7. ESI-MS/MS spectra of [M-H] ions representative of sample
compound Gal-Gal-Fuc peak 1-3.

However, there was no discernable difference beatwdee three spectra;
therefore,Figure 4-7 is presented as representative of all three isamiére

intensities of Gal-Gal-Fuc fragments under optirdizeollision energies in
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MS/MS in both positive Appendix 3, Figure 3A-4C) and negative ion mode
were poor. This could be due to a low concentratibfucosylated HeOS formed
in solution, inadequate ionization, or the orieitatof the glycosidic linkage.
Standards of galactosylated fucose oligosaccharidese not available for
comparison.
4.3.6. Disaccharides formed by LacLM ot.. plantarum FUA3112

The formation of-(1—4) linked acceptor products Gal of lactic acid
bacteria is in apparent contrast with reports @nlittkage type of GOS produced
by lactobacilli andStreptococcus thermophily§&anzle, 2012). To analyze the
spectrum of disaccharides formed from a singleinddip-Gal, transglycosylation
of GcINAc was performed with CCE af plantarum andLc. lactis expressing
LacLM of L. plantarumFUA3112 as sole source ¢fGal activity. LC/ESI-
MS/MS aimed to identify the linkage type in all @isharides, including galacto-
oligosaccharides. Identification of galactosylatgalcNAc confirmed the
exclusive presence of Ga(1—4)-GIcNAc and Gal-(1—6)-GIcNAc (Appendix
3, Figure 3A-5); mass spectra of mono- and di-galactosylated GtcNbtained
with LacLM from L. plantarumwere identical to those observed in reactions with
L. bulgaricus The concentrations of Ga{l—4)-GIcNAc and Gal-(1—6)-
GIcNAc measured in enzymatic reactions with lactisexpressing LacLM oL.
plantarum FUA3112 were 0.71 and 19.5 gL respectively, indicating a
preference for formation of the(1—6) linkages. The analysis of disaccharides

carrying glucose or galactose at the reducing &@S) revealed the presence of
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S-(1—6), p-(1—3) andfs-(1—4) linked GOS Appendix 3, Figure 3A-6). The
presence of tw@-(1—4)-linked disaccharides, representing £5dl—4)-Gal and
lactose, demonstrates that LacLM also forfhEl—4) linkages. However, the
relative quantity off-(1—4)-linked products could not be determined because

lactose is both substrate and product of the @acti

4.4. Discussion

This study determined the structure of disacchridesl trisaccharides
produced by transglycosylation giGal fromL. bulgaricusand LacLM fromL.
plantarumwith lactose as galactosyl donor and GIcNAc as aatyl acceptor.
LC/ESI-MS/MS analysis with the use of external dimas identified the HeOS
Galp-(1—4)-GIcNAc and Gal-(1—6)-GIcNAc.
Galp-(1—6)-Gap-(1—4)-GIcNAc and Gdt-(1—6)-Gap-(1—6)-GIcNAc were
identified by a combination of LC/ESI-MS/MS analysiheir retention behaviour
and the identification of the precursor compoumighie enzymatic synthesis.
Fucose also served as a galactosyl acceptor to tiwondisaccharides and three
trisaccharides; however, the limited informatiortambed from the MS/MS data,
the lack of available standards, and the low coimagons of the analytes
prevented identification of the linkage types wittihese compounds.

In keeping with previous reports on GOS and HeQ&&bion by lactobacilli
(Tobaet al, 1981; Splechtnat al, 2006; Schwalet al, 2011), linkage types in

oligosaccharides produced by enzymes ftorbulgaricusandL. plantarumwere
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identical. The identification ofs-(1—4)-linked disaccharides as products of
transgalactosylation of GIcNAc and galactosefb§al of lactobacilli extends
information from previous reports (Toket al, 1981; Splechtnat al, 2006;
Torreset al, 2010; Ganzle, 2012yvhich identified only$-(1—3)- or p-(1—6)-
linked GOS. Past studies identifying the linkageetyf GOS, produced with-
Gal from lactobacilli, relied solely on chromatoghé&c methods paired with the
use of external standards (Tobaal, 1981; Splechtnat al, 2006), which left
Galp-(1—4)-Gal undetected. The(1—4)-linked disaccharides observed in this
study were a minor product compareg(l—6)-linked oligosaccharides, but the
sensitivity of the MS/MS method nevertheless alldviieir identification. The
specificity of f-Gal fromL. bulgaricusandL. plantarumthus differs from thes-
Gal from Bacillus circulans(Li et al, 2010). Tri- and tetrasaccharides formed
with GIcNAc as acceptor carbohydrate . circulans p-Gal exhibited
exclusively f-(1—4) linkages (Liet al, 2010). The absence of @Bgll—4)-
GIcNAc may be attributable to steric hindrance g N-acetyl moiety at the C2
position. Because the linkage type of oligosaccearis an important determinant
for their ability to prevent pathogen adhesion #€uhiet al, 2010; Johannes &
Romer, 2010), this study increased the variatiomlajosaccharide structures
formed in the acceptor reactionffsal.

These results can be applied to the food-gradeearsion of whey permeate,
a lactose-containing product of the ultrafiltratioof whey, to novel

oligosaccharides. GOS production giibal activity in whey permeate was 1.8
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fold higher when compared to a lactose solutiong@pnaet al, 2007). This
difference is attributable to the presence of matev and divalent cations in
whey permeate, which enhangésal activity (Vasiljevic & Jelen, 2002). Whey
permeate is a readily available source of lactosetlwcan be used for GOS and
HeOS production. Additionally, GIcNAc is one of theost abundant
polysaccharides on earth, derived from the hydmelg$é chitin, an extracellular
polymer found in invertebrates, fungi, and algaer(ta, 2001).

Possible physiological functions of HeOS producgddtrtobacilli are also
related to structural similarities to human milkgoksaccharides (HMOS). The
core molecule of HMOS consists of galactose andNGtcmonomerg(1—3/4)-
linked repetitively with lactose at the reducingdeAdditional fucosylation and
sialylation of these core molecules also creathsratomposite structures (Kunz
et al, 2000; Boehm & Stahl, 2007). Different functiomse attributed to
individual types of HMOS, which relates to theirdeivariety of structures (Kunz
et al, 2000; Zivkovic et al, 2011). Currently, with their structural and
compositional complexity, HMOS cannot be induslyigiroduced, and infant
formula is supplemented with simpler GOS structuesnimic the bifidogenic
effect of human milk oligosaccharides (Macfarlare¢ al, 2008). N-
acetyllactosamine, the a(1—4)-GIcNAc core structure of HMOS, was one of
the products of transgalactosylation of GIcNAc ByGal from lactobacilli.
Enzymatic synthesis of Ga(1—4)-GIcNAc could thus be employed act as a step

in chemoenzymatic synthesis of HMOS. Moreover, Bt@tactosamine is a
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preferred substrate for bifidobacteria (Zivkoeical, 2011), and was identified as
a competitive inhibitor to enteropathogefischerichia col{Hylandet al, 2008).
Thus, HeOS formed in food grade conversions bystsal of lactobacilli could

be used as food additives, particularly to supplgméant formulas.
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5. Characterization of a-galactooligosaccharides formed via heterologous
expression ofz-galactosidases froniLactobacillus reuteri in Lactococcus
lactis®

5.1. Introduction

Bacterial infection is initiated by adherence tons&r mucosal surfaces in
mammalian hosts (Finlay & Falkov, 1997). Adhereream be prevented by
soluble oligosaccharides that resemble surfaceagk/of eukaryotic cells and act
as receptor analogues (Kulkastial, 2010). An improved understanding of the
interactions between surface glycans of eukaryatells and adhesion
mechanisms of viruses and between pathogenic bmaed their toxins has
resulted in increased interest in applicationsligiosaccharides to treat infections
in farm animals and humans (Rozeboenhal, 2005; Arslanoglet al, 2007; Liu
et al, 2008; Bruzzeseet al, 2009). Preventative treatments utilizing
oligosaccharide analogues are also motivated byéke to replace antibiotics as
growth promoters in animal production (Fox, 198@rategen & Williams, 2002).

Human milk oligosaccharides (HMOS) inhibit bacteadhesion to epithelial
surfaces in infants (Kunet al, 2000). HMOS are constituted of glucose (Glc),
galactose (Gal), N-acetylglucosamine (GlcNAc), sedFuc) and sialic acid and
are joined by a variety of linkage types and bramglwhich collectively gives

rise to highly diverse and complex structures (Bo@®06). p-Galacto-

* A version of this chapter has been published. WangBlack, B. A, Curtis, J.
M. & Ganzle, M. G. (2013). Applied Microbiology amlotechnology, In press.
Reprinted with kind permission from Springer Sceeand Business Media.
Copyright © 2013, Springer Science and BusinessidMed

Asterisks (*) indicate contributions by Y. Wang
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oligosaccharides5¢GOS) consist of-linked galactose moieties with galactose or
glucose located at the reducing end. Although thdfer structurally from
HMOS, p-GOS were also shown to prevent pathogen adheBmmexamplef-
GOS were used to prevent the adhesion of enterogeaitic Escherichia colito
tissue culture cells, and preventgdimonella entericadhesion botim vitro and

in vivo (Shoafet al, 2006; Searlet al, 2010).

S-GOS are produced by transgalactosylation of gkeicgalactose, or lactose,
and the mechanisms of enzymatic transgalactosglatoy microbial f-
galactosidasesp{Gal) are well understood (Torres al, 2010; Ganzle, 2012).
Transgalactosylation with microbigb-Gal produces hetero-oligosaccharides
(HeOS) with potential applications in food and #pautics if suitable acceptor
carbohydrates or sugar alcohols are present (G&e).5-Gal from lactic acid
bacteria and bifidobacteria were employed to predgieOS, with structural
similarity to HMOS. Thes@g-HeOS have the potential to mimic receptor glycan
structures of enteropathogertc coli (Schwabet al, 2011; Blacket al, 2012).
Similarly to p-Gal, a-galactosidaseso{Gal) [EC 3.2.1.22] cleave Gal1—6)-
Glc bonds and subsequently transfer the liberatddctpse moiety to suitable
acceptors forming-galacto-oligosaccharidea-GOS). Comparable t6-GOS,a-
GOS have the potential to mimic glycan receptors eoikaryotic cells. For
example, Gal-(1—4)-Gal and Gal-(1—4)-Ga}}-(1—4)-Glc, act as receptors for
P-fimbriae ofE. coli and Shiga toxin I/ll, respectively (Strombezgal, 1991;

Lingwood, 1996)a-Gal activity is widespread within prokaryotes amthtively
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common among lactobacilli (Ganzle & Follador, 2Q1®)wever, applications for
a-Gal from lactic acid bacteria are almost exclugivaimed to eliminate
raffinose-and stachyose in food and feed fermenmtati(Alazzehet al, 2009;
Teixeiraet al, 2012). Only a few reports descriheGOS formation byu-Gal
(Mital et al, 1973; Tzortziet al, 2003). The resulting-GOS, however, were not
characterized on a structural level, and the foonatf HeOS witha-Gal was not
explored.

It was therefore the aim of this study to emptegal from lactobacilli for
production ofa-GOS with different acceptor carbohydrates, andttacturally
characterize thex-GOS formed from various acceptor sugaktsctobacillus
reuteriwas chosen as the sourceseGal because-GOS formation by enzymes
of this organism was previously described (Tzor#isl, 2003). Genes coding
for a-Gal in L. reuteri 100-16 and 100-23 were cloned into @®al negative
strain ofLactococcus lactiand transgalactosylation was achieved using tingecr
cell extracts (CCE) of the transgenicGal active Lc. lactis a-GOS were
characterized by liquid chromatography/electrospmayzation tandem — mass

spectrometry (LC/ESI-MS/MS) (Blaakt al, 2012).

5.2. Materials and methods
5.2.1. Chemicals and standards

Oligosaccharide standards including melibiosejmaffe, and stachyose were

purchased from Sigma Aldrich (Oakville, Canadapbgiriose was purchased
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from Carbosynth (Berkshire, United Kingdom). Fish8cientific (Ottawa,
Canada) supplied HPLC grade acetonitrile, methaaoti ammonium acetate.
Other solvents were of analytical grade.

5.2.2. Bacterial strains and growth conditions*

E. coli TG1 was purchased from Statagene (Amsterdam, ¢tieelands)L.
reuteri 100-23 (FUA3030, DSM17509),. reuteri 100-16 (FUA3032), and.c.
lactis MG1363 (FUA3016) were obtained from the Food Micobdgy strain
collection of the University of Alberta (FUA) andewe grown in modified
DeMan-Rogosa-Sharpe (MMRS) medium (de Maml, 1960) containing 10 g
L maltose, 5 g t fructose and 5 gt glucose with a pH of 6.8.c. lactiswas
grown in M17 medium with the addition of 0.5% glseo(mM17).E. coli was
grown in Luria-Bertani (LB) medium. Agar plates tained 15 g [* agar for
each medium and strains were incubated at 37 °C.

5.2.3. Cloning ofa-galactosidase and transformation oE. coli and Lc.
lactis*

The E. coli — Lc. lactis expression shuttle vector pAMJ586 was used for
cloning thea-Gal gene #&ga) (Israelsenet al, 1995).a-Gal genes from the
genome-sequenced strain reuteri 100-23 andL. reuteri 100-16 (Accession
numbers NZ_AAPZ02000002) were amplified by PCR gsmmimers listed in
Table 5-1 Restriction digests of the PCR products were thenducted to
generate the insert with FastDigest® restrictiorzyames Smd and Sal
(Fermentas, Burlington, Canada). The same restnictigests were performed for

the pAMJ586 shuttle vector and &imd and Sal restriction fragments were gel
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purified using the PureLink™ Quick Gel Extractiornt KLife Technologies Inc.,
Burlington, Canada) after electrophoresing in a d4§arose gel at 90 V for 45
min. Ligation using the T4 DNA ligase (Fermentagisvdone to produce the final

constructs, which were named as pAMJ%38623 and pAMJ586xgal 6.

Table 5-1.Primers used in-galactosidase amplification

) Reference Restriction
Primer , , : -
5 -3 seguence accessionenzyme site
name :
number included
TCCCCCGGACTAGATTA
LR-agaF- GGGTAACTTTGAAAGGAT Sma

SmaRBS ATTCCTCATGATTACATT

TGATGAACAGC NZ_AAPZ02000002

(241775- 243964)

LR-agaR- ACGCGTCGACCTATTCAC

sal CTTTAAAGTAATGC Sal

Underlined: restriction site; bold: start codomligs: stop codon; highlighted:-
galactosidasea@ja) gene sequence.

Recombinant plasmids were electro-transformed iBtocoli TG1 and
subsequently electro-transformed into th&al negative host straibc. lactis
MG1363. The electroporation conditions used wer@R251.7 kV, and 20@ in
0.1 cm Gene Pulser® cuvettes (Biorad, MississaGgaada). Electroporateel
coli were recovered in SOC medium (Life Technologiedgctroporated.c.
lactis were recovered in mM17. Both strains were incub&bedt least 2 h at 37
°C. After recovery, transformed strains were gramrtheir respective media with

erythromycin as the selective agent at 5 rifgriLLB for E. coliand at 100 mgt
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in mM17 forLc. lactis Competent cells dfc. lactiswere prepared as described
(Schwabet al, 2010), except overnight cultures were inocul&®e in 500 mL
mM17 supplemented with 1% glycine. Cloning of theng was confirmed by
PCR and sequencing of the amplicon (Macrogen, Ribek¥D). The sequence
of aga23 matched the corresponding sequence in the geabmeeuteri 100-23;
the sequence ahgal6 was deposited to Genbank with the accession eumb
KF410950. Gene expression was confirmed with tteenkation of blue coloured
transformants growing on mM17 agar supplementet @iythromycin at 5 mg
L™t and 20uL of 20 g L* 5-bromo-4-chloro-3-indoxyt-D-galactopyranoside (X-
o-D-Galactoside) (Gold Biotechnology Inc., St. LquMdO) that forms a blue
colour upon hydrolysis by-Gal. The transformants carryiraga23 andagal6
from L. reuteri100-23 and.. reuteri100-16, respectively, were designated.as
lactis FUA 3376 and FUA 3377.

5.2.4. Preparation of crude cell extracts*

Single colonies okc. lactisMG1363, FUA 3376 or FUA 3377 were used to
inoculate 10 mL cultures in mM17 with 0.0274% mamgge sulphate added
(Ibrahim et al, 2010). The cultures were incubated overnight wede used to
inoculate 500 mL of the same medium at 2%. Theuoedt were then incubated
until the pH was reduced to values between 5.052dand cells were harvested
by centrifugation at 5525 x g for 20 min. Cells wevashed once in Mcllvaine
buffer (0.1 M citric acid and 0.2 M disodium phogpy pH 5.66), and

resuspended in approximately 10 mL of the same ebufadditionally
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supplemented with 10% glycerol and 0.0274% mangasafphate. Cells were
disrupted with a bead beater at 4 °C and crudeecgiiacts were collected by
centrifuging at 12, 000 x g for 10 min at 4 °C éonove cellular debris.

5.2.5. Determination ofa-galactosidase activity of AGA23 and AGA16

in crude cell extracts*

Enzymatic assays were conducted as described (Chairal, 1980) by
adding 5uL of CCE to 95uL of 4 g L 4-nitrophenyle-D-galactopyranoside
(PNPG). The reaction was stopped after 1, 2, 3,3 min by the addition of 130
uL of 1 M sodium carbonate. Absorption at 400 nm wiasermined using a
Varioskan Flash Multimode Reader (Fisher Scientifimited, Ottawa, Canada).
Relative a-Gal activity of each CCE was defined as the liheraof 1 mmol
PNPG per min per mg of CCE at 35 °C and pH 4.7. Tdtal protein
concentrations of CCEs were determined with the B0l Protein Assay reagent
(Bio-Rad) and bovine serum albumin (New England l&e, Missisauga,
Canada) as a standard.

The optimal pH was determined using Mcllvaine buffeith PNPG
dissolved at 4 g . The pH of the buffer was adjusted to 3.34, 3403, 4.47,
4.64, 4.75, 5.48, 6.10, 6.67, and 7.03. The optieraperature was determined by
conducting the reaction at temperatures betweeiC20 55 °C. In all enzymatic
reactions, CCE from the-Gal negativelLc. lactis MG1363 was used as the

negative control.
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5.2.6. Synthesis of oligosaccharides in acceptoraaions*

Reactions were conducted at 30 °C for 24 h with 00" melibiose or
raffinose, or with 300 g melibiose or raffinose and 300 ¢ lactose, fucose or
GIcNAc. Reactions without CCE, or reactions withEE€om L. lactisMG1363
were included as negative controls. CCELoflactis FUA 3376 or FUA 3377
were added to achieve a finalGal activity of 151 + 3qumol x (min x mg)". All
carbohydrates were dissolved in Mcllvaine buffepldt4.7.

5.2.7. High performance anion exchange chromatogrdyy with pulsed

amperometric detection*

Sugar standards of glucose, galactose, melibiedenase, fucose, GICNAc
and lactose were prepared by dissolving 0.6'@teach sugar in distilled water.
Standards and samples were analyzed with high npeafce anion exchange
chromatography with pulsed amperometric detectidiPAEC-PAD) using a
CarboPac PA-20 column (3 260 mm;Dionex, Oakville, Canada) as described
(Black et al, 2012). Because GIcNAc co-eluted with glucose gathctose,
acceptor reactions with GIcNAc were analyzed with Aaminex HPX-87H
column (7.8 x 300 mm, fim; BioRad, Mississauga, Canada) coupled to an RI
detector eluted at 70 °C with 5 mM sulfuric aciddat mL min® (Schwabet al,
2007).

5.2.8. Combined liquid chromatography/electrosprayonization

tandem mass spectrometry
Oligosaccharides were analyzed by LC/ESI-MS/MS. agsjpns were

conducted on an Agilent 1200 series LC system IéAgiTechnologies, Palo
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Alto, CA) at 25°C using a Supelcosil LC-NHolumn (250 mm x 4.6 mm, jam;
Sigma Aldrich, Oakville, Canad&pamples were injected onto the column at.3
each time, using an isocratic flow of acetonitvilater 80:20 (v/v) at a rate of 1
mL min™. The effluent from the column was split at a raifal:3 (v/v). A post-
column addition of ammonium acetate (40 mM in metfgaat 0.03 mL mift
was delivered by an Agilent 1200 series isocratimp that was added to the ESI
source.

Negative ion ESI-MS and collision induced dissaoimattandem mass
spectrometry (CID-MS/MS) were performed on a QStaii&e hybrid orthogonal
Q-TOF mass spectrometer coupled to a Turbolon 8pspurce with Analyst®
QS 2.0 software (Applied Biosystems/MDS Sciex, Qudc Canada). The
conditions were as follows: nebulizer gas, 50 teasby units); auxillary gas, 60
(arbitrary units); ionspray voltage, -4500 V; cumtaggas, 25 (arbitrary units);
declustering potential (DP), -50 V; focusing poieint150 V; DP2, -10 V; and a
source temperature of 400, scanning over a mass rangenafz 100-1000.
Fragmentation was achieved using nitrogen as &iooilgas at a collision energy

that varied between -10 to -35 eV and was optimipe@ach saccharide.

5.3. Results
5.3.1. Enzyme sequence alignment*
o-Gal fromL. reuteri100-16 and 100-23 was initially compared to otter

Gal from lactic acid bacteria that are characteriae the protein level. Alignment
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of the protein sequences with CLUSTALW multiple sexnce Alignment
software (version 2.1) revealed that AGA23 and AGAdkere 97% identical (data
not shown). AGA23 had 62% sequence identity witklA of L. plantarum
(AF189765) (Silvestroni et al. 2002); 42% with Waé€sal of L. brevis(QO3PP7),
37% with melA of L. fermentum(Q61YF5), and 51% match witlagaA of
Carnobacterium maltaromaticun{AAL27305.1) figure 5-1 and data not
shown). Overall, AGA23 and AGA16 were highly similan sequence, had
comparable enzyme activities, and acceptor reactiesults. While CCE
containing both types of enzymes were used in mases during our study,

results obtained with either one of the enzymegpsrsented.

L reutern 100-23 predicted hydrolase (EDX41755 1)
L. plantarum ATCC BAA-793 melA (AAF02774.3)
L. brevis ATCC 367 o-Gal (Q03PP7)

L. fermenfum melA (AAL27305.1)

o

AXPLGIEMFVLDDGWFGHRNDDNSSLGDWEVN
ALPLGIEMFVLDDGWFGHRNDDNSSLGDWEVN
AXRLGIEMFVLDDGWFGHRDDDITSLGDWEVD
AXETGIEMFVLDDGWFGHRDNDLISLGDWEVD
SSLLGIELFVLDDGWFGEKRNSDXTSLGDWEIN Carnobacterium maltaromaticum BA agaA (AAL27305.1)
ALDLGIELFVLDDGWFGKRDDDISGLGDWFEN Lactococceus lactis KF147 aga (ABX75753.1)
AXQLGIEMFVLDDGWFGHRDDDNSSLGDWQVD 3282 Pediococcus pentosaceus PPE1.0 agaR (CAA83665.1)
AXNLGIEMFVLDDGWEGGRENDFTSLGDWVET 386 Enterococcus faecium E980 agalN (EHM34089.1)

W W W
D o 0 M W
by

(SIS s RS |

w W

Figure 5-1.Multiple sequence alignment analyses of putain@al active sites in
lactobacilli and related lactic acid bacteria (adddrom Silvestronet al, 2002).
Conserved amino acids are shaded in grey; the nuathihe right end of each
sequence indicates the last amino acid number. MélA. plantarumand L.
fermentumand AgaA ofC. maltaromaticumwere characterized on the protein

level.
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5.3.2. Optimum pH and temperature ofe-galactosidase reactions

from L. reuteri*

The pH and temperature for optimum activityseGal was determined with
PNPG as a substrate-Gal activities of AGA23 and AGA16 were optimal at
pH 4.7 and at temperatures between 30 °C — 35F@uie 5-2 and data not
shown). In order to determine whether the presefcigars alters the optimal
temperature ofi-Gal, sucrose or melibiose were incorporated imzyme assays
at a concentration of 300 g'LSucrose and melibiose reduced enzyme activities
below 35 °C when compared to the control, but ereg/mvere stabilized in the
presence of the sugars at higher temperaturestigwldf melibiose shifted the

optimal temperature ef-Gal from 35 °C to 40 °C.
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Figure 5-2. (Panel A)Relative activity of AGA16 inLc. lactisat 35 °C and
different pH values. Data are means of three indépet replicates and the
experimental error is smaller than symbol size.n@P@) Relative activity of
AGA16 in Lc. lactisat pH 4.7 and temperatures ranging from 20 — 50 °C.
Reactions were carried out with PNPG as a subsimakdclivaine buffer @),

Mcllvaine buffer containing 300 g 'L melibiose &), or Mcllvaine buffer
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containing 300 g I sucrose €). Data represent means * standard deviation of

three independent experiments.

5.3.3. Acceptor reactions*
Transgalactosylation of acceptor carbohydrates imémlly assessed by
analysis of acceptor reactions with HPAEC-PAD. Tbhemation of putative
products was observed in the reactions with lactdseose, or GICNAcC as

galactosyl-acceptors$-igure 5-3, Appendix 4 Figure 4A-1and data not shown).

Fuc
Gal, Glc {GIcNAC)
+ | | Mel
vy 1 Lact
1000 v
g 300 | E(A’l Mel + GlcNAC
& 600 | Mbi_Jl Mel + Lact
5
g w0 )\ f\kﬂb\ Mel + Fuc
Suc Raf
200 } * 1 =Mel
" )
* *
0 T T T T Raf
4 8 12 16 20 24

Retention Time (min)
Figure 5-3. HPAEC-PAD chromatograms of acceptor reactions vAGA23.
Reactions were carried out at pH 4.7 and 30 °Q#bh at a total carbohydrate
concentration of 600 gt with sugars indicated to the right (Raf, raffinostel,
melibiose; Fuc, fucose; Lact, lactose; GIcNAc, Mtgtglucosamine). Sugars that

were identified by external standards are indicégdrrows (Gal, galactose; Glc,
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glucose); unknown peaks representing putative a&oceparbohydrates are
indicated by asterisks. Data are representative trgdflicate independent

experiments. Comparable results were obtained AM@A16 (data not shown).

Transferase and hydrolase activities were calatiltem the release of glucose
(representing total enzyme activity) and the redeaf galactose (representing
hydrolase activity), and the difference betweencghe and galactose release

(representing transferase activityaple 5-2).

Table 5-2. Comparisons between enzyme activities among eifteacceptor

reactions.
Acceptor reactions Glucose liberated Percent hydrolase Percent transferase
{n=3} (mol L) activity activity
M + AGA16? 0.52+0.17 55.1% + 0.5 44.9 % +0.5
M + Fuc + AGA16 0.26 +0.13 80.2+6.3 19.8 % £ 6.3
M + Lactose + AGA16 0.36 £0.12 65.0% +1.1 350%+1.1
M + GIcNAc + AGA16 0.22 +0.03 77.9 % +13.7 221 % +£13.7

@Note: M, melibiose, Fuc, fucose, GIcNAc, N-acetylgdsamine. Reactions were
conducted at a total sugar concentration of 600 ¢300 g > melibiose and 300
g Lt acceptor carbohydrate). For reactions with medigionly, 600 g L
melibiose were used.

No significant differences were observed when diifé acceptor carbohydrates
were present. However, when melibiose was preseésitag L, the total activity

and contribution of transferase activity was highikely in consequence of the

higher substrate concentration.
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5.3.4. Characterization of oligosaccharides produckfrom melibiose
with liquid chromatography/electrospray ionization tandem
mass spectrometry

LC/ESI-MS was employed to confirm the presence bfosaccharides

formed by the transferase reaction @fGal. All exact masses of observed

compounds are shown Trable 5-3

Table 5-3.Mass accuracy of deprotonated molecular ions atghtion times of
oligosaccharides formed with either GIcCNAc, fucosdactose added as acceptor

carbohydrates.
Retention Time  Measured Mass
Acceptor Compound (min) (Da) Error (mDa)
Melibiose
16.3; 18.2; 19.1;
None Ci2H21011 219 341.1099 1.0
CigH3:046 39.9; 53.3 503.1637 1.9
Ci:H2104g 11.5; 14.0 325.1156 1.6
16.3; 18.2; 19.1;
+ Fuc Ci2H21011 219 341.1076 -1.3
C1eH3:046 39.9; 53.0 503.1609 -0.9
ClgH21011 18.7;21.8 341.1081 -0.8
+ Lactose CreH3O1s 37.5.53.2 503.1632 1.4
Ci4H24011N 15.6 382.1375 2.0
+ GIeNAC CioHaiOt 16.3; 21‘13'3; 195 3411009 1.0
CigH3:046 39.5;53.2 503.1638 2.0
Raffinose
None ClgH32016 24.2;31.2; 33.0 503.1629 1.1
C,4H4104 48.5; 75.7 665.2164 1.8
Standards
Lactose 18.8 341.1082 -0.7
Melibiose 21.9 341.1095 0.6
N/A Raffinose 31.3 503.1628 1.0
Globotriose 33.9 503.1626 0.8
Stachyose 75.8 665.2155 0.9
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In order to determine the structural identity ofgokaccharides, tandem mass
spectrometry (MS/MS) was performed. This allowed fbe comparison of
fragmentation patterns from substrates or prodictthe samples to those of
known standards, in cases where these were awilahtiditionally, matching
retention times between analytes and standardsireaa structural identity
(Appendix 4, Figure 4A-2). Based on the extact mass measurements and MS/MS
spectra, a total of five oligosaccharides weretified that were formed by-Gal
with melibiose as the substrate. The linkage idieations were based partly on
the standards used within this study and by adlerémthe fragmentation rules
described earlier by Blackt al (2012). Specifically, the absence of b8t (-
H,0) and®?A cross-ring fragment ions indicategk-1—3 linkage; the presence
of “2A(-H,0) and the absence 8fA cross-ring fragment ions indicatesfau-
1—4 linkage; and the presence ©f and the absence 8fA(-H,0) cross-ring
fragment ions indicat@/a-1—6 linkage. Thus, the disaccharide &él—3)-
Gal/Glc at retention time 16.3 min was identifigdthe absence of botin/z263
%2A,(-H,0) andm/z 251 %A, ions; Gak-(1—4)-Gal/Glc at retention time 18.2
min was identified by the presencerfz263°?A,(-H,0) and the absence wf/z
251237, ions; Gah-(1—6)-Gal at retention time 19.1 min was identified thg
presence ofn/z251°3A, and the absence of/z 263°%A,(-H0) ions Figure 5-
4A-C). The linkages for the trisaccharide products weegermined similarly;
Gal-(1—3)-Gak-(1—6)-Gal/Glc eluted at 39.9 min; Ga(1—6)-Gak-(1—6)-

Gal/Glc eluted at retention time 53.3 miidqure 5-4D-E).
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Figure 5-4. ESI-MS/MS spectra of [M-HJions of oligosaccharide products from

a-Gal with melibiose as galactosyl-donor and -acmed) Gak-(1—3)-Gal/Glc
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m/z341 at retention time 16.3 min; (B) Gall—4)-Gal/Glcm/z341 at retention
time 18.2 min; (C) Gat(1—6)-Galm/z341 at retention time 19.1 min; (D) Gal
(1—3)-Gahk-(1—6)-Gal/Glc productm/z 503 at retention time 39.9 min; (E)
Galn-(1—6)-Gab-(1—6)-Gal/Glc productm/z 503 at retention time 53.3 min.
Melibiose eluted at 21.9 min, its spectrum is shawrhe online supplemental

material.

5.3.5. Characterization of oligosaccharides produckfrom melibiose

and fucose, lactose, or GIcNAc

When lactose, fucose or GICNAc were present aspaecesugarsa-Gal
formed hetero-oligosaccharides in addition to thedpcts produced from
melibiose alone. In the presence of fucose, a tdtaleven oligosaccharides were
obtained. Disaccharides resulting from transgatdation of fucose were
identified as Gal-(1—3)-Fuc, which eluted at a retention time of 11.5rand
Gala-(1—4)-Fuc at a retention time 14.0 miRigure 5-5 and Table 5-3. The
low abundance of ions in the LC/MS/MS analysis rigaiccharides formed by
galactosylation of fucose was sufficient for thenosaccharide sequence to be
established but did not provide enough informatiompositively determine the

linkages Appendix 4, Figure 4A-3).

163



CHAPTER 5

2
2

72}

c

8

£

(4}

>

k-

L]

o

"

2

[72)

c

8

% 143 247,

2| 119 | B | 221 A,%%A,  -HO
S 113 154 N 235 26 307
m | ' N | | Li.a 1 |

130 170 210 250 290 330
m/z

Figure 5-5. ESI-MS/MS spectra of [M-H]ions of oligosaccharides fromGal
with melibiose as galactosyl-donor and fucose dactsyl-acceptor. (A) Gat
(1—3)-Fucm/z 325 at retention time 11.5 min; (B) Gall—4)-Fucm/z 325 at

retention time 14.0 min.
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In the presence of lactose, one additional trisagdd eluting at 37.5 min
was formed; this product was identified as ds@d—6)-Gas-(1—4)-Glc (Figure
5-6A). Disaccharides formed as the result of reactioitis melibiose and lactose
could not be identified, due to co-elution withttzge. In addition, the intense
peak due to Gal(1—6)-Galp-(1—4)-Glc co-eluted at the tail end over the &al
(1—3)-Gahk-(1—6)-Gal/Glc product (retention time 39.9 min) forméwm
melibiose and could not be distinguished in anastéd ion chromatogram of/z

503 (Table 5-3 Appendix 4 Figure 4A-1).
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Figure 5-6. ESI-MS/MS spectra of [M-H]ions of oligosaccharides fromGal
with melibiose as galactosyl-donor and lactose aactpsyl-acceptor. (A) Ga
(1—6)-Gap-(1—4)-Glc m/z 503 at retention time 37.5 min; (B) G&ll—6)-

Gal-(1—6)-Gal/Glcm/z503 at retention time 53.2 min.
166



CHAPTER 5

Finally, in reactions with GIcNAc, one new disacgtia eluting at 15.6 min
was identified as Gat(1—6)-GIcNAc (Figure 5-7). As with Gap-(1—6)-
GIcNAc, Gab-(1—6)-GIcNAc did not display the characteristio/z 251

fragmentation ion (Blackt al, 2012).

C,
a 179
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P
4 04A, :
gﬁé 221 0'2A2 " NHAc
= 281
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m o I l | i L
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Figure 5-7. ESI-MS/MS spectra of [M-HJions of Gak-(1—6)-GIcNAc m/z 382
at retention time 15.6 min from-Gal with melibiose as galactosyl-donor and

GIcNAc as galactosyl-acceptor.

5.3.6. Compositional analysis of oligosaccharidesquuced from

raffinose
o-Gal formed a total of four products when raffinosas present as a

substrate. Trisaccharides were identified as a&hb3)-Glca-(1—2)-Fru

167



CHAPTER 5

(retention time 24.2 min) and Ga{l—4)-Glca-(1—2)-Fru (retention time 33.0

min) (Figure 5-8A-B).
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Figure 5-8. ESI-MS/MS spectra of [M-H]ions of oligosaccharides fromGal
with raffinose galactosyl-donor and -acceptor. (Bgl-(1—3)-Glca-(1—2)-Fru
m/z503 at retention time 24.2 min; (B) G&ll—4)-Glca-(1—2)-Frum/z503 at
retention time 33.0 min; (C) Gal1—3)-Gab-(1—6)-Glca-(1—2)-Fru m/z 665
at retention time 48.5 min. Raffinose reactantesluat 31.2 min, its spectrum is

shown in Appendix 5, Figure 5A-1.
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Likely, a-(1—6)-linkages also formed, producing raffinose (réntime 31.2
min); in this case, reactant and product were tmdjsishable. Tetrasaccharides
were identified as Gat(1—3)-Gab-(1—6)-Glca-(1—2)-Fru product (retention
time 48.5 min) (Figure 5-8C) and stachyose (Gall—6)-Gab-(1—6)-Glco-
(1—2)-Fru, retention time 75.7 minlrigure 5-9). Stachyose production lyGal
from raffinose was confirmed by comparison of tletention time and the
fragmentation pattern of acceptor carbohydratesh veih authentic standard

(Figure 5-9).
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Figure 5-9. ESI-MS/MS spectra of [M-H]ions representative of stachyose. (A)
stachyose standard; (B) Gall—6)-Gak-(1—6)-Glca-(1—2)-Fru (m/z 665 at
retention time 75.7 min) produced byGal with raffinose galactosyl-donor and -

acceptor.
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5.4. Discussion

Lactic acid bacteria are excellent sources for fgoatea-Gal (Alazzehet
al., 2009; Donkort al, 2007).a-Gal gene sequences are present in genomes of
most lactobacilli (Ganzle & Follador, 2012) kuGal has been characterized only
in few species, including. reuteri L. plantarum L. fermentumL. brevis andL.
buchneri(Mital et al, 1973; Tamura & Matsushita 1992; Gaetcal, 1993). Past
studies reportedx-Gal activity and oligosaccharide formation, howgvao
connection between observed activity and protequeeces were made and the
potential of transgalactosylation of acceptor chstvates witha-Gal was not
explored. Silverstronet al, (2002) previously aligned the putative activie $or
a-Gal, which was biochemically and physiologicallyhacacterized inL.
plantarum The comparison of the amino acid sequences otitleharacterized
hydrolases ofL. reuteri 100-16 and 100-23, in combination with biochemical
characterization, confirmed that AGA16 and AGA28 fully functionala-Gal.

The optimum pH ofa-Gal from L. reuteri 100-16 and 100-23 match the
growth optimum of the organism and prior reportsx@Bal activity of lactobacilli
(Mital et al, 1973; Garreet al, 2003; Carrera-Silvat al, 2006). However, the
observed temperature optimum ofGal from L. reuteri was below the
temperature optimum ef-Gal fromL. fermentumand other lactobacilli (Mitadt
al., 1973; Garrecet al, 2003; Carrera-Silvat al, 2006), and below the growth
optimum ofL. reuteri 37 °C — 42 °C (Ganzlet al, 1995; van Hijumet al,

2002). Moreover, the optimal temperature afGal shifted when high
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concentrations of melibiose were incorporated ith@ enzyme reactions.
Therefore, melibiose and sucrose may stabilize-lagile enzymes above the
optimal temperature and behave as compatible sofotemicroorganisms in a
physiological context (Brown & Simpson, 1972).

Past studies on oligosaccharide formatiom-@al have employed melibiose
or raffinose as galactosyl-donor and galactosyeptar (Mittal et al, 1973;
Tzortzis et al, 2003). Manninotriose (Gal(1—6)-Gak-(1—6)-Glc) was
tentatively identified as acceptor product, indiogt that oligosaccharide
formation bya-Gal introduces-(1—6) linkages (Mittalet al, 1973). The present
study confirmed the formation af(1—6) in oligosaccharides by identification of
manninotriose and stachyose produced from melitaoseraffinose, respectively.
Additionally, a-(1—3) anda-(1—4) linkages were formed hy-Gal. Comparable
to f-Gal of lactic acid bacteria (Ganzle, 2012; Blaekal, 2012), a-Gal of
lactobacilli thus produce different linkages in ttransgalactosylation reaction.
While the production o&-GOS or raffinose family oligosaccharides witkGal
of lactic acid bacteria is possible, it is unlikaly have practical applications.
Raffinose family oligosaccharides widely occur @ture, and the conversion of
raffinose-family oligosaccharides ta-GOS by levansucrase activity is
straightforward and attained with a high yield @eraet al, 2012).

This study is the first to clearly demonstrate tliermation of
oligosaccharides using acceptor sugars such asdutactose and GICNAc hy

Gal in lactic acid bacteria. HPLC analyses not oallpwed quantification of
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hydrolase and transferase activities, but also detnated the ability of-Gal
from L. reuterito produce oligosaccharides. From LC/ESI-MS/MSlys®s, the
composition, sequence and in many cases the linkgmes of formeda-GOS
were determined. Linkage-type information of reactproducts was achieved
since the characteristic fragment ions differem@(1—2)-, (1—3)-, (1—4)- and
(1—6)-linkages are similar for botf-GOS anda-GOS (Dallinga & Heerma,
1991; Mulroneyet al, 1995). The linkage-types of HeOS formedméal were
previously characterized using a similar LC/ESI-MS/ method along with
authentic-HeOS standards (Blackt al, 2012). Hence, these fragmentation
patterns were applied in the present work in otdecharacterize the linkage
types of HeOS formed with-Gal. In case of stachyose, the MS/MS spectra of
acceptor products could also be compared to authestandards, further
confirming that the characteristic ions to detemniimkage-type are transferable
betweens-GOS anda-GOS. Similar to HeOS produced pyGal (Blacket al,
2012), a-Gal of L. reuteri exhibited a preference for the formation of{&)-
linkages, although &>3)- and (3-4)-linkages were also observed in acceptor
reactions with fucose or lactose. The formatior(1ef3)-, (1—4)-, and (1>6)-
linkages in transgalactosylation of melibiose amdeptor carbohydrates may
allow the targeted synthesis of oligosaccharidesuge as receptor analogues to
prevent pathogen adhesion. For example, the foomatio-(1—4) linkages byx-
Gal may allow formation of Gal(l—4)-Galp-(1—4)-Glc (globotriose) by

transgalactosylation of lactose. Globotriose ambagiseries oligosaccharides are
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abundantly present in on the surface of animallanmdan mucosal cells, and are
widely used by several bacterial pathogens or thexins for establishing
adherence (Jacewicz al, 1986; Strombergt al, 1990; Samueét al, 1990;
Leachet al, 2005) However, in the present study, formatibglobotriose from
melibiose and lactose could not be confirmed by €@P&r MS data and

comparison with an authentic standard.

In conclusion, heterologously expresse¢al from L. reuteri was used to
produce novel oligosaccharides; additionally, LO/ES/MS was used to
characterize composition, monosaccharide sequeanug, the linkage type of
(most) acceptor products. Our work leads to imprgvindustrial processes to
produce oligosaccharides with physiological funeality, particularly with
applications to prevent pathogen adhesion to marmmhabsts. Our findings may
contribute to the future incorporation afGOS as therapeutic functional food
ingredients to reduce the incident of gastroint@dtinfections and to improve the

health of farm animals and humans.
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6. Structural and functional characterization of gdactosylated chitin-
oligosaccharides and chitosan-oligosaccharides

6.1. Introduction

Chitin is one of the most abundant natural polymessnmonly found in the
exoskeletons of many invertebrates and in thewalls of most fungi. Chitin is
extracted commercially from shellfish wastes (Mat&uNarang, 1990; Barreteau
et al, 2005). Chitin is a linear homopolymer a@f-(1—4)-linked N-
acetylglucosamine (GIcNAc) monomers. Larger polynef chitin are not
utilized as additives for food products due to thesoluble nature (Barreteaat
al., 2005). However, chitosan, the deacetylated fofnchitin, is more soluble
than native chitin in neutral aqueous solutions asd more soluble if
depolymerized to chitosan-oligosaccharides (CO&)r(& Kim, 2000).

COS are inexpensive to produce, biodegradable anetaxic to mammals
(Qinet al, 2006). They possess a number of functionalgntas which have led
to considerable interest in developing food applices. For example, COS
promote the growth of beneficial gastrointestinatnwbiotain vitro (Leeet al,
2002). The antimicrobial activity of COS againsthmmenic bacteria and fungi
also has been widely studied (Xea al, 2011). Gram-positive and -negative
bacterial cultures includingstaphylococcus aureud.isteria monocytogenes
Escherichia coli Pseudomonas aerugings&higella dysenterigeand Vibrio

choleraeare susceptible to the antibacterial activity @%at concentrations of

> A version of this chapter will be submitted. Jaalraf Agricultural and Food
Chemistry.
Asterisks (*) indicate contributations by Y. Hu
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50 to 1000 mg L* (Shahidiet al, 1999; Linet al, 2009). Antifungal activities of
COS have been reported at a minimum concentratiorl50 mg L* for
Aspergillus niger Rhizopus apiculatysand Mucor circinelloides(Wanget al,
2007). Although the mechanism of antimicrobiahatt is unknown, it has been
proposed that the positively charged chitosan nubds¢ solubilized in a pH
below 6, interact with the negatively charged nmltab membranes leading to
leakage of intercellular constituents or preventioin nutrient uptake. The
antimicrobial activity is dependent upon the degwde polymerization and
concentration of oligosaccharides (Duttaal, 2012). More recently, COS were
shown to inhibit the adhesion of enteropathogénicoli (EPEC) by interfering
with bacterial-host cell interactions as receptoalagues (Quintero-Villegast
al., 2013). Receptor analogues prevent virusesppgattic bacteria and bacterial
toxins from interacting with surface glycans of apjotic cells by acting as
molecular decoys for adhesion, thus preventingciida. Sinces-linked GIcNAc
moieties often occur at the reducing end of manmanatell surface glycans,
similarly structuregs-galactosylated-GIcNAc oligosaccharides can adea®ys.
For example, N-acetyllactosamine, &l —4)-GIcNAc, the core structure of
human milk oligosaccharides, was identified as mmetitive inhibitor to EPEC
(Hyland et al, 2008). Gal-(1—4)-GIlcNAc also acts as a receptor fBr
aeruginosa Salmonella typhimuriunand Neisseria gonorrhoegRamphalet al
1991; Shoaf-Sweeney & Hutkins 2006). Howevegkgalactosylated N-

glucosamine (GIcN) has yet to be produced andddsteactivity.
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Galactosidases from lactobacilli forpgt(1—4)- and o/f-(1—6)-linked
oligosaccharides with GIcNAc as a galactosyl-acmefdee Chapter 5; Blaakt
al., 2012). However, it remains undetermined whetiigjosaccharides, which
are inexpensive to produce, are suitable galacasygptors. Moreover, the effect
of acetylation on transgalactosylation reactionsnsnown.

Lactobacillus species are widely used in food fermentations (Mas &
Hertel, 2009) and are a source of galactosidasgrdduce transgalactosylated
oligosaccharides for food applications (Ganzle &ladgéor, 2012). Extending the
range of products formed by transgalactosylaticectiens, by using COS as
acceptors, will increase the potential for produotsact as molecular decoys to
prevent adhesion and ultimately infection. Therefa was the aim of this study
to determine if chitin- and chitosan-oligosacchesiére suitable acceptors for
galactosidases. To investigate this, pure chibisdi chitintriose, chitinpentaose,
and COS of various DPs, were tested to determioepaar suitability. Resulting
transgalactosylated oligosaccharides were idedtibig liquid chromatography-
mass spectrometry (LC/MS) following procedures dbsd earlier (Blaclet al.,
2012). In addition, the galactoyslated COS westetkin vitro for pathogen

adhesion activity (Wangt al, 2010).
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6.2. Materials and methods
6.2.1.Chemicals and standards

Oligosaccharide standards including lacto-N-bio&alf-(1—3)-GIcNAc),
N-acetyl-D-lactosamine  (G&l(1—4)GIcNAc), p1-6 galactosyl-N-acetyl
glucosamine (G@al(1—6)-GIcNAc), chitinbiose, chitintriose, and chitinpentose
were purchased from Dextra Laboratories (Readimgted Kingdom). GIcNAc
and o-nitrophenyl$-galactoside were purchased from Sigma Aldrich (@lsk
Canada). COS (90% deacetylated) were enzymatigapared from shrimp
shells and were provided by Yumin Du, DepartmeriE¥ironmental Science at
the University of Wuhan (Wuhan, China). Fishereftfic (Ottawa, Canada)
was used as a supplier of HPLC grade acetonitmilethanol, and ammonium
acetate. Other solvents were of analytical grade.

6.2.2. Bacterial strains and preparation of crude ell extract*

Lactobacillus plantarumFUA3112 was cultivated under microaerophilic
conditions (1% @ balance K at 30 °C in modified DeMan-Rogosa-Sharpe
(mMMRS) (de Manet al, 1960) containing 2% (w/v) lactose with a pH o2.6
Lactococcus lactisMG1363, ap-Gal negative strain, was grown in a modified
M17 with the addition of 0.5% (w/v) glucose at 3Q.°Lc. lactis MG1363
harboring pAMJ586 with LacLM fronk.. plantarum as the sole source gfGal
activity (Schwabet al, 2010), was grown similarly td_c. lactisMG1363 with
the addition of 5 mg t erythromycin. Overnight cultures from single cdm

were used to inoculate 500 mL mMRS or respectivelmMroth at a 1% (v/v).
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Cultures were incubated until the medium was aedito a range between pH
5.0 and 5.2. Cultured cells were harvested and egashice before suspension in
1 mL of 50 mM sodium phosphate buffer (pH 6.5) with?6 glycerol and 1 mM
magnesium chloride. The cell suspension was trenesféo screw-cap tubes with
0.5 g of Zirconia/Silica beads (0.1 mm), disrupite@ Mini Beadbeater-8 (model
693, BioSpec, Bartlesville, OK) for 2 min and cédlin ice for a minimum of 5
min. The supernatant was collected by centrifaegatf disrupted cells (15 300 x
g for 10 min at 4 °C) and designated crude cellaett(CCE). The CCE was then
used for oligosaccharide synthesis. The CCHs pfantarum Lc. lactis andLc.
lactis expressing LacLM fromL. plantarum were collected from three
independent culture fermentations. The protein eandf CCEs was determined
with the Bio-Rad protein assay reagent (Bio-Radsdisisauga, Canada)o-
Nitrophenylf-galactoside was used to determine specific enzgnaativity of
CCEs calculated as enzyme activity relative to pedtein mass as described by
Schwabet al (2010). Similar to previous studies synthesizoigosaccharides
using -Gal, activities of CCE ranged from 25 — 30 unitsir( x mg protein}
(Schwabet al, 2010; Schwalet al. 2011; Blacket al, 2012). CCE ot.c. lactis
MG1363 displayed ng-Gal activity and was used as a negative control.

6.2.3. Synthesis of galactosylated chito-oligosa@fdes in acceptor

reactions*
To prepare saccharide solutions for reactionsp$agt GICNACc, chitinbiose,
chitintriose, chitinpentaose and COS were dissolweid 50 mM sodium

phosphate buffer (pH 6.8) with 100 mM potassiumogbde and 2 mM
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magnesium chloride (PB) at 90 °C for all except C@Bich was dissolved at 50
°C. The addition of 10% ethanol was used to imprtreesolubility of chitinbiose,
chitintriose and chitinpentaose without impactingzyme activity (data not
shown). Chitinpentaose remained insoluble and wais used in reactions.
Lactose was used at a concentration of 1 M to predjalacto-oligosaccharides
(GOS) with 20% CCE ol. plantarum Lc. lactis and Lc. lactis expressing
LacLM from L. plantarumin three separate reactions. Similarly, acceptor
reactions were performed using a 1 M total sacdeazoncentration of 1:1 (w/w)
acceptor/lactose ratio with 20% CCE laf plantarum Lc. lactis andLc. lactis
expressing LacLM fronk. plantarum All reactions were conducted at 45 °C for
16 h and terminated by heating to 95 °C for 10 mifriplicate independant
experiments were conducted.

6.2.4. Combined liquid chromatography/electrosprayonization

tandem mass spectrometry
Un-derivatized oligosaccharide samples were andlysey liquid
chromatography / electrospray ionization tandem smgsectrometry (LC/ESI-
MS/MS) for structural characterization and for agonfition of the composition of
saccharide solutions prior to transgalactosylatieactions. Separations were
conducted on an Agilent 1200 series LC system IéAgiTechnologies, Palo
Alto, CA) at 60°C using a Supelcosil LC-NHolumn (250 mm x 4.6 mm i.d., 5
pum; Sigma Aldrich, Oakville, CanadaEach solution analysed contained a final

concentration of 0.1 gt oligosaccharide in water, with the exception o&sju
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MS® experiments, where the concentration was increasefl g L*. Each
solution was injected in 2pL volumes onto the column using a gradient of
acetonitrile and water at a flow rate of 1.5 mL tistarting with an acetonitrile
concentration of 80%; decreasing to 75% at 20 mP% at 35 min; then
returning to 80% at 37 min. The effluent from g®@umn was split at a ratio of
1:4 (v/v), so that the flow rate to the mass speoater was 0.4 mL mihwith the
remainder going to waste. A 10% (v/v) post-columadition of 40 mM
ammonium acetate in methanol was delivered by ateAtgl200 series isocratic
pump to the flow entering the ESI source.

Negative ion ESI-MS and collision induced dissaomattandem mass
spectrometry (CID-MS/MS) was performed on a QSté&iige hybrid orthogonal
Q-TOF mass spectrometer coupled to a Turbolon 8pspurce with Analyst®
QS 2.0 software (Applied Biosystems/MDS Sciex, GwdcCanada). The source
conditions were as follows: nebulizer gas, 50 teaby units); auxillary gas, 60
(arbitrary units); ionspray voltage, -4500 V; cumtaggas, 25 (arbitrary units);
source temperature, 40Q; declustering potential, -50 V; focusing potehntia90
V; declustering potential-2, -10 V and a mass ramge m/z 100-900.
Fragmentation was achieved using nitrogen as &iooilgas at a collision energy
that varied between -10 to -25 eV, decreasing iergn as the degree of
polymerization increased. Quasi RMSpectra were obtained from the MS/MS
spectra of in-source fragment ions formed by ingire@athe declustering potential

by an additional 30 V.
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6.3. Results

6.3.1. Analysis of oligosaccharides by liquid chroatography tandem

mass spectrometry
LC/ESI-MS experiments were performed to measurgogluimes and exact
masses of galactosylated products formed ffatransgalactosylation of lactose,

GIcNAc, chitinbiose, chitintriose and CO%able 6-1).

Table 6-1.Mass accuracy of deprotonated molecular ions atahtien times of

galactosylated products.

Retention Measured Error

Sample Oligosaccharide Time (min) Mass (Da) (mDa)
Lactose + Gal — GIcNAc — GIcNAc 10.4 585.2148 -0.06
Chitinbiose Gal — Gal — GIcNAc — GIcNAc 16.1; 17.1 747.2692 1.5
Sose ¥ Gal — GlcNAc — (GIcNAG) 15.7 788.2942  -0.03
itintriose

Gal — GIcN 8.0 340.1235 -1.41
Gal — GIcN — GIcN 14.8 501.1931 -0.63
Gal — GIcN — GIcNAc 11.0 543.2030 -1.29

Gal — GlcN — (GlcNy 29.3 662.2623 -0.24

Gal — Gal GIcN — GIcN 26.2 663.2466 0.05

Lactose + COS Gal — (Gal) — GIcN 25.1 664.2301 -0.47
Gal — GIcN — GIcN — GIcNAc 20.4 704.2745 1.40

Gal — GlcN — (GlcNy 31.6 823.3326 1.26

Gal — Gal GIcN — (GIcN) 30.8 824.3154 0.04

Gal — (Gal) — GIcN - GIcN 27.6 825.2933 -2.05
Gal — Gal GIcN — GIcN — GIcNAc 26.2 866.3223 -3.62

Nomenclature: Galactose, Gal; N-acetylglucosan@®eNAc; Deacetylated N-
glucosamine, GIcN; Chitosan-oligosaccharides, COS

S-Gal reactions with lactose only and GIcNAc witkttzse formed GOS and
galactosylated-GIcNAc oligosaccharides, respectjvat described by Blact
al. (2012). Additionally, these LC/ESI-MS experimentonfirmed that
chitinbiose, chitintriose and COS act as acceptorss-Gal reactions froni.

plantarumandLc. lactis expressing LacLM froniL. plantarum(Table 6-1). In
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contrast, reactions involvingc. lactis formed no identifiable hydrolyzed- or
galactosylated-products, confirming no galactosdastivity. Three products
were formed with chitinbiose as a galactosyl-acoept f-Gal reactions and one
product with chitintriose as a galactosyl-acceptor.These products were first
identified by their elution order and by the acterdetermination ofn/z for
deprotonated molecular ions using high resoluti@ssrspectrometry.

Tandem MS (MS/MS) and quasi MSxperiments were performed on
galactosylated-chitinbiose and —chitintriose to ed®mine monosaccharide
sequence and glycosidic bond positions. The GaN&t—GIcNAc compound,
formed from chitinbiose as a galactosyl-acceptogsentedn/z 179 and 382 C-
type glycosidic cleavages in MS/MS confirming th@nmosaccharide sequence
(Figure 6-1A). Additionally, °°A and ®?A(-H,0) fragments, along with the
absence of &°A cross-ring fragment, indicate the presence -ef4llinkages
(Black et al, 2012). To further confirm the linkage formed ByGal in the
transfer of galactose, the @n atm/z382 was further fragmented in a quasiMS
experiment fEigure 6-1B). Similar to the MS/MS spectrum of the trisacati@r
molecular ion Eigure 6-1A), >?A and °?A(-H,0) fragment ions were formed
with the absence of A fragment ion. Furthermore, thma/z 382 fragmentation
from the quasi M&experiment matched the fragmentation of an auith&a)-
(1—4)-GIcNAc standard (Blaclet al, 2012). In summary, the compound that
eluted at 10.4 min with m/z585.2149 was clearly identified as the produgf-of

transgalactosylation with chitinbiose as an acaep® Gagb-(1—4)-GIcNAGS-
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(1—4)-GIcNAc. However, the abundance mfz 747.2692 ionsindicative of
Gal-Gal-GIcNAc-GIcNAc products eluting at 16.1 ahd.1 min, was too low to
obtain reliable M$ spectra for linkage determinatioApendix 5, Figure 5A-

1A).
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Figure 6-1.LC/ESI-MS/MS spectra of sample compound £5@d—4)-GIcNAgS-
(1—4)-GIcNAc with elution time of 10.4 min. (A) [M-HJion atm/z585.2149
(C22H37016N2); (B) In-source fragment ion &atm/z382.1355 (@H24011N).

Compounds formed with chitintriose as a galactesygeptor inpg-Gal

reactions were also analyzed via MS/MS and quasieMBeriments. The C-type
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fragments arising from the tandem mass spectra af+@&cNAc—(GIcNAC)
confirm part of the monosaccharide sequerégufe 6-2A). Moreover, the
accompanying A-type cross-ring fragments'&& and®?A(-H,0) along with the
absence of &°A fragment, confirmed all linkages as—#, except where
galactose was transgalactosylated. In order terohée the remaining structural
information, a quasi MSexperiment was completed again targeting fragrent
atm/z382 Figure 6-2B). The sequence order for the remaining monosaicgsar
could be ascertained from the resultingfgmentation am/z 179 indicating a
galactose moiety at the non-reducing end. The credag quasi M$
fragmentation ofm/z382 concluded the presence of-a4 linkage. Overall, the
compound produced bfrtransgalactosylation of lactose and chitintricaleting
at 15.7 min with an/z788.2942 was identified as @G&ll—4)-GIcNAgS-(1—4)-
GIcNACcS-(1—4)-GIcNAc (Appendix 5, Figure 5A-1B). Equivalent results were
obtained withL. plantarumandL. lactisexpressing LacLM of. plantarum

COS were supplied as 90% deacetylated and wer@mpiadtely composed
of DP 2 and 3 oligosaccharides, although mono-tatrd-saccharides were also
detected by LC/MS. Owing to the diversity of acoeptarbohydrates, many
galactosylated-COS product ions were observed ifMISCexperiments, but at
low abundances that were inadequate for sequerttdirdeage analysis in the

context of the tandem MS experiments used.
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Figure 6-2. LC/ESI-MS/MS spectra of sample compound=@d—4)-GIcNAgs-
(1—4)-GIcNAgS-(1—4)-GlcNAc with elution time of 15.7 min. (A) [M-HJion
at m/z 788.2942 (GoHs0021N3); (B) In-source fragment ion LCat m/z 382.1355
(C14H24011N).

6.4. Discussion

Galactosylated- GIcNAc oligosaccharides are oftargdts for different
biological functions, including recognition by patfenic toxins, microorganisms
and antibodies (Varki, 1993; Kuret al, 2000; Ofeket al, 2013). LC/MS was
used to determine that chitinbiose, chitintriosel &OS were both suitable

acceptors irf-Gal transgalactosylation reactions. Galactosykatetinbiose and -
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chitintriose were identified indicating that oligasharides as well as GIcNAc
monomers act as galactosyl-acceptors-(gal reactions (Blackt al, 2012).

From LC/MS/MS analyses, lactobaciftiGal formed specificallys-(1—4)-
linkages during the galactosylation of chitinbi@s® chitintriose. Thg-(1—4)-
linkage of Gagb-chitinbiose and -chitintriose contrasts with thedgominants-
(1—6)-linkage formed with the monomer GIcNAc as a gadayl-acceptor of-
Gal (Blacket al, 2012). This result is promising, as galactaggd-(1—4)-
linked GIcNAc often demonstrates anti-adhesionvagtiRamphalet al 1991,
Shoaf-Sweeney & Hutkins 2006; Hylartal, 2008).

Galactosylated-COS, ranging from DP1 to DP4 withiotss degrees of
acetylation, were also identified by LC/MS, demoaishg that the deacetylated
amine content of reactant COS did not prevent ¢adggtation. Durings-Gal
reactions, the protonation of glucosamine was reduxy maintaining the pH at
6.8, which may have increased the suitability ofSC@s galactosyl-acceptors.
However, protonated COS were not tested as aceeptdhis study. Overall, the
variation of COS has been extended by transgaldatam reactions of-Gal
from lactobacilli to produce new compounds.

Galp-COS inhibited agglutination of porcine erythrosytey ETEC strains at
a concentration of 2.5 g”L(Yan et al, 2013), thereby effectively mimicking
mammalian receptors and competitively binding waithogenic bacterial cells.
Because lactose was used as a source of galaaosgahsgalactosylation

reactions, GOS were preferentially formed overf8a0S in these samples tested
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for haemagglutination (data not shown). £@IOS exhibited increased anti-
adhesion activity compared to that of GOS, but tegapared to COS (Yaet al.,
2013). The anti-agglutination activity of COS wadfective at lower
concentrations than expected, as Quintero-Villegasal, (2013) reported a
concentration of 0.5 g COS had only 30% inhibition of EPEC adherencer Ou
results deviate from previous studies due to thesipte activity of impurities
remaining from purification steps taken to removet@ns in samples prior to
haemagglutination testing. Additionallfg. coli strains differed, as this work
tested COS adherence on ETEC, while the previoudysteported a lower
activity on EPEC (Quintero-Villegaet al, 2013).

The conversion of lactose witg-Gal from lactobacilli and chito-
oligosaccharides as acceptors allows for the faonaif novel oligosaccharides
with potential anti-diarrheal effects. This is thest report on the formation of
galactosylated-chito-oligosaccharides and theifitgltio mimic glycoconjugate
receptors to pathogeni€. coli, thus preventing the first step in infection. The
concept of COS as a versatile food ingredient isn@ov (Shahidiet al, 1999);
additionally, COS is an inexpensive, abundant wagsteduct of shellfish.
Galactosylation of chito-oligosaccharides increades structure variation for

functional components that can be used for nowad faroduct development.
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7. General Discussion and Conclusions

Liquid chromatography/mass spectrometry (LC/MS) wsed to characterize
isomeric bioactive fatty acid and oligosaccharidempounds produced by
lactobacilli with no or little derivatization. Pragative steps were unnecessary and
hydroxylation was only required to induce MS/MSgimgentation in order to
determine double bond location within the fatty dadtructure. Base-line
resolution of isomeric compounds was achieved fohylroxylated fatty acids
and most oligosaccharides with simple and reprddeiciLC separations
compatible with MS ionization sources. This allowfed the sensitive detection
and identification of additional isomers from thelpminary work of others.

A normal phase LC/atmospheric pressure photo itniza(APPI)-MS
method was developed in this study to analyze uivalized fatty acids and was
advantageous over both GC/MS and LC/electrosprayzation (ESI)-MS
analysis methods. Hydroxy fatty acid analysis l6y/K8S has previously required
samples to be derivatized to fatty acid methyl resstEAME) and additionally to
trimethylsilyl ethers (TMS) (Christie & Han, 2010)TMS-FAME derivatives are
analyzed by GC/MS with electron impact and the ltegy spectra are routinely
compared toexisting libraries to identify their structure. However,ngparing
ions to library spectra is not possible for novempound identification.
Alternatively, 4, 4-dimethyloxazoline (DMOX) deritr@es, or other charge
localizing derivatives, have been prepared for GE/dhalysis for the structural

identification of unsaturated fatty acids; howevas, outlined in this work for
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hydroxy fatty acid analysis, if the hydroxyl group located proximal to the
derivatized carboxyl group, the double bond loagsd will remain elusive. In
this work, the separation of lipid extractsLafctobacillussp. by normal phase LC
was greatly resolved and the total run time wasiced by 10 min compared to
previous GC analysis of the same lipid extractsaf@hdi, 2011). Normal phase
LC/APPI-MS allowed for isomeric separation of urridatized hydroxy fatty
acids compared to reverse phase LC/ESI-MS analyd@mal phase LC/APPI-
MS was two times more sensitive than reverse ph@8ESI-MS, with a linear
range of three orders of magnitude for antifungadrbxy fatty acid analysis.
LC/APPI-MS/MS was suitable for the positional deteration of hydroxyl
groups; however, vicinal hydroxylation derivatizati was required for the
location of double bonds, as minimal fragmentatesulted from fatty acids with
less than three unsaturations (this work; Kerwikvéens, 1996). Regardless, the
normal phase LC/APPI-MS/MS presented in this warkhie most rapid method
for the complete structural identification of novgydroxy fatty acids to date
(Hou, 1995; Ogawat al, 2001; Kishimotoet al, 2003; Christie & Han, 2010;
Volkov et al, 2010; Shahzadi, 2011; Kishired al, 2011; Yanget al, 2013a;
Yanget al, 2013Db).

LC/ESI-MS/MS was used to elucidate new informatadnout galactosidases
of lactobacilli and the oligosaccharides that avemied. Although LC/ESI-
MS/MS for structural analysis of un-derivatizedgokaccharides is not a new

concept, oligosaccharide analysis by GC/MS andilmtear magnetic resonance
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(NMR) is still common practice (Dass, 2007; Ruasdido et al, 2012). By
using LC/ESI-MS/MS in this work, the specificity dihkage formation byps-
galactosidases (Gal) of lactobacilli was extendedreviously, f-Gal of
lactobacilli were known to form only(1—3)- or f(1—6)-linked galacto-
oligosaccharides (GOS) (Toled al, 1981; Splechtnat al, 2006; Torrest al,
2010; Ganzle, 2012). This work was the first tentify f(1—4)-linked GOS
produced byp-Gal activity from lactobacilli.  Additionally, thestructural
characterization of hetero-oligosaccharides (Hef@n 5-Gal of lactobacilli was
the first of its kind. The LC/ESI-MS/MS method fstructural analysis was
extended toa-Gal activity of lactobacilli, wheren-GOS anda-HeOS were
characterized fully, including linkage type, whidtad not been previously
reported (Mitalet al, 1973; Donkoet al, 2007; Alazzelet al, 2009). Similarly,
LC/ESI-MS/MS was utilized to structurally identifgalactosylateds-chito-
oligosaccharides (COS) produced by lactobacilliiclwhs also the first report of
glycosylation of COS. Hence, this work demonstathe significance of
LC/ESI-MS/MS as a method for the characterizatidnisomeric compounds
produced from enzymatic conversion of saccharidgs léctobacill. No
derivatizations or purification steps were required

LC/MS methods developed in this work were shownbéo efficient and
sensitive. With further improvements to LC/MS syst including increased
resolution, sensitivity, accuracy and compatibleoatatography (Xieet al,

2012), and the results presented within this walkmonstrates that LC/MS
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should be utilized as the primary analysis for ctrcal characterization of
bioactive carbohydrates and lipids produced fronzysratic conversion by

lactobacilli.

High resolution separation of isomeric compounds domplete structural
identification within this work allowed for advamoents in structure-function
relationships and metabolic pathway determinatiblactobacilli. Substrates of
enzymatic conversion often have similar structucethe active products, and/or
the active products may be similarly structuredntun-active products. As
analytical techniques advance, additional infororatis obtained compared to
previous studies that allow for greater understagadif the function of active fatty
acid and oligosaccharide compounds, which prewoosly have evaded proper
detection. Thus, in this work structural analysisthods by LC/MS, combined
with high-speed counter-current chromatography peeparative step, were able
to advance the literature for active fatty acid poonds and novel insight for
lactobacilli pathway elucidation for conversion diholeic acid to CLA.
LC/MS/MS analysis of oligosaccharides in this weskended, or presented for
the first time, the linkage-types formed Byanda-Gal enzymes in lactobacilli.
Once the structures of active fatty acid and okgobaride compounds were
determined and enzymatic pathways elucidated, efuavere performed to
determine whether active compound conversion dyréctfoods was practical, or

whether the application should be limited to bibtedogy alone. A functional

203



CHAPTER 7

amount of antifungal hydroxy fatty acids was formedsourdough bread, from

the conversion of linoleic acid by both hammesiiand lipoxygenase enzymes
found within the wheat flour, to delay the growtlfi some mould species.

Lactobacilli conversion of saccharides into func#b oligosaccharides up to
therapeutic levels has not been determined in d &@tem to date; however,
whey permeate containing lactose, a waste prodoct Eheese manufacture, may
be used as a source for conversion (Lee, 2009).

Structure elucidation and bioactivity assays ultehaassist in attributing
function to genome sequences by way of enzyme ictif homology exists
between specific lactobacilli sequences, predistiomy be inferred about the
formation of active compounds by other lactobacillith similar genomes
(Ganzle & Follador, 2012; Yangt al, 2013a). Lactobacilli contain many
enzymes for their own growth and metabolism, annakely these food-related
bacteria offer a unique toolset which may be exptbito produce biologically
active compounds in order to promote the healtthefconsumer beyond basic

nutrition.
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Figure 1A-1. Plate counts and pH of sourdough fermentations avel8 h
incubation period. Cell counts were establishednfrdO-fold serial dilutions
plated on mMMRS agar with an automatic spiral pléon Whitley Scientific,
Shipley, England). Plates were incubated overpigitiereupon individual
colonies were counted and colony morphology wasmies visually to verify
strains as lactobacilli. At day 2, the end of flwementation period, three colonies
were picked from the plates containing 100 to 3@lortes, purified and
subjected to random amplified polymorphic DNA (RAPBnalysis. For the
determination of pH, sourdough samples were dilulédfold (w/w) with
deionized water and measured with a glass electr@iganic acid and ethanol
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analysis was performed using an Agilent 1200 seti€s system (Agilent
Technologies; Palo Alto, CA) including a refractivelex detector. Separations
were achieved using an Aminex HPX-87H column (7.808 mm i.d., Qum,
BioRad, Mississauga, Canada) at 70 °C with an aiacflow of 5 mM HSQO, at
0.4 mL miri,

LA/ Mono-
CLA OH
=
E
2
w
5 Di- & Tri-
£ OH
0 5 10 15 20
Time, min

Figure 1A-2. LC/ELSD chromatogram of organic extract of mMR$nfented
with L. hammesiiin the presence of 4 g'Llinoleic acid Separation performed
using Zorbax Rx-SIL semi-preparative column withqare-fractionation. The
ELSD temperature was set to &0, with N, gas flow of 3L/min at pressure of 3.5
bar, and all data was collected by Agilent Chenwmtatsoftware (version
G2180BA).
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Table 1A-1. Relative quantitation of C18 hydroxy fatty acids mMRS and
sourdough by LC/MS. Hydroxy fatty acid concentraiare expressed relative to
the concentration of the same compound inLtheammesimMRS + LA sample.
Data are shown as means + standard deviation pfickie independent

experiments. LA, addition of 4 g'llinoleic acid.

No. of hydroxyl gér:)upsa) Mono-OaI(-!i ((j:SlS fatty Dl-OHaSi}jz fatty
Srain mats 2 sz 3
L. hammesii / mMMRS + LA® 100+£12 10043 100+11 1004
L. hammesii mMMRS 0+0 2+1 210 2+0
L. sanfranciscensiSmMRS + LA 49+3 17+2 13+2 14+5
L. sanfranciscensismMRS 0+0 2+1 2+0 2+1
L. hammesii dough + LA 711 5+1 10+1 742

L. hammesii dough 811 310 310 511
L. sanfranciscensisdough + LA 1+0 3+l 12+0 711
L. sanfranciscensisdough 0+0 210 3+1 210
(LZRemicaIIy acidified / mMRS + 9245 933428 8145 97+13
EXemicaIly acidified / dough + 341 18+2 1341 942

@ Number of hydroxy groups on C18 fatty acitld\umber of double bonds on
C18 fatty acids” The concentration of fatty acids extracted fronmammesii
grown in mMRS in presence of linoleic acid was uas@ reference (100%).
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Figure 1A-3. LC/APPI-MS analysis of peak areas from separatperformed on
a Waters YMC silica column. Samples were fermentéti linoleic acid and
analysed at 24 h intervals. (A) XIC of/z297.2403 (GH3303) mono-hydroxy
C18:1 fatty acid. (B) XIC ofm/z 315.2535 (GgH3s04) di-hydroxy C18:0 fatty

acid, where the plot fdr. hammesiivas consistent at 0 counts. n=3
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Figure 1A-4. LC/APPI-MS quantification of 10-hydroxy-12-octadecéc acid
from mMMRS broth or sourdough (SD) supplemented witty kg' linolein
triacylglyceride (> 99% purity; Nu-Chek Prep, InElysian, MN) and fermented
with L. hammesibr L. sanfranciscensifr 2 d at 30 °C. LipaseCandida rugosa
>900 unit mg"; Sigma Aldrich, Oakville, Canada) was added ataa 8 10 g kg
level and reacted at 37 °C for 2 h, prior to thdi@ah of lactobacilli. All samples
were fermented and extracted similarly to sourdoagd mMRS samples in
Chapter 2. n=1
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Figure 2A-1. HSCCC separation &f. hammesilipid extract detected with UV at
242 nm. Conjugated-dienes primarily absorb thiseAength. Linoleic acid and

conjugated linoleic acid are abbreviated as LA @hdé, respectively.
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Figure 2A-2. C18 LC/ESI-MS analysis of deprotonated un-deraetifatty acids
from L. hammesii XIC of m/z279 — 331.5, encompassing the crude lipid extract
profile. Separations were conducted on an Lunacoli8nn (250 mm x 4.6 mm
i.d., 5um, Phenomenex Inc.; Torrance, CA) at@5 Lipid samples were injected
(injection volume, 5 pL) onto the column and elutedh a gradient of (A)
acetonitrile and (B) water at a flow rate of 1.0 min. The gradient started at
50% A and transitioned to 100% A after 30 min,ddotal run time of 30 min.
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Figure 2A-3. Linearity and detection limits of 10-hydroxy 12tadecenoic acid
compound using normal phase LC/APPI-MS and reverbede LC/ESI-MS. The
normal phase — APPI method (as described in se8t@8.) had a quantification
range 0.35 pg (70 ppm) and 0.2 ng (0.04 ppm) wittet@ction limit of 40 pg
(0.008 ppm) on column. The reversed phase — ESiaddtas described in Figure
3A-2 and below) has a quantification range of 0.167 33 ppm) and 3.3 ng
(0.67 ppm) with a detection limit of 0.33 ng (0.0¢pm). The limit of
guantification and detection were determined bigaas-to-noise ratio om/z297
of greater than 10 and 3, respectively; additigndte quantification range was
linear. Injection volumes for each experiment wegel and n=1.

Mass spectrometer conditions for negative ion E&lewas follows: nebulizer gas
40 (arbitrary units), auxillary gas 20, curtain g4 ionspray voltage -4500 V,
source temperature 428, declustering potential (DP) -50 V, focusing puia -
250 V and DP2 -15 V with a scan rangemfz 50 — 700. The incoming LC

effluent was split 1:3 (v/v; mass spectrometer &ste).
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2A. Identification of conjugated linoleic acid isoners by silver ion - liquid

chromatography/in-line ozonolysis/mass spectromejf

2A.1. Introduction

Conjugated linoleic acid (CLA) is the group of aitaadienoic acid isomers
(18:2) with conjugated double bonds, as distinotrfrthe more abundant non-
conjugatedA®*? linoleic acid. Each CLA positional isomer mayalsxist in
cis,cis, cis,trans, trans,cis and trans,trans configurations. In the fat of
ruminants, such as in milk or beef, rumenic acid-9, trans-11-18:2) is the most
abundant CLA, formed by bacterial biohydrogenatainlinoleic and linolenic
acid (Fritscheet al, 2000; Mendist al, 2008). It has been reported that some of
CLA isomers may result in anti-carcinogenic andi-attterogenic effects, and
may bring about changes in body compositionefi@al, 1994; Parlet al, 1999;
Leeet al, 2005). Although the exact biological mechanidarsCLA activity are
still under investigation, current research hasaghthat individual CLA isomers
may have different impacts on lipid metabolism, caanand diabetes (Parizd
al., 2001; Evan®t al, 2002; Beluryet al, 2003; Corlet al, 2003; Kelleyet al,
2007).

Due to the diversity of individual CLA positionah@ geometric isomers and
their isomer-specific biological effects, an anigigt method is required that
readily allows for accurate identification of CL&A&dmers. Gas chromatography
coupled with flame ionization detection (GC/FID)visdely used for analysis of
fatty acid methyl esters (FAME) including CLA melthgsters (Krameet al,

2001; Prandiniet al, 2011). However, even with the best separatidmeaed
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using long (100 m) polar columns with cyanopropyle stationary phases CLA
isomers, especially theeans,trans positional isomers, are still not well resolved
from each other. Furthermore, interferences, siscthe coelution of 20:1 FAME
with CLA methyl esters, may occur (Roaehal, 2000). In addition, GC/FID
requires a standard mixture of CLA for identificati of isomers in food and
biological samples, but only a limited number of Clsomers are available as
pure standards.

For the unambiguous identification of each CLA posial isomer, GC
combined with electron impact ionization mass specetry (GC/EI-MS) has
been used following the specific derivatizationttisanecessary for double bond
localization. The latter is required since thentdss spectra of positional isomers
of CLA methyl ester are indistinguishable. Comnyoamployed derivatives for
CLA analyses include picolinyl esters, Diels-Aldmtducts (Christie, 1998) and
especially dimethyloxazolines (DMOX) (Spitzer, 199%hich are easily formed
and can be well separated by GC. The fragmentiiotise EI mass spectra of
DMOX derivatives of unsaturated fatty acids dirgatidicate the location of the
double bonds and the diagnostic fragment ions ftoen DMOX derivative of
CLA positional isomers from°®® to A****have all been reported (Chrisge al,
2007). Reconstructed ion chromatograms of themgndistic ions have been used
for CLA isomer identification (Sehadt al, 1998). However, the abundance of
these ions may be too low for their use in the tifieation of minor CLA

isomers.
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Separation by silver ion liquid chromatography {AgC) has been used as a
complementary tool along with GC for better separatof CLA isomers,
especially thetrans,trans positional isomers (Christiet al, 2007). Since
conjugated dienes show characteristic absorptior3a nm, a UV detector is
normally coupled with the Ag LC (Liu et al, 2012). The reported AgLC
separation of CLA isomers has often used an isecsaparation with 0.1- 1.0 %
acetonitrile in hexane on a ChromSpher 5 Lipiduucoi (Sehatet al, 1998;
Yuraweczet al, 1998; Christieet al, 2007). In this way, CLA isomers can be
separated intotrans,trans, cis/trans (cis,trans or trans,cis) and cis,Cis
geometric groups in this order of increasing retentime. Furthermore, studies
have shown that CLA positional isomers with conjedadouble bonds located
closer to carboxyl group elute later within eaclorgetric group (Sehatt al,
1998; Yuraweczt al, 1998; Christieet al, 2007). Multiple Ag- LC columns,
even up to six, have also been connected in seriesder to improve peak
resolution (Yurawec=zt al, 1998). Recently, the relative retention ordealb

cis,trans andtrans,cis CLA isomers fromA®® to AT31°

were established using
three Ag- LC columns in series (Delmontt al, 2005). Although it may be
possible to resolv&ans,trans, cis,cis and most otis/trans positional isomers
using multiple Ag- LC columns under optimal conditions, there idl sdi

significant challenge to identify each peak, esglgciclosely eluting peaks. This

is made worse by the instability of retention tinees Ag™- LC columns and the

very different concentrations of CLA isomers inurat samples (Eulitzet al,

217



APPENDIX 2

1999). Sinceis9, trans-11-CLA is the most abundant CLA isomer existing in
nature, the peak of highest intensity in the*A§ chromatogram is normally
assumed to beis9, trans-11-CLA, and from this the identification of the eth
CLA isomers can be made by their relative retentiomes. Furthermore, in
research on the biological function of specific Clsdmers, CLA isomers other
thancis-9, trans-11-CLA have been used. This gives rise to theasdn where
cis9, trans-11-CLA is no longer the most abundant CLA isomethiese sample
(Krameret al, 1998).

The ambiguity in CLA positional isomer identificai is also present when
mass spectrometry and tandem mass spectrometryM$)Sis used. For
example, when three AgLC columns in series were coupled to atmospheric
pressure photo ionization mass spectrometry (APB);Nhe ion M' at m/z 294
was used to identify CLA methyl esters, but thegmsaent of each specific CLA
positional isomer could only be made based on thtoa order in Ag- LC
(Muller et al, 2006). To date, there is no single definitivetinod for the
identification of CLA positional isomers.

Ozone can specifically react with carbon-carbon bitoubonds producing
cleavage products of predictable mass and hencezbeolysis of unsaturated
lipids has been used to determine double bonditatHarrisonet al, 1996;
Thomaset al, 2008). Blanksbyt al have developed ozone induced dissociation
(OzID-MS) in which gas phase ozonolysis takes plaitkein a mass spectrometer

to allow for the elucidation of double bond locaso(Thomast al, 2008; Poad
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et al, 2010). In recent OzID research on the iderdifan of CLA positional
isomers, sodium adducts of aldehydes from ozormlsieach double bond were
observed under ESI (+), and used for the assignmiedbuble bond positions
(Phamet al, 2013). However, this technique requires theigfieed introduction
of ozone into a mass spectrometer; furthermoreay mot be suitable for the
identification of low abundance CLA isomers in cdexpsamples.

It is highly desirable to have a single technigo@t tcould determine double
bond positions, and also achiede novadentification of CLA positional isomers
even in complex lipid mixtures. Recently, we répdra simple approach for the
direct determination of double bond positions inMHA by coupling ozonolysis
in-line with mass spectrometry (in-linesMS) (Sunet al, 2013). In that
method, the unsaturated FAME within the LC mobilage passed through gas
permeable, liquid impermeable tubing housed withimessel containing ozone.
With this arrangement, ozone passed through thengulall resulting in the
ozonolysis of unsaturated FAME directly within thmobile phase. The
aldehydes, that were the products of ozonolysisvesr@ characteristic of FAME
double bond positions, were then analyzed in res-toy APPI-MS. A great
advantage of this technique is that it readily wwothe coupling of liquid
chromatography with ©MS (LC/Os-MS). Hence, the complete identification of
each FAME in the chromatogram of complex lipid ranets can be achieved.

In this study, we explore the feasibility of usingline O;-MS for thede

novo identification of CLA positional isomers. Then, ewdescribe the
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development of the LC/4&MS method for the identification of CLA isomers in
complex lipid samples. Using this approach, we alestrate the identification of
CLA isomers in natural matrices through the exasmpmé a commercial CLA

supplement, bovine milk fat and a lipid extractnfra bacterial culture.

2A.2. Materials and methods
2A.2.1. Material
HPLC grade hexanes, acetonitrile, isopropanol vpenehased from Fisher
Scientific Company (Ottawa, Canada). All the CLA&thyl ester standardsi$-9,
trans-11-; cis9, cis-11-; trans9, trans-11-; and trans-10, cis-12-18:2) were
purchased from Matreya Inc. (Pleasant Gap, PA).MEAstandardsdis-9-18:1
andtrans-11-18:1) were purchased from Nu-Chek Prep Inc.qjgly, MN). Each
standard solution was prepared in hexane at a ngatien of 200ug mL*. A
solution of porcine renin substrate tetetradecagepat 10 pmoluL™ in
acetonitrile/water (1:1, v/v) from a chemical stards kit (Applied Biosystems,
Foster City, CA) was used for the tuning and calibn of mass spectrometer.
The Teflon AF-2400 tubing (0.5 mm o.d., 0.25 mm)i.das purchased from
Biogeneral Inc. (San Diego, CA).
2A.2.2. Lipid extraction and methylation
2A.2.2.1. Supplement*
The commercial CLA supplement was obtained froracall supermarket. It

was manufactured from safflower oil and sold instde form for weight control
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purposes. Approximately 0.05 g of CLA supplemeiisvdissolved in toluene
and methylated using 1% sulfuric acid in methannd@°C overnight (Christie,
1989). The methylated lipid was dissolved in hexdao a concentration of

approximately 5Gig mL* for analysis.

2A.2.2.2. Milk*

Bovine milk with 3.25% fat content was purchasemhfrlocal market. Lipid
extraction was performed on 1 g of milk using tHgBand Dyer method (Bligh
& Dyer, 1959). The chloroform layer that contairigld was dried under a flow
of nitrogen, and the residual lipid was dissolvadtoluene for methylation as
above. The entire methylated lipid extract wasaligeed in 10 mL hexane and
diluted a further 20 times in hexane before analysi

2A.2.2.3. Bacterial fermentation

Lactobacillus plantarumTMW1460 was incubated in modified DeMan-
Rogosa-Sharpe broth, supplemented with 4diholeic acid, at 30 °C for 48 h
and extracted according to Blaek al, (2013). After extraction, the fatty acids
were methylated as above. The resulting FAME wesispended in a total
volume of 2 mL hexane. Each of two 1 mL FAME abtgiwas loaded onto a
separate conditioned silver ion-solid phase extadtAg” - SPE) cartridge (750
mg 6 mL*, Supelco Inc., Bellefonte, PA) and 6 mL hexanef@ue (99:1, v/v)

was used to elute the unretained FAME. Followinig,tfractions were eluted
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using 6 mL hexane/acetone (96:4, v/v) and 6 mL hejaetone (90:10, v/v)
(Krameret al, 2008). The fractions collected from each oftthe 1mL FAME
aliquots were combined, dried under nitrogen asdalved into 1 mL of hexane.

2A.2.3. In-line ozonolysis/mass spectrometranalysis of conjugated

linoleic methyl ester standard

The in-line Q-MS method was described in detail in our previstugly (Sun
et al, 2013). In this study, a 10 cm length of gasmmable tubing passed
through a chamber filled with oxygen and ozone a@aa concentration of 35.6 g
(m®* at room temperature. A @ volume of the 20Qug mL* CLA standard
solution was delivered through the gas permealidnguby an Agilent 1200
series HPLC system (Agilent Technologies Inc, Pdlo, CA) with hexane as
the mobile phase and at the flow rate of 0.2 mL mifThe ozonolysis products
were analyzed using an APPI ion source in the pesiobn mode attached to a
hybrid quadrupole time - of - flight mass spectreendQSTAR Elite, Applied
Biosystems/MDS Sciex, Concord, Canada). The ABRIgource temperature
was held at 375 °C while the source region gasdlowarbitrary units assigned
by the data system were as follows: curtain gasaB%ijliary gas 10; nebulizing
gas 50. In all cases, high purity nitrogen wasghae used. The ionspray voltage,
declustering potential (DP), focus potential (Fé)d DP2 were 1300 V, 35V,
130 V and 10 V, respectively. The mass spectronveds tuned using the ion at
m/z 879.9723 and fragment ion at/z 110.0713 obtained by infusing porcine

renin substrate tetetradecapeptide into the ES$oamce in the positive ion mode
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and at a resolution of above 10,000 (full widtrhalf maximum). This solution
was also used for calibration of the mass ranfgEl00-1,300.

2A.2.4. Silver ion - liquid chromatography/ozonolys - mass
spectrometry analysis of fatty acid methyl ester mtures
from lipid extracts*

Isocratic separation on a ChromSpher 5 Lipids colggnmm i.d. x 250 mm,
5 um; Agilent Technologies Inc, Lake Forest, CA) wased with all of the
samples. The mobile phase consisted of 20% hexsogropanol: acetonitrile
(100:1:0.1, v/viv) and 80% of hexane. The sampjection amount was gL
and the flow rate was 0.2 mL rfin The in-lineOs-MS conditions were the same

as above except that only 5 cm tubing was useddmple analysis.

2A.3. Results and discussion

2A.3.1. In-line ozonolysis - mass spectrometry angais of conjugated

linoleic acid standard
In our previous research, we showed that the oysioproduct aldehydes
resulting from the oxidative cleavage at each deubbnd can be used as
indicators of double bond positions for monounssted and non-conjugated
polyunsaturated FAME (Suet al, 2013). Here, in-line ©MS analysis is
performed on &is9, trans-11- andtrans-10, cis-12- CLA methyl ester standard,
in order to see whether conjugation will have arfifecd on double bond

assignment by ozonolysis. For both CLA positionsbmers, protonated
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molecular ions [M+H] at m/z295 are observed in the;®S mass spectra und

positive ion APPIEigure 2A-4).
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Figure 2A-4. In-line G;/APPI(+)-MS spectrum of (A) @11t-CLA methyl estel
and (B) 10,12c-CLA methyl ester

From the in-line @MS analysis ocis-9, trans-11- CLA methyl estenve observe
product ions atn/z213, 181, 187 and 15Figure 2A-4A). Theions atm/z213
and 187 correspond to the protonated aldehydeffonsthe ozonolysis cleavag
at A andA°® position, and the ions im/z181 and 155 are due to methanol |
from m/z213 and 187.In contrast, for thitrans-10, cis-12- CLA methyl este the
ions atm/z227, 195, 201 and 169 are observed I-line O;-MS (Figure 2A-4B).

The ions am/z227 and 201 are indicative of double bonds locatex'? andA*°

224



APPENDIX 2

positions and the ions at/z195 and 169 are due to the methanol loss fromethes

ions.

In-line Os-MS analysis ofcis-9, cis-11- andtrans9, trans-11- CLA methyl
ester (not shown) gives the same ozonolysis produastas those seen fois-9,
trans-11- CLA methyl ester. This result demonstrates doaible bond geometry
does not affect the ozonolysis product ions obskrvelowever, ozonolysis of
CLA isomers is generally seen to proceed at anlexated rate compared to the
non-conjugatectis9, cis-12-18:2 methyl ester. Thus, under the same reactio
condition (tubing length of 20 cm, ozone conceiraB85.6 g (mM)™?, 3 ul of 200
ng mlt standard solution), only ozonolysis product ioh€bA methyl esters can
be observed, whereas the [M+Hpn atm/z 295 of intact non-conjugatezis-9,
cis-12-18:2 methyl ester still exists. For this regsamly a 10 cm length of the
semi-permeable tubing is used here for the inOpdS analysis of CLA methyl
esters so that some CLA molecular ions can stilséen in the mass spectrum.
An enhanced reaction rate for gas phase ozonay<tt A was also observed in
the OzID/MS experiment (Phaet al, 2013).

In summary, the in-line YMS spectra of two CLA positional isomers
indicate that the observed ozonolysis product aldes are indicative of double
bond locations even when the double bonds are gatgd. Even though pure
standards of every CLA positional isomer are natilable, the pair of diagnostic
aldehyde ions arising from ozonolysis cleavageaahedouble bond can still be
used to reliably differentiate CLA positional isorse All of the predicted
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diagnostic aldehyde ions and their correspondintham®l| loss fragment ions for

CLA positional isomers from®® to A****are listed iriTable 2A-1

Table 2A-1. In-line Os/APPI(+)-MS diagnostic ions for CLA positional isem
identification

A. m/zof m/zof ions due to B. m/zof m/zof ions due to
CLA aldehyde ions aldehyde ions
methanol loss methanol loss
Isomer from O; cleavage from A from O; cleavage from B
at A% position at A+2 position
6,8 145 113 171 139
7,9 159 127 185 153
8, 10 173 141 199 167
9,611 187 155 213 181
10, 12 201 169 227 195
11, 13 215 183 241 209
12,14 229 197 255 223
13, 15 243 211 269 237

@ Position of double bond counted form the carboxglg end

2A.3.2. Detection limit of silver ion — liquid chranatography/

ozonolysis - mass spectrometry method*

Since CLA naturally occurs as a low abundance comapboof lipid, it is
important that the method is sensitive enough fbA@omer detection in the
presence of other fatty acids in high amount. ldeno demonstrate the
applicability of the present approach, an estinmatibthe limit of detection for an
individual CLA isomer €is9, trans-11-CLA) has been made. Ayl of a 0.20
ng mit solution ofcis-9, trans-11- CLA standard was analyzed by *AgC/Os-
MS using identical ozonolysis conditions to thosedifor sample analysis (see

materials and methods section). The least inteh#ige diagnostic aldehyde ions
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at m/z 213 was selected and its extracted ion chromato@XéC) was plotted.
The signal-to-noise ratio of the peak in this Xligtgly exceeded 3:1, taken as
the limit of detection (LOD). Thus, the LOD in shexperiment is 0.2 ng for a
single CLA isomer. A more realistic situation thapure standard is the analysis
of a lipid mixture that contains CLA as a minor qmnent. As an example,
consider the A§LC/Os-MS analysis of a LL injection of a 1 mg mt: solution

of this lipid mixture. In this example, dg of total lipid would be analyzed on-
column. Given the observed LOD of 0.2 ng for agkncomponent, this
corresponds to a minimum abundance 0.02% of tla¢ liptd in order to observe
the diagnostic @MS ions. This rough calculation indicates thag g -LC/Os-
MS method should be sufficiently sensitive for tdentification of most CLA
isomers in natural lipid samples even without the-qgoncentration steps that are
often used for GC analysis. Furthermore, highduroa loadings, and hence
lower LODs are certainly possible.

2A.3.3. Silver ion — liquid chromatography/ozonolys - mass
spectrometry analysis of fatty acid methyl ester mtures from
lipid extracts*

In order to demonstrate the relative retention oadeis,cis-, cis/trans- and
trans,trans- CLA isomers in silver ion chromatography, AgC/APPI(+)-MS
analysis was performed on a standard mixture of @ofers ¢is-9, trans-11-;
cis9, cis-11-; trans9, trans-11- andtrans-10, cis-12- CLA methyl esters), methyl

oleate €is-9-18:1) and methyl vaccenateans-11-18:1) Figure 2A-5).
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Figure 2A-5. (A) Ag*-LC/APPI(+)-MS TIC of a mixture of FAME standar
including 11-18:1, @-18:1, ¢,11t-18:2, 9,11t-18:2, ¢,11c-18:2 and 1t,12c-
18:2 methyl esters; (BXIC of m/z295; (C) XIC ofm/z297.

In the extracted ion chromatogram (XIC)m/z297 EFigure 2A-5C), the peaks ¢
6.4 and 12.9 min represetrans-11-18:1 anctis-9-18:1. In the XIC oim/z 295,
the first eluting peak ifrans-9, trans-11- CLA, the last eluting peak 3s-9, cis-
11CLA, and the two peaks in the middle arans-10, cis-12- andcis-9, trans-
11- CLA, respectivelyKigure 2A-5B). Within the 30 min isocratic separatic
CLA geometric isomers (with the same double bonsitfmms) are well separatt
from each other and also separated frcis- and trans- 18:1 methyl esters

Hence, coupling AGLC to in-line O:-MS provides the extra dimension
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information needed to determine the double bondmg#ees in addition to

identifying the double bond positions from the msyssctra.

In the following sections, we demonstrate the aapion of the AGLC/Os-
MS method for the identification of CLA isomers @ commercial CLA
supplement, bovine milk fat and the lipid extrattLoplantarumculture. These
examples include distinctly different CLA sourceavimg different levels and
distributions of CLA isomers and possible matrixenfierences. In order to
observe the diagnostic aldehyde ions from the dysisof CLA that is present
in low amounts in the samples, a shorter lengtkeofi-permeable tubing (5 cm)
was used, reducing the extent of ozonolysis.

2A.3.4. Commercial conjugated linoleic acid suppleant*

Because of the proven and potential health benefitS€LA consumption,
foods enriched in CLA and CLA supplements have beroavailable to
consumers. CLA supplements can be manufactured $ybean and safflower
oil that are rich in linoleic acid through eithehqgio- or alkali-induced
isomerization (Meet al, 1999; Gammillet al, 2010). Since these isomerization
processes are not isomer specific, multiple CLANss are believed to exist in
these synthetic CLA mixtures.

The FAME mixture from the CLA supplement was fiestalyzed by A
LC/APPI(+)-MS without ozonolysisFigure 2A-6A). In the XIC for [M+H]
ions atm/z 295 of linoleic acid isomersF{gure 2A-6B), there are two major
peaks at 10.8 and 11.8 min with four other minakgeat 6.4, 6.7, 23.1 and 24.9
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min. The mass spectra of these peaks are ideraiwhlthus the double bol

positions in these isomers cannot be distinguisiexttly.

N/ o,
Time, min

Figure 2A-6. Ag'-LC/APPI(+)-MS analysis ofa CLA supplement (A) TIC; ()
XIC m/z295.

Figure 2A-7A is the total ion current chromatogram (TIC) of g@me sampl
after in-line Q-MS; the mass spectra of each visible peak at 68,11.2 anc

12.3 min are also showr
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Figure 2A-7. Ag'-LC/Os-APPI(+)-MS analysis of a CLAupplement () TIC;
(B) mass spectrum averagel 6.8 min; (§ mass spectrum averaged at min;

(D) mass spectrum averaged11.2 min; (B mass spectrum averaged at
min.

The mass spectra of the peaks at Figure 2A-7B) and 11.2 minKigure 2A-
7D) are almost the same; the pair of diagnostic aiim/z227 (methanol loss ic
atm/z195) and 2@(methanol loss ion im/z169) can be used to unambiguot
assign the double bond positionA*? andA'®.  Similarly, in Figure 2A-7C and
2A-T7E the same pair of diagnostic ions at m/z (methanol loss ion im/z181)
and 187(methanol loss ion ém/z155) can be seen, which identify these peal

A %M CLA isomers. In all of these mass spectra, theHl}" ion atm/z295 is noi
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seen, partly because of the accelerated ozonabaction rate of CLA compared
to non-conjugated isomers, as described abovaddition, the CLA content of a
natural sample such as milk, cheese and buttenlysup to 2% of the total fatty
acids (Dhimaret al, 2000; Dhimaret al, 2005). This much lower abundance
also contributes to the failure to observe CLA malar ions in the mass spectra
after ozonolysis.

Even though there are two small peaks at 23.1 4rfir@in in the XIC oim/z
295 Figure 2A-6B), these peaks are difficult to see in"AgC/Os-MS TIC trace
in Figure 2A-7A and hence some CLA isomers might be overlookedweder,
a simple screening for all possible CLA positiorsimers can be performed by
generating XICs for each pair of diagnostic iorsteld inTable 2A-1 Peaks
appearing at the same retention timg it these XICs correspond to the specific
CLA positional isomer. For example, Figure 2A-8A, the three peaks at 7.2,
12.3 and 25.1 min in the XIC a@h/z213 are also present in the XIC rafz 187
meaning that these peaks are all due to CLA isomgthsdouble bonds located at

A andA?®,
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Figure 2A-8. The Ag-LC/O3-APPI(+)-MS analysis of €LA supplement ()
XIC of m/z187 and 213; () XIC of m/z201 and 227;d.f. TIC trace inFigure
2A-TA).

From the known elution order of CLA geometric isomim Ag*-LC, the peaks &
7.2 min and 25.1 min must Iltrans9, trans-11- andcis-9, cis-11- CLA. The
peak at 12.33 min could fcis-9, trans-11- ortran-9, cis-11- CLA which are no
readily distinguished by their retention time. Hoar, in this particular case, t
peak at 12.3 min is identified ecis-9, trans-11-CLA which is confirmed by
addition of cis9, trans-11- CLA standardto the sample (data not sho.
Similarly, the XICs of another pair of diagnostidehyde ions em/z227 and 20:
reveals three geometric isomersA'®*?CLA at 6.8, 23.9 and 11.2 milFigure
2A-8B), which are identified atrans-10, trans-12-, cis-10, cis-12- andtrans-10,
cis-12- CLA (the latter confirmed by addition trans-10, cis-12- CLA standarc
to the sample). In summary, the results show that commercial CL/

supplement sample contains primaicis-9, trans-11- andtrans-10, cis-12-CLA,

233



APPENDIX 2

along with minor amounts of their geometric isom&ens9, trans-11-, cis-9,
cis-11-, trans-10, trans-12- andcis-10, cis-12-CLA. This finding is consistent
with a previous publication that used ‘AgC and GC/(El) MS to analyze a
commercial CLA mixture (Yuraweazt al, 1999).

It is important to clarify that as in this exampiesline O;-MS can directly
identify CLA positional isomers without requiringaadards, but it is not able to
differentiate the geometric isomers. On the otiard, the elution order in Ag
LC provides complementary information on double daeometry, especially
when both double bonds are in the same configurdtrans,trans andcis,cis).
However, the elution order of a positional isomeavihg double bonds in
cis,trans andtranscis- configurations is less definite, and may dependsnup
column conditions, temperature and mobile phaseposition (Eulitzet al,
1998; Delmonteet al, 2005). The addition of a CLA standard can hibip
identification ofcis/trans geometric isomer as shown above, but only ifGhé
isomer is available as a pure standard. Ovetlal, éxample demonstrates that
the Ag-LC/O3x-MS method is capable de novoidentification of CLA positional
isomers in lipid mixtures, despite the fact thasihot in itself able to differentiate
cis,trans andtrans,cis CLA geometric isomers.

2A.3.5. Bovine milk fat*

Milk fat is complicated mixture that contains up20 CLA isomers, among

them rumenic acidc{s-9, trans-11-18:2) is normally the most abundant CLA

isomer (Denget al, 2003). CLA content and isomer distribution mwcmilk is
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greatly influenced by the season, feeding practicé by the diet of the cow
Identification of CLA isomers in milk is importafdr the dairy industry and als
for nutritional researcfdianget al, 1996; Kelsyet al, 2003).

The XICs of [M+HT ions atm/z295 and 297 for 18:2 and 18:1 FAME frc

Ag’-LC/APPI(+)-MS analysis of a milk fat FAME mixture is shown Figure
2A-9.
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Figure 2A-9. The Ag-LC/APPI(+)-MS analysis of milk fat (A) TIC; (BXIC of
m/z295; (C) XIC ofm/z297

The peak at 12.2 min in the XIC tracem/z297 that is present at high intens
is due to methyl oleatecis-9-18:1), the most abundant 18:1 fatty acid in m

Due to this high abundance of methyl oleate, thek at 12.2 min in the TI(

However, tharsgpn of all minor CLA
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species can still be observed in the XIQrdk 295 because of the high selectivity
achieved in this trace.

It is apparent fronkigure 2A-9B that more than one CLA isomer must exist
in the sample, so Ag.C/Os-MS analysis was performed for the elucidation of
the double bond positions in the CLA positionainmsos. InFigure 2A-10, both
the traces showing the characteristic aldehyde @&k methanol loss fragment
ions are overlaid in order to avoid false positivegspecially important for

complex samples like the milk fat.
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(a) A1 13CLA
XIC m/z 241 and 209

XIC m/z 215 and 183

(b) A10.12CLA
XIC m/z 227 and 195

Y (c) ASMCLA
:—T'. iﬂ: XIC m/z 213 and 181
I I

XIC m/z 187 and 155
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Figure 2A-10. The Ag-LC/Oz-APPI(+)-MS analysis milk fat (AXIC of m/z183
and 209m/z215 and 24; (B) XIC of m/z169 and 195n/z201 and 22; (C) XIC
of m/z155 and 181;n/z187 and 21.

For example, irFigure 2A-10A there is a peak at around 3.0 min in the XIC

m/z215 (diagnostic aldehyde ions &' double bond), 241 (diagnostic aldehy

ions of A double bon)l and 209 (methanol loss from ion m/z 241), but this
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peak is missing from the XIC aif/z183 (methanol loss from ion at/z215). As
seen in the @MS of two CLA standardsFigure 2A-4) and also the CLA
supplement sampleFigure 2A-7), methanol loss from the ozonolysis product
aldyhyde ions occurs during APPI ionization and tlagment ions have even
higher intensity than their aldehyde ion precursdreerefore, the peak at 3.0 min
in XIC of m/z215 is not due to cleavage of double bond’&tby ozonolysis.
The peaks in the XIC of ions at/z241, 209, 215 and 183 overlay each other at
10.5 min Eigure 2A-10A), which is thus identified as'"** CLA in cis,trans or
trans,cis configuration. The peaks that superimpose atBL® and 11.6 min in
the XICs of ions atn/z227, 195, 201 and 16%igure 2A-10B) are identified as
trans-10, trans-12-, trans-(or cis-)10, cis{or trans)12-, cis{or trans)10, trans-
(orcis-)12- CLA.

We can also confirm the existence/df'* CLA positional isomers at 7.3 min
astrans-9,trans-11- CLA and at 12.8 min ass-9, trans-11- CLA (proved by the
addition of a standard ais-9, trans-11- CLA in the sample). We notice that the
peak at 10.8 min in XIC ain/z187 and 155 are much wider and of much higher
intensity than the corresponding peak in XICnolz 213 and 181Kigure 2A-
10C). This is because the abundant methyl oleat9¢18:1) elutes just behind
cis9, trans-11- CLA and the characteristic ions indicating double bond are
also m/z 187 and 155. Despite this coelution, extractihg two pairs of
characteristic ions still allows for the correcemdification of cis-9, trans-11-

CLA.
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Thus, by using AGLC/Os-MS we are able to positively identify six CLA
isomers includingrans-(orcis-)11, cis{or trans)13- CLA at 10.5 mintrans-10,
trans-12- CLA at 6.9 mintrans-(or cis-)10, cis{or trans)12- CLA at 11.2 min,
cis<{or trans-)10, trans{or cis-)12- CLA at 11.6 minfrans-9, trans-11- CLA at
7.3 min andcis9, trans-11- CLA at 12.8 min Kigure 2A-10) in the milk fat
sample.

Unlike other reports that used multiple AlgC columns in series, resulting in
long separations for CLA isomers (Chriséieal.,, 2007), only a 30 min isocratic
separation on a single column is needed in thiglystw provide adequate
separation of the CLA isomers. Then, the in-lingeMb results can be used for
thede novadentification of CLA positional isomers irrespieet of any coelution
or interference. In addition, the poor retentionet stability often seen with Ag
LC and also observed in our study (as sedrignre 2A-5B, Figure 2A-6B and
Figure 2A-9B), has no impact on CLA positional isomer idenéfion since the
de novo assignment only depends on the extraction of the pair of
characteristic ions listed ifable 2A-1 instead of a comparison against the
retention times of CLA standards. This is espéciah advantage for complex
lipid samples containing a low abundance of CLANsos.

2A.3.6. Lipid extract from L. plantarum culture

Although animal studies testing the activity of CLshow promise,

conflicting results have arisen in studies attengpto show human health benefit

when natural sources of CLA were used, for exan@lé from food grade
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bacteria (McCrorieet al, 2011). This inconsistency could relate to thet taat
different CLA isomers may elicit a different bioiogl response, and at the same
time suitable methods for identification of CLA mers at low concentration are
still lacking. Lactobacillusspecies have a safe history of use in food prooluct
and can be utilized to transform linoleic acid tbACfor human consumption
(McCrorieet al, 2011; Andradet al, 2012). However, a majority of studies do
not report on the geometric isomers produced.d&gtobacillusspecies and other
food-grade bacteria (McCrorgt al, 2011; Andradet al, 2012). Here, we have
employedL. plantarum for bioconversion of linoleic acid as it is knowin
producetrans9, trans-11-, cis-9, trans-11-, andtrans-10, cis-12-CLA (Ogawaet
al., 2001; Kishincet al, 2011).

A lipid extraction fromL. plantarumculture was purified and converted to
FAME for analysis by the AgLC/Os-MS method. The XICs of the two pairs of
characteristic ions clearly show the presenca®f, A% A'%*2andA'? CLA
positional isomersHigure 2A-11), and the retention times allow for the partial

assignment of CLA geometric isomers.
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(a) 9t,11¢18:2 9¢,111-18:2
Cm/221"and131 XIC m/z 213 and 181
M }\d 12.<:9 b‘\a’«
XIC m/z 187 and 155 XIC m/z187 and 155
13.2
8.2 12.9
~
6.5 8.5 12.0 14.0
(b) 10£,12¢-18:2 10£,12¢c-18:2
XIC m/z 227 and 195 XIC m/z 227 and 195
1.8
7.8
e —
XIC m/z 201 and 169 XIC m/z 201 and 169
% K
8.5 11 .0
(C) 121,141-18:2 (d) _ 8t10¢18:2
XIC m/z 255 and 223 XIC m/z 199 and 167
6.1
9.5
XIC m/z 229 and 197 XIC m/z173 and 141
6.1 9.5
5.0 7.0 180 10.0 |

Figure 2A-11 The Ag-LC/Os-APPI(+)-MS analysis of a lipid extract froin

plantarumculture. Each identified CLA isomer is indicategl its retention time.
(A) XIC of m/z155 and 181m/z187 and 213; (B) XIC om/z169 and 195m/z
201 and 227; (C) XIC of/z197 and 223m/z229 and 255; (D) XIC oi/z141

and 167m/z173 and 199.
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Finally, it can be concluded thatans9, trans-11- (8.2 min),cis9, trans-11-
(12.9 min),trans-10, trans-12- (7.8 min),trans-10, cis-12- (11.8 min)trans-12,
trans-14- (6.1 min) andtrans8, trans-10- CLA (9.5 min) are found irL.
plantarum culture sample. Hence, in addition to CLA isom@meviously
elucidated from the conversion of linoleic acid lbyplantarum the use of the
Ag’-LC/Os-MS method in this study has revealed that thregitiadal CLA
isomers are also produced. These additional, puseily unidentified isomers may
partially be responsible for the lack of definitivaad reproducible results in

human studies involving CLA from lactobacilli cules.

2A.4. Conclusions

In this study, we have demonstrated that ozonolgsisluct aldehyde ions
from in-line G;-MS can be used for the identification of CLA pasial isomers.
Coupling Ag-LC to in-line Q-MS successfully identifies CLA positional
isomers and most of geometric isomers in complerpsas, which has been
shown in the analysis of CLA isomers in a CLA s@gopént and even complex
lipid mixture such as milk fat and lipid extract lof plantarumculture. Since the
diagnostic ozonolysis aldehyde ions and methangk Iragment ions are
predictable, it is easy to extract these targes i@mable 2A-1) for the de novo
identification of CLA positional isomers. Furthesre, the AJ-LC/ Os-MS
method is unaffected by the retention time insigbiif Ag*-LC columns because

the identification solely relies on extracting ttheagnostic ions without reference
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to the retention times of CLA standards. The estéd LOD of 0.20 ng on-
column for the identification of the diagnostic ehyde ions from a single
component, also makes the identification of reljiviow abundance CLA
isomers possible. Future work will apply AgC/ Os-MS for quantitation of
CLA, dependent on the availability of suitable cgmtally labeled internal
standards. In summary, the AgC/ O-MS method described here could be
expected to facilitate the fast and direct idecaifion of the CLA isomers present

in lipid extracts from any source.
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Figure 3A-3. ESI-MS/MS sodiated spectra of Gal-Gal-GIcNAc sampl
compounds, [M+N4d] at m/z 568. (A) Gal-Gal-GIcNAc peak 1; (B) Gal-Gal-

GIcNACc peak 2; Structures are shown to indicat@psed fragmentation.
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Figure 3A-5. ESI-MS/MS spectra of [M-H]ions of galactosylated GICNAc
formed by CCE ofLactococcus lactisMG1363 expressing LacLM of..
plantarum FUA3112. (A) Gal-GIcNAcm/z 382 with a retention time of 18.1
minutes; (B) Gal-GIcNAen/z382 with a retention time of 22.9 minutes; (C) -Gal
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m/z544 with a retention time of 66.8 minutes.
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Figure 3A-6. ESI-MS/MS spectra of [M-H]ions of galacto-oligosaccharides
formed by CCE ofLactococcus lactisMG1363 expressing LacLM of..
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