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Summary

SUMMARY

The contribution of wheat sourdough fermentationgte final bread volume is presented in
the first part of this thesis. Exogenous and endogs factors, e.g. strain selection, sourdough
dosage, and fermentation period, which have a mgdact on gluten quality were evaluated
in respect to the final bread volume during wheatirdough fermentations. A distinct
classification was not observable for different marganisms in sourdough fermentations
with respect to the final bread volume. Moreovér influence of acid supplementation
resulting in different bread dough pH-values onaldrevolume is presented. Increasing
amounts of acetic acid resulted in collapsed fomrehd volumes; thus, the performance of the
baker’s yeast was strongly inhibited with elevaeetic acid concentrations. Redox reactions
catalyzed by the fermentation flora during wheatrdough fermentations generated reduced
thiol compounds. Low-molecular weight compounds @apable bread aroma precursors; in
addition, the dough rheology is affected by degiiadaof gluten proteins caused by a
decrease of the redox potential in the dough sysfém addition of baking improvers in
fermentations with.. sanfranciscensis had a positive effect on the final bread volunterst
the baking agents were not diminished during weeatdough fermentations.

The distribution of enzyme activities in lactoblcibble to generate volatile aroma
compounds from hydroxycinnamic acids is discussetthé second part of this thesis. Ferulic
acid was accumulated in wheat sourdough fermemnwatath L. sanfranciscensis; by using
plate screening approaches the ability of lactdbasias evaluated to release bonded
hydroxycinnamic acids. Furthermore, predicted cmog@ esterases, and arabinoxylan-
degrading enzymes were heterologously expressedlardcterized of different lactobacilli.
It was shown that liberated phenolic compoundsdabel further metabolized and account for
aroma in sourdough fermentations. The free fornthef phenolic acid is the substrate of
decarboxylases by lactobacilli, generating volaplecursors, e.g. 4-vinylphenol and 4-
vinylguaiacol, respectively. In wort fermentationgh a combination of aroma active starter
cultures, the results from the screenings were etetggether; a combination &f brevis
TMW1.1326 and.. pontis TMW1.1086 showed capable results related to thmemgdion of
active aroma odors.

Thirdly, insights are given into the oxidative ssgesponse df. sanfranciscensis; two main
enzyme activities contributing to the aerobic Idé the strain, glutathione reductase and

NADH-oxidase, respectively, are introduced, andati@rized by creating of cognhate mutant
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strains. The loss of GshR activity in sanfranciscensis TMWAgshR resulted in a loss of
oxygen tolerance. ThgshR-mutant strain exhibited a strongly decreased aemowth rate

on MMRS when compared to either anaerobic growtihe@mwild type strain; aerobigrowth
was restored by addition of cysteine. In additionjnactivation of the native NADH-oxidase
gene, it was ensured that besides fructosedd react as an electron acceptor. The mutant
strain was only able to grow in MRS media supplame@mwith fructose in aerated cultures,
whereas the wild type strain showed a fructosepeddent growth response. Additionally,
sanfranciscensis showed manganese-dependent growth response tedetdtures, the final
OD and growth velocity was increased in media seipeihted with manganese. Finally, the
mutant strain TMW1.58nox was more sensitive the superoxide generating agent paraquat
and showed inhibition of growth on diamide-treatddRS-plates without fructose
supplementation. A scheme is proposed for the eagymcluded in the detoxification of
reactive oxygen species, and possible effects lawevrs of antioxidative compounds In

sanfranciscensis to maintain redox homeostasis during the aerdl@of the strain.



Zusammenfassung

ZUSAMMENFASSUNG

Der erste Teil dieser Arbeit prasentiert den Bgitvan fermentierten Weizensauerteigen auf
das resultierende Brotvolumen. Exogene und endodemdoren, wie Stammauswahl,
Sauerteiganteil und Fermentationsdauer, die einessgn Einfluss auf die Kleberqualitat und
somit das resultierende Brotvolumen haben wurdehrevid einer Weizensauerteigfermen-
tation bewertet. Eine eindeutige Klassifizierungf @as resultierende Brotvolumen von
verschiedenen, in Sauerteigen eingesetzten Mikamisghen konnte nicht aufgestellt werden.
Darlber hinaus ist der Einfluss von Saurezugalseiltterend zu unterschiedlichen Brotteig
pH-Werten, auf das finale Brotvolumen dargesteSiteigende Mengen an zugesetzter
Essigsaure lassen die Brotvolumen kollabieren.lieblgvurde die Leistung der Backhefe mit
steigenden Essigsaurekonzentrationen stark geheahrend einer Weizensauerteig-
fermentation werden Redoxreaktionen durch die Fetatensflora katalysiert, die reduzierte
Thiolkomponenten erzeugen. Verbindungen mit nieamngViolekulargewicht sind mdgliche
Brotaromenvorstufen. Des Weiteren wird die Teigibgie durch den Abbau des
Klebernetzwerkes beeinflusst, welcher durch dieidéimgung des Redoxpotentials im
Teigsystem hervorgerufen wird. Der Zusatz von Batketn in Fermentationen mit.
sanfranciscensis hatte einen positiven Einfluss auf das resultideenBrotvolumen.
Dementsprechend wurden die Backmittel wahrend éWeizensauerteigfermentation in ihrer
Wirkung nicht abgeschwacht.

Der zweite Teil dieser Arbeit widmet sich der Veitwng von Enzymaktivitaten in
Laktobazillen, welche flichtige Aromakomponenters ddlydroxy-Zimtsduren generieren.
Ferulasaure wurde wahrend einer Weizensauerteigfgation mit L. sanfranciscensis
angehéauft. Die Fahigkeit von Laktobazillen geburdétydroxy-Zimtsduren freizusetzen,
wurde mittels Platten-Untersuchung evaluiert. White wurden madgliche Zimtsaure-
esterasen und Arabinoxylan-abbauende Enzyme vasthiedenen Laktobazillen heterolog
exprimiert und charakterisiert. Es wurde gezeigissd freigesetzte Phenolverbindungen
verstoffwechselt wurden und somit zur Entwicklures dhromas in Sauerteigfermentationen
beitragen kénnen. Die freie Form der Phenolsawatdils Substrat fir Decarboxylasen von
Laktobazillen, die fliichtige Verbindungen wie 4-Yiphenol bzw. 4-Vinylguaiacol erzeugen.
Die Resultate der Screenings wurden in Vorderwérpe¢ntationen mit einer Kombination

von aroma-aktiven Starterkulturen zusammengefugel Wersprechende Resultate im



Zusammenfassung

Hinblick auf die Erzeugung von aktiven Aromenverhingen konnten mit einer
Kombination vorL. brevis TMW1.1326 und_. pontis TMW1.1086 erzielt werden.

Im dritten Teil der Arbeit ist ein Einblick in dieoxidative Stressantwort vori.
sanfranciscensis gegeben. Zwei wichtige Enzymaktivitaten (Glutath®eduktase und
NADH-Oxidase) werden vorgestellt, die zum aerobeabdn des Stammes beitragen. Die
beiden Enzymaktivitditen werden durch die Erzeuguog verwandten Mutantenstimmen
charakterisiert. Der Verlust der Glutathion-RedsktaAktivitdt in L. sanfranciscensis
TMWAQgshR ist verantwortlich fir den Verlust der Sauerstufftanz des Stammes. Im
Verhéltnis zu anaeroben Wachstumsbedingungen bem Wachstum des Wildstammes
zeigte der gshR-Mutantenstamm eine stark verringerte Wachstumstatger aeroben
Bedingungen. Durch den Zusatz von Cystein zum Néatimm wurde das Wachstum unter
aeroben Bedingungen wiederhergestellt. Durch daktimierung des urspringlichen NADH-
Oxidase Genes wurde zusatzlich sichergestellt, daten Fruktose auch Sauerstoff als
Elektronenakzeptor verwendet werden kann. Der Matestamm war nur in MRS-Medium
mit zugesetzter Fruktose befahigt unter aerobenukhgdingungen zu wachsen, wohingegen
der Wildstamm ein fruktose-unabhangiges Wachsturhaiten aufwies. Des Weiteren zeigte
L. sanfranciscensis unter aeroben Kulturbedingungen ein mangan-abpésgiWachstums-
verhalten. In Medium mit zugesetztem Mangan waréa aptische Dichte und die
Wachstumsgeschwindigkeit gesteigert. Abschliessermdigte der Mutantenstamm
TMW1.53Anox ein sensitives Verhalten gegentber Paraquat, ®imstanz die Superoxide
erzeugt. Auf MRS-Platten ohne Fruktosezusatz koeb&nfalls eine Wachstumhemmung bei
Diamid-Behandlung gezeigt werden. Eine Ubersicht beteiligten Enzymen die zu einer
Uberwindung von reaktiven Sauerstoffarten beitrageurde aufgestellt, dariiber hinaus
werden mogliche Effekte von antioxidativen Verbindan inL. sanfranciscensis gezeigt,
welche einen Beitrag zur Redox-Selbstregulationresidh des aeroben Lebens des Stammes

leisten.



Chapter 1

1. GENERAL INTRODUCTION

This introduction reviews current knowledge of theics exposed in this thesis. The main
substrate wheat flour and the diversity of glutestgins are described. A short introduction is
given in the chemistry of gluten proteins, non-gapolysaccharides (NSP), as well as in the
biodiversity and metabolic exploitation of wheatustough microbiota.Lactobacillus
sanfranciscensis TMW1.53, the main strain used in the studies oaptlr 2 and 4 is
introduced. A general overview of oxidative stregsponses is given for thkeacto-
bacillaceae.

The second section focuses on wheat sourdough réstens with lactobacilli. The
evaluation of sourdough dosage and the impact efirtal bread volume is shown; the effect
of strain selection, fermentation period, organitcdaaccumulation, and addition of baking
improver’s is determined. Moreover, the influendeglutathione reductase activity of strain
Lactobacillus sanfranciscensis TMW1.53 in sourdough fermentations is introducaadd the
interaction of glutathione in respect to glutenlgyas demonstrated.

Thirdly, the ability of hetero- and homofermentatilactobacilli is discussed to liberate
phenolic aroma precursors in wheat sourdough fetaiens. As a starting point for this
study screening approaches with different lactdlbasere performed on mMRS plates
supplemented with ethyl ferulate. Subsequentlyhwit vivo fermentations and molecular
techniques the ability of specifiactobacillus strains could be shown to have the potential of
phenolic aroma enhancement during wheat sourdcerghehtations. Main enzyme activities
in the metabolism of bonded ferulic acid in whegthénoxylan to volatile phenolic aroma
compounds of lactobacilli were heterologously espesl inE. coli.

Finally, the last chapter reviews the defenses ragabxidative stress ihactobacillus
sanfranciscensis TMW1.53 on a genetically background. The detoatilcn of reactive
oxygen species could be performed on an enzymatel land on a non-enzymatic level as
well. Two crucial enzyme activities were shut dodrier cell defense against oxygen related

stress by creating cognate mutants. An insightimrsarized of the ability ofactobacillus
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sanfranciscensis to compensate the effect of reactive oxygen spatiging the aerobic life of

the strain.

1.1 WHEAT FLOUR

Wheat is one of the three most important cropshenworld, together with maize and rice
(95). The vast majority of bread is traditionallyoguced from wheat flour. The gluten
proteins, the non-starch polysaccharides, anddipré the main compounds besides the major
substance starch (42). During all steps of breakimgacomplex chemical, biochemical and
physical transformations occur, which affect angl @ffected by the various flour constituents
(42). The key characteristic of wheat is the uniguaperties of doughs formed from wheat
flours; these properties depend on the structurdgrderactions of the grain storage proteins,

which together form the “gluten” protein fractio®3)).
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Figure 1. Wheat grain showing component tissuegr{Rted from Surget and Barron, 2005) (90).

The wheat grain contains of 2-3% germ, 13-17% baan, 80-85% mealy endosperm (102).
Outer layers of wheat grain (bran) have primarilyoke of protection; cell walls in these

tissues are thick, hydrophobic and essentially &atrof cellulose and complex xylans, but
also generally contain significant amounts of Igii®0). Proteins and carbohydrates each

represent approx. 16% of total dry matter of thenbfThe inner starchy endosperm mainly
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contains carbohydrate reserves, which are needetthdogrowth of the seedling; apart from
carbohydrates the endosperm contains lipids (1.p%0})eins (13%) and minerals (0.5-1.5%)
(90, 102). The carbohydrate composition of wheaingris important, because of the

nutritional requirement of the sourdough microbiotéermentations.

Table 1. Carbohydrate composition grain of wheat

Compound %
Starch 63.0-72.0
Amylose (in starch) 23.4-27.6
Pentosan 6.6
B-Glucan 1.4
Fructosan 0.9-1.46
Glucose 0.02-0.03
Fructose 0.02-0.04
Sucrose 0.57-0.80
Maltose Traces
Raffinose 0.2-0.39
12)

Wheat flour mainly consists of starch (70-75%),exdapprox. 14%) and proteins (10-12%).
In addition, non-starch polysaccharides (2—3%)particular arabinoxylans (AX), and lipids
(1.5-2.5%) are important minor flour constituerdgtevant for bread production and quality
(42). The starch is the most abundant componemwr#at flour; it consists of branched
glucose-units linked together by glycosidic bon&sarch is composed of two different
molecules:

- linear and helical amylose (500 — 6.08(1-4) linked D-glucose-units).

- branched amylopectin (300.000 — 3.000.000 D-glucwsts linked together with-

(1-4) anda-(1-6) bonds).

Starch could be found in wheat in two different gries; the large, lenticular (B-type)
granules having diameters from 10-35 nm, and thadlsepherical (A-type) granules with a
diameter of 2-10 nm (50). The amylose/amylopectitior differs between starches, but

typical levels of amylose and amylopectin are 28462fd 72—75%, respectively (24).
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1.2 WHEAT GLUTEN PROTEINS

Gluten proteins play a key role in determining tin@ique baking quality of wheat by
conferring water absorption capacity, cohesivitiscasity and elasticity on dough (119).
Scientific study of cereal grain proteins extendskofor over 250 years, with the isolation of
wheat gluten first being described in 1745 from d&et; and more systematic studies have
been carried out by Osborne (1859-1929) (94). Owb@l924) classified the proteins of
wheat according to their solubility in four diffeefractions: albumins, soluble in water;
globulins, soluble in salt solutions; gliadins, wae in 70% ethanol; glutenins, soluble in
diluted acetic acid. Albumins and globulins represabout 20% of total proteins in wheat
flour, gliadins and glutenins account for appro®%@of the wheat flour proteins (12, 91, 93).
This definition has since been extended to incligdated proteins, which are not soluble in
alcohol-water mixtures in the native state. In wihaghese groups of monomeric and
polymeric prolamins are known as gliadins and gliig, respectively, and together form
gluten proteins (1, 98, 119). Both fractions consis numerous, partially closely related
protein components characterized by high glutanaimé proline contents (94, 119). Wheat

prolamins are the major storage proteins presetitarstarchy endosperm cells of the grain

(1).

Table 2. Classification of different wheat proteins

Osborne Solubility Composition Functional

Fraction behavior role

Albumin water Non-gluteropgins Variable
mainly monomeric

Globulin dilute salt Non-gluten peots Variable
mainly monomeric

Gliadin agueous alcohol Gluten pradgimainly monomeric Dough
gliadins and LMW glutenins) viscosity

Glutenin dilute acetic acid Gluten prage{mainly HMW Dough
glutenin polymers) elasticity

Residue unextractable Gluten proteins (HMMymers Variable
and polymeric non-gluten proteins
(triticins)

(42)
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1.2.1 Gliadins and glutenins

Gluten proteins enable the formation of a cohesigeo-elastic dough that is capable of
holding gas produced during fermentation and ov&s-rresulting in the typical fixed open
foam structure of bread after baking (114). Botcfions are important contributors to the
rheological properties of dough; nonetheless, tlgrction related to dough quality are
diverse. Gliadins and glutenins are usually founthbre or less equal amounts in wheat (42).
Hydrated gliadins have little elasticity and aresle&eohesive than glutenins; they contribute
mainly to the viscosity and extensibility of theugdh system. In contrast, due to their large
size, glutenin polymers form a continuous netwdt fprovides strength and elasticity to the
dough (42, 119). For example, highly elastic dougitesrequired for bread making, whereas
more extensible doughs are needed for making cakediscuits (94, 95).

Gliadins are mainly monomeric proteins with moleculveights (Mw) around 28.000—
55.000 and can be classified according to thefeiht primary structures intdp-, y- andw-
type gliadins (114, 119). Cysteine residues playimaportant role in the structure of both
gliadins and glutenins. These cysteine residuesidiner involved in disulfide bonds within
the same polypeptide (intra-chain disulfide bonais)n disulfide bonds between different
polypeptides (inter-chain disulfide bonds) (114)3-Gliadins contain six cysteine residues
and form three intra-chain disulfide bonds, whilgliadins contain eight cysteine residues
and form four intra-chain disulfide bondssgliadins lacking cysteine residues and therefore
the possibility to form disulfide cross links. Alstoall cysteine residues are located in the C-
terminal domain (43, 108). Minor portion of gliadihave an odd number of cysteines and are
linked together or to glutenins; these gliadins pi@posed to act as a terminator of glutenin
polymerizationw-Gliadins are characterized by the highest conteinggutamine, proline and
phenylalanine which together account for around 8¥%he total composition (119). Studies
on the secondary structure have indicated thaNtherminal domains o#/p- andy-gliadins
are characterized f+turn conformation, similar te-gliadins (64, 119). The non-repetitive
C-terminal domain contains considerable proportiafisa-helix and B-sheet structures.
Comparison of amino acid sequences revealedifailiadins andy-gliadins are both related
to the LMW-GS, they are accordingly classified aslfur-rich prolamins” (98, 114).

The glutenin fraction has been difficult to studgce it comprises several dozen different
disulfide-bonded polypeptides in the molecular nrasgje of millions to hundreds of millions
(64). The largest polymers termed “glutenin machpper” (GMP) showed the greatest
contribution to dough properties; the amount in athBour (~ 20-40 mg/g) is strongly

9
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correlated with dough strength and loaf volume j12%er reduction of disulfide bonds, the
resulting glutenin subunits show solubility in aquse alcohols similar to gliadins (119).
Shewry and Halford classified all prolamins of fhéticeae (wheat, barley and rye) to three
broad groups: sulfur-rich (S-rich), sulfur-poor g8er) and high molecular weight (HMW)
prolamins (94). Based on primary structure, glutesuibunits have been divided into high-
molecular-weight (HMW) subunits (MW: 67.000—88.0@®)d low-molecular-weight (LMW)
subunits (MW: 32.000-35.000) by Wieser (2006) (118lthough LMW subunits show
strong similarities witha-type andy-type gliadins, they differ in one very important
characteristic; apart from intra-chain disulfidends, inter-chain disulfide bonds that lead to
incorporation of LMW subunits in glutenin polymeatso occur in LMW subunits (114).
LMW subunits contain eight cysteins, six of thera ar positions homologous tdp- andy-
gliadins, and therefore are proposed to be linkethipa-chain disulfide bonds (43, 119, 120).
The two additional cysteine residues are not abl@itm intra-chain bonds; thus, inter-chain

disulfide bonds are generated with cysteines cérogfuten proteins.

Wheat gluten proteins

- Y

Aggregative glutenins

l— Monomeric gliadins —t

m-gliading o B-ghadinsg ~-gliadins LAIW subuwuts HNW subujuts

S-poor S-rich prolamins HLMWY prolamins
prolamins

Figure 2.Classification of gliadin and glutenin subunitsnheat flour (64).

The current nomenclature of HMW subunits contabesides an indication of the genetic
locus (1A, 1B, or 1D) and the typg ¢r y), a number that was originally meant to reflect a
ranking according to decreasing molecular weighis humber reflects now the mobility of
the glutenin subunit on SDS-PAGE (114). HMW glutesiubunits belong to the minor
components within the gluten protein family (~ 10%ach wheat variety contains three to
five HMW subunits which can be grouped into twofaliént types, the-- (MW: 83.000—
88.000) and theg-type (MW: 67.000-74.000), respectively (75, 119MW subunits have
high contents of proline, glutamine, glycine, and Icontents of lysine; they consist of non-

repetitive N- and C-terminal domains (A- and C dotp#anking a central repetitive domain
10



Chapter 1

(B domain) that confers elasticity to protein moiles (1, 40, 119). Domains A and C are
characterized by the frequent occurrence of chargeidues and by the presence of most or
all cysteine residues (119).

Table 3. Repeating motifs &f andy-type HMW subunits

Subunits
Motif x-type y-type
Tri-peptide GQQ -
Hexa-peptide PGQGQQ PGQGQQ
Nona-peptide GYYPTSPQQ GYYPTSLQQ
(96, 114)

The most important difference between xh@nd they-type lies within the A- and B domains
and the occurrence of cysteine residues. ¥hge except subunit Dx5 has four cysteines,
three in domain A and one in domain C (97, 119)oTesidues of domain A are linked by an
intra-chain bond, the other two by inter-chain tfide bonds. Subunit Dx5 has an additional
cysteine residue at the beginning of domain Bs pprioposed that another inter-chain bond is
generated. Thg-type has five cysteines in domain A and one irheafcdomains B and C.
Inter-chain disulfide bonds have been detectedh@n dysteines of domain A, which are
connected with corresponding residues of anoyhigpe. Cysteine residue of domain B is
linked together with cysteines of LMW subunits;paésent, no inter-chain bond is observed
of the cysteine residue of domain C (59, 119). aimeno acid composition of HMW subunits
indicates the hydrophilic nature of the central etéjye domain and the hydrophobic
characteristics of the N- and C-terminal domair®.(9
HMW subunits are the major determinants of dougd gluten elasticity; the two main
features of the HMW subunits structure in respedheir role in glutenin elastomers are as
follows: the number and distribution of disulfidertnls and the properties and interactions of
the repetitive domains. Although disulfide-linkedutgnin chains provide an “elastic
backbone” to gluten for interactions with othertghin subunits and with gliadins, evidence
from spectroscopic studies of HMW subunits suggdsts non-covalent hydrogen bonding
between glutenin subunits and polymers may alsompertant (1, 7, 8, 117). The importance
of non-covalent bonds can be demonstrated by tileetefof agents such as salts, urea, and
deuterium oxide on dough mixing (27, 112). Moreowewas proposed by Belton that inter-
chain hydrogen bonds formed in particular betweetagine residues are also important in
11
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conferring elasticity (6, 94). The disulfide struiet of native glutenins is not in a stable state,
but undergoes a continuous change from the matgpam to the final end product bread
(120, 121). Differences in the disulfide bondinggeerties of glutenin subunit impact on their
association within the glutenin macropolymer anktk rim establishing gluten structure and
subsequent function (64). Different factors, e.gnefic configuration (ratio: gliadin, LMW
subunits, and HMW subunits), environmental diffees (sulfur deficiency, heat or water
stress), and the redox state of the system (presehceducing or oxidizing agents) are
influencing the state of disulfide structure (12dgnce, oxidizing and reducing agents which
have a strong impact on the dough thiol-disulfigstem can affect the polymerization of
glutenin subunits and thereby change the rheolbgroperties of the dough (36, 42). Already
very low concentrations of endogenous glutathiorstically weaken the dough and increase
extensibility through thiol/disulfide interchangReduced glutathioney{GluCysGly, GSH)
and oxidized glutathione (GSSG) are both naturattgurring in wheat flour (61). These
sulfhydryl compounds are capable of undergoingsalfide-sulfhydryl interchange with other
low-molecular weight thiol compounds as well astguproteins, resulting in the cleavage or
reformation of disulfide bonds in wheat dough (4)e effect of sulfur (S) deficiency on the
amount of total glutathione and cysteine in flourswevaluated by Kohler et al. (84); the
different dough properties caused by S deficierftgcted the final bread volume drastically.
They concluded that the concentrations of glutai@nd cysteine in S-deficient flours
influenced the rheological dough properties attlaasmuch as protein parameters.

Oxidizing or reducing agents that influence theoltdeixchange reactions between reduced
glutathione and gluten proteins are therefore ingmrcomponents of baking improvers to
standardize and to control dough rheology and bteaflire in wheat baking processes. L-
threo-ascorbic acid most strongly enhances strengdindling and baking properties of
doughs; it is oxidized enzymatically by an endogenascorbic acid oxidase which uses
molecular oxygen as an electron acceptor (43)ofatlg, L-threo-dehydroascorbic acid and
water are generated. The oxidized ascorbic acsl @ctan electron acceptor in the oxidation
of endogenous glutathione by wheat flour glutatbialehydrogenase. By this reaction the
level of reduced glutathione is drastically deceelag the system, which can weaken the
dough (36, 43). The influence of addition of exages oxidizing enzymes, e.g. tyrosinase,
laccase, glucose oxidase, glutathione oxidase salidydryl oxidase could be seen in other
studies. Also, the occurrence of dityrosine bondisnd dough development is postulated to

play only a minor role in the structure of wheatitgh (46). Nonetheless, the increase of

12
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dehydro-ferulic acid-tyrosine (DFT) cross linkingasvdetected during wheat dough mixing;
therefore, it is very likely that DFT represent:i@w covalent cross link between AX and
proteins in cereal flour (82). No correlation wédrserved between gluten yield and dityrosine
concentrations, indicating that dityrosine croskdi are not a determinant factor for gluten

formation (87).

1.3 NON-STARCH POLYSACCHARIDES (NSP)

Beside starch and the gluten proteins, a third mapd group called non-starch
polysaccharides (NSP) affects the process of bpeaduction. As mentioned before, wheat
flour consists to 2-3% of non-starch polysacchaide particular arabinoxylans (AX). In
general, NSP includes arabinoxyldnglucan, cellulose, and smaller peptides derivedfr
amylose and amylopectin (48). Nevertheless, thesgonents have major effects on the use
of wheat flour in bread making due to their vistpsh aqueous solution but also to their
hydration properties (90). The wheat endosperm walls consist up to 75% (dry matter
weight) of NSP, of which arabinoxylans are by fa& tost prominent group (85%) (70, 71).
Arabinoxylans have a common structure p#1,4-linked D-xylopyranosyl residues,
substituted at the C(O)-3 and/or the C(0O)-2 positith monomeria-L-arabinofuranoside
(78, 79). Some of the arabinose residues are éstexd on (O)-5 to ferulic acid (101).
Polysaccharide-bond ferulic acid occurs widely rarnginaceous plants, such as wheat bran
and other cereals (32, 33). Hydroxycinnamic aciads \eery important compounds for the
structure of the cell wall, because they can beplealiby peroxidase-mediated oxidative
bonding to form a variety of diferulates enhandihg cross linking of polysaccharide chains
(47, 83). On average 66% of xylosyl residues ofxjlan backbone are unsubstituted. The
arabinoxylans are grouped in water-extractable A¥g-and water-unextractable (WU-AX)
AX (42). In wheat flours the average amounts of WE-and WU-AX are 0.5% and 1.7%,
respectively (90). The content of ferulic acid iInUWAX is increased up to five-times in
comparison with the content in WE-AX (81). The gatien of diferulates via cross linking
under oxidising conditions by WE-AX results in arosty viscosity increase of the
arabinoxylan solution, and at high AX concentrasido a formation of a gel. Dehydro-
diferulic acid cross-links are likely to be the wrajparameter that explains differences
between WE-AX and WU-AX in the endosperm and aleicraell walls of cereal grains (2).
Unlike most polysaccharide gels, arabinoxylan gematprocess and gel properties are
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governed by the establishment of covalent (e.@rdi&tes) linkages and also weak hydrogen
interactions. Moreover, the arabinoxylan properti® dependent on AX structural
characteristics such as molecular weight (Mw), mylteackbone substitution (A/X ratio), as
well as ferulic acid content and location (22, 113)e Mw of water extractable AX of wheat
is in the range of 200-300 kDa (30). The arabinms&ylose ratio (A/X) is often used to
characterise the structure of AX, and the averadeevof A/X ratio is 0.5 for WE-AX in the
starchy endosperm (90). The structure of WU-AX @syvclose to that of WE-AX, but the
average molecular weight and A/X ration are slighigher for the water unexctractable AX
compared to the water extractable AX (53). Ferati is an important structural element of
the AXs from starchy endosperm, although the ambuikeéd to arabinoxylan is very low and
represents 0.3% of WE-AX and 0.6-0.9% of WU-AX iheat. These percentages correspond
to about 2-4 ferulic acid residues per 1.000 xylesedues in WE-AX and 6-10 ferulic acid
residues in WU-AX, respectively (10). The amoundehydro-diferulic acids were detected
10-15 times in lesser amounts than ferulic acid/ia-AX, but only four times lesser amounts
than ferulic acid in WU-AX (30, 62). In comparisdeyulic acid (FA) accounts for 0.9% of
arabinoxylan in the pericarp from wheat, and vemyilar amounts are observed for dehydro-
diferulic acids, which corresponds to about 30 lferacid residues per 1.000 xylose residues
(2, 56, 69, 90). The presence of polysaccharidetnyaroxycinnamic acids, e.g-coumaric,
sinapic, and ferulic acid, in the cell walls offdilent plant species was observed in several
studies (14, 19, 20, 23). They are found both @l attached to the plant cell wall and as
soluble forms in the cytoplasm (34). Ferulic grdoumaric acid account for 0.66 and 0.004%
dry weight of the cell wall in wheat bran, respeely (88, 101).Ferulic acid is linked to
various carbohydrates as glycosidic conjugates, iindcurs as various esters and amides
with a wide variety of natural products (88). A @kable part of the ferulates in the cell wall
form dimers, the presence of ester-linked dimeherwlic compounds is a physiologically
significant strategy to strengthen the cell watigl@ao terminate cell wall extensibility. Ferulic
acid also mediates polysaccharide-protein cro&s hma tyrosine or cysteine residues (65), as
mentioned in chapter 1.2. FA exhibits a wide ranfeherapeutic effects against various
diseases like cancer, diabetes, cardiovasculanamehdegenerative (4}.has been proved to
be a potent antioxidant, reported to terminate feslcal chain reaction and reduces the risk
for coronary heart diseases (11). FA is an effectiwzavenger of free radicals and it has been
approved in certain countries as food additivergvent lipid peroxidation (103).
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OH

Figure 3. Structural elements of AX: (A) non-substituted Degyranosyl residue; (B) D-xylo-
pyranosyl residue substituted on C(O)-2 with a &bamofuranosyl residue; (C) D-xylopyranosyl
residue substituted on C(O)-3 with a L-arabinofosgm residue and linkage of ferulic acid to C(O)-5
of the L-arabinofuranosyl; (D) D-xylopyranosyl rége substituted on C(O)-2 and C(0O)-3 with L-
arabinofuranosyl residue (42).

The amount and type of hydroxycinnamates vary tyréatrespect to different cereal grains
and different tissues, e.g. endosperm or brangotisely.

WU-AXs are cross-linked in the cell wall structiaed therefore water-unextractable. Until
now, the optimal composition of arabinoxylans ispect to gas retention remains unclear, but
the assumption that an increased WU-AX percentaddd decreased final bread volume is
well accepted (26). Arabinoxylans are having a higlter holding capacity; it has been
proposed that in freshly prepared dough, AX holdaipne quarter of the water (42). Water
soluble AXs act similar to gluten during wheat femtations in respect to slow down the
diffusion rate of carbon dioxide out of the dougiiis contributing to gas retention. Other
studies postulated a positive influence of WE-AXthe formation of a secondary, weaker
network enforcing the gluten network (51, 54). Hfect of phenolic acids on the rheological
properties and proteins of wheat dough and breasl evaluated by Han et al. (45); they
observed that during bread making the wheat preteigre rearranged and the supplemented
phenolic acid reduced high molecular weight pratef#5). In conclusion, phenolic acids

affect bread making quality by altering the flouof@in properties.
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14 WHEAT SOURDOUGH MICROBIOTA AND LACTOBACILLUS
SANFRANCISCENSIS

Sourdough is a mixture of wheat flour and water entermented with lactic acid bacteria
(LAB) and yeasts over a certain period of timeralicated temperatures. The main function
of wheat sourdough fermentations is leavening efdbugh, producing of organic acids, and
generating volatile aroma compounds, therefore avipg the flavor and structure of the final
bread (13). Some LAB are generating exopolysacdbaiin the dough system, which have an
impact on crumb structure and shelf life of souglobreads. LAB growth in the sourdough
may originate from selected natural contaminantsthe flour or from starter cultures
containing one or more known species (29). LABtaeepredominant microorganisms and in
many cases yeasts are present in significant niamiénereas in the majority of fermented
foods homofermentative LAB play an important rdleterofermentative LAB are dominating
in sourdough fermentations (29). The classificatbdifferent sourdough types could be seen
elsewhere (9, 13, 29); nevertheless, the mainnstrased in this studiactobacillus (L.)
sanfranciscensis (main germ, type-I-sourdoughg), brevis (isolated from type-I-sourdoughs),
andL. pontis (typical germ in type-ll-sourdoughs) could be slfied into the different types
of sourdough based on their occurrence and optgrmaith temperature. The strains are
obligate heterofermentative microorganisms. Theroérmentative metabolism of hexoses
was clearly pictured by Ganzle et al. (38, figuye 4

L. sanfranciscensis is the predominant key bacterium in traditionddymented sourdoughs.
The genomic analysis df. sanfranciscensis by Vogel et al. (116) revealed a circular
chromosomal sequence of 1.298.316 bp and two addltiplasmids pLS1 and pLS2, with
sizes of 58.739 bp and 18.715 bp, which are preditd encode 1.437, 63 and 19 ORFs,
respectively. The sequenced strdinsanfranciscensis TMW1.1304 was isolated from a
commercial mother sponge with a tradition of cambns propagation by back-slopping
procedures (116).. sanfranciscensis contains the smallest genome within the lactobesol
far, but has the highest rRNA operon density (588 Mbp). Thus, it was proposed that the
high rRNA operon density allowls. sanfranciscensis to respond quickly to favorable growth
conditions in the sourdough environment, finallgukting in high growth rates (116). Based
on the genome sequencelofsanfranciscensis TMW1.1304 it was proposed that the strain
has the potential to syntheside novo four amino acids (alanine, aspartate, glutamatd, a
glutamine). Moreover, among three other amino acdidsginine, lysine, asparagine)
originaring from L-aspartate, L-alanine can be ated into L-cysteine.
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Figure 4. Maltose and sucrose metabolisrh.aanfranciscensis, updated from Hammes et al. (1996).

End products of metabolism are printed in bold,an@roducts of the metabolism in sourdoughs are
underlined. Key metabolic enzymes lof sanfranciscensis are indicated by numbers. 1. maltose-
phosphorylase; 2. hexokinase; 3. phosphoglucomutas@hosphoketolase; 5. acetate kinase; 6.
phosphotransacetylase; 7. lactate dehydrogenasell-8vall bond fructosyltransferase (38).

The predicted auxotrophy for the remaining 12 amaoals could be explained with the
presence of a large number of peptidases, proteasdstransport systems for amino acids
and peptides (116). Besides several amino acigpaters with unknown specificity, ABC
transporters for glutamine, methionine and cystane predicted; the latter transporter for
cystine inL. sanfranciscensis is also introduced in chapter 4 of this thesise Tagulatory
system ol. sanfranciscensis is harbouring amongst others two genegpoE, a sigma factor
involved in high temperature and oxidative stressponse, and one gene fex, a redox-
sensing transcriptional repressor (116).

Sourdough fermentations are characterized by dyhgjhble association of yeasts and lactic
acid bacteria. The synergistic interactions betwaetobacilli and yeasts are based on the

metabolism of carbohydrates and amino acid accuioolaMaltose is the preferred carbon
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source forL. sanfranciscensis (38), and is available in high amounts in wheatrdough
fermentations due to the activity of endogenous las®g. Maltose-negative yeasts like
Saccharomyces exiguus or Candida humilis could build a stable consortium with.
sanfranciscensis in wheat sourdoughd.actobacillus brevis and Lactobacillus pontis also
exhibit maltose phosphorylase activity (106). Madtthe obligatory heterofermentative
lactobacilli metabolize pentoses, but rlat sanfranciscensis (44). A fructosyltransferase
activity of L. sanfranciscensis TMW1.392 was shown by Tieking et al.; nonetheldhs,
majority of L. sanfranciscensis strains do not exhibit fructosyltransferase atyiyill).

During the oxidation of fermentable substratesuced coenzymes in form of NADH or
NADPH are generated; the transfer of electronsctereal electron acceptors is maintaining
the catabolic flux by regeneration of the oxidiZedn of the pyridine nucleotides (58). The
utilization of electron acceptors lmactobacillus sanfranciscensis was shown by Stolz et al.
(105), fructose is used as an electron acceptdn thi¢ help of mannitol dehydrogenase
generating mannitol. The utilization of electrorcgtors enables the production of acetate
from acetyl-phosphate and the synthesis of aniadditATP. Oxygen can also be used as an
external electron acceptor lhy sanfranciscensis under aerobic conditions see chapter 4 and
other studies (38, 58, 105). The growthLofeuteri, L. fermentum, andL. pontis is inhibited
under aerobic conditions due to the lack of NADHdase reactions (107). Several organic
compounds, e.g. citrate, glutathione (GSSG), amg) lohain aldehydes can serve also as

external electron acceptors forsanfranciscensis under static, anaerobic conditions (38).

1.5 OXIDATIVE STRESS RESPONSE IN LACTIC ACID BACTERIA

LAB have been found to contain unique flavoprotdimast are different from the respiratory
redox enzymes of cytochrome-containing bacteria Ekcherichia coli. By maintenance of
the redox balance of NAD/NADH under aerobic comlifi, several enzymes are involved in
the response to oxidative stress. Whilesanfranciscensis CB1 was described to produce a
single Mn-containing superoxide dismutase (SODJ) ithassential for aerobic growth, it lacks
the respiratory chain and catalase enzyme (28)erGitrains have not been investigated in
this respect. Furthermore, lactic acid bacteria NA®H peroxidase activity to decompose
H,O, (25). NADH peroxidase resumes the role of hemdainmg catalases by reducing
intracellular levels of kKD, while also regenerating oxidized pyridine nucldeti(89).
Reduced coenzymes in form of NADH are accumulatathd the oxidation of fermentable
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substrates, to maintain the catabolic flux the @ed form of this pyridine nucleotide must be
regenerated. Under aerobic conditions two typeNAIDH oxidases, corresponding taGb-
forming oxidase (Nox-1) and J@-forming oxidase (Nox-2) can contribute to thisadn
Streptococcus mutans Nox-2 was identified to play an important roleanergy metabolism,
while the role of Nox-1 was negligible in this resp (49). The FAD-dependent
oxidoreductase, NADH oxidase (Nox-2), in sanfranciscensis catalyzes the direct four-
electron reduction of ©to water and serves as an electron acceptor dactige aerobic
metabolism (86). The regeneration of two molecudeNAD" by Nox provides oxidized
pyridine nucleotides for glycolysis. Furthermor@ce Nox-activity directly reduces Qo
H,O without the formation of reactive ;Ointermediates, it may serve to protelct
sanfranciscensis against oxidative stress. It is suggested thaixpee is not released from the
active site of Nox during regeneration of NADnder aerobic conditions (86). NADH
oxidases have been purified and characterizéd sanfranciscensis (67, 68), inLactobacillus
brevis (52), and several other lactic acid bacteria, &gegptococcus pyogenes (41) and
Lactococcus lactis (73). Lactic acid bacteria show a greater metabpbtential when the
reduced cofactors, from which NADH is the most gigant, are regenerated by exogenous
electron acceptors. In most cases, this also eegulin increased fermentation yield. During
growth of L. sanfranciscensis in a medium containing maltose, glucose and o#éhectron
acceptors like fructose an additional amount of Ai§Pgenerated by the metabolism of
fructose. Aerobic growth of. sanfranciscensis on maltose was found to result in a higher
final cell yield and growth rate than anaerobicvgitt The higher level of acetate production
is concomitant with the production of ATP throudte tacetate kinase reaction (104). The
shut-down of the ethanol branch of the phospho&stolpathway in the presence of
exogenous electron acceptors seems to be very comameong heterofermentative
lactobacilli.

Many lactic acid bacteria, especially lactobacdbntain very high intracellular Mn(ll) levels,
e.g.Lactobacillus plantarum (3, 57) and_actobacillus brevis (5). The manganese content acts
as a scavenger of toxic oxygen species, or asatooffor several enzymes such as catalase
(60) and SOD (37). Kehres and Maguire reviewed We(ll)-dependent enzymatic
detoxification of oxygen radicals, and showed dfgnon-enzymatic influence of Mn(ll) as a
‘free’ transition metal, substituting functions faon and heme in a hitherto chemically
undefined way (57).
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Glutathione reductasegghR) is a member of the family of flavoprotein disdHi oxido-
reductases. The enzyme catalyzes the NADPH-depenelduction of glutathione disulfide.
In addition to the technological relevance in whdatighs, glutathione has an important
function as redox buffer in bacterial cells. Glhtahe is the major non-protein thiol
compound in living cells, it was found to be invetlvin the resistance to osmotic stress (99),
toxic electrophiles (35) and oxidative stress (20). Glutathione also acts as an electron
donor for both scavenging of reactive oxygen, &a@n respiration, and metabolic reactions
such as reduction of hydroperoxides and lipidpetesi(72). The glutathione reductase plays
an essential role in cell defence against oxygeesstby maintaining a high intracellular
GSH/GSSG status (66). GshR has been purified aahcterized from several bacteria, e.g.
Cyanobacterium anabaena PCC7120 (55)Pseudomonas aeruginosa (80). In Escherichia
coli, glutathione-based reduction systems contributdégorotection against oxidative stress
(21); however, the glutathione reductase friéntoli seems to play a minor when compared
to thioredoxin reductases (100). Lactic acid baatare known for their ability to accumulate
reduced glutathione (118). A sulfhydryl uptake egstwas studied by Thomas (109) and the
import and metabolism of glutathione Byreptococcus mutans was reported by Sherrill and
Fahey (92). Glutathione reductases were charaeterfrom Streptococcus thermophilus
CNRZ368 (76) andEnterococcus faecalis (74) but their contribution to the oxygen toleranc
of lactobacilli remains unknowrlactococcus lactis exhibited higher levels of glutathione
reductase activity when growing under aerobic dioors. The increased accumulation of
GSH under aerobic conditions was interpreted aslaégy mechanism that protects the cells
against oxidative stress (63). Vido et al. (11%)pwed that the thioredoxin reductase-
thioredoxin system irLactococcus lactis is important but not essential during aerobic, life
suggesting the existence of an additional redokesygshat contributes to oxygen tolerance.
Moreover, the respiration capacity of the fermeaptiacteriumLactococcus (Lc.) lactis was
confirmed in several studies (17, 31, 77). The dantpeffects of oxygen ohc. lactis cells
were not observed when cells were grown in thegmas of both oxygen and a heme source
(31). In addition, aerated, heme grown. lactis cells displayed increased growth vyield,
resistance to oxidative stress, and improved lengtt survival when stored at low
temperatures (17, 85). Heme is an essential cafatimytochrome complexes in the electron
transport chains of respiring cells (39, 110). Duwé al. (2001) provided genetic and
additional biochemical evidence for respiratiorLm lactis, the cydA (cytochrona oxidase)

gene is induced transcriptionally in late exporanphase of cells grown under respiration
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conditions (31). The ability to utilize an exterrf@me source indicated that a heme uptake
mechanism must also be presentLm lactis; genes comprising thggfCBA operon (ABC
transporter) olc. lactis are involved in heme homeostasis (31, 77). Thetrele transport
chains of Lactobacillus plantarum WCFS1 were evaluated under anaerobic respiration
conditions; indicating thak. plantarum is able to reduce nitrate to nitrite only whenhoot
heme and menaquinone are supplied to the mediujn ¥id&Feover, some LAB demonstrate
respiratory behavior when menaquinone and/or hemsupplemented to the culture broth in
a screening approach conducted by Brooijmans (8yvever, very few LAB besidek.
plantarum, e.g. L. reuteri and L. fermentum contain the necessamyarGHJI genes for

anaerobic nitrate respiration (15, 16).
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2. EVALUATION OF INFLUENCING FACTORS ON FINAL BREAD
VOLUME OF SOURDOUGH PREPARED BREADS

The quality of baked goods from wheat attained itstraight dough process is determined
predominantly by the quantity and quality of thatgh proteins of the flour. The importance
of gluten proteins for the baking quality of whélaurs is explained by their ability to form
high molecular weight aggregates that are stablilizg covalent bonds and non-covalent
interactions between monomers (see also chaptérhg).use of sourdough in wheat baking
improves the sensorial and nutritional quality loé foroducts. Especially proteolytic events
during fermentation are highly relevant for theraeoformation in wheat breads; however, the
amount of the glutenin macropolymer is stronglyueat during sourdough fermentations
(40). Because of the limited knowledge on the bémcital nature of gluten modifications
during sourdough fermentations, it is currently possible to optimize the gluten quality in
wheat doughs with sourdough addition through aetadjselection of fermentation organisms
and baking improvers. In addition to proteolytieets, the gluten quality is strongly affected
by redox reactions (37). In contrast to proteolyglegradation, these reactions are reversible,
and may be affected by appropriate baking improuvresrefore, appear advantageous as a
tool to control gluten quality. Because sourdoughmientations are increasingly used in
wheat baking, bakeries and suppliers require stadléures and baking improvers that enable
the optimization of gluten quality in wheat sourdgbs. Special attention is guided on the
texture and volume of wheat bread produced witlidsmigh fermentation.
It was recently shown thatactobacillus sanfranciscensis increases the levels of low
molecular weight thiol components as well as thegkls in gluten proteins during sourdough
fermentation (37). The reduction of disulfide bormsL. sanfranciscensis may determine
gluten quality in addition to the pH-dependent\attiof cereal proteases. The effectlof
sanfranciscensis on disulfide exchange reactions in wheat doughs watsbuted to
glutathione reductase activity of the microorganig#). Glutathione reductase (GshR) is a
member of the family of flavoprotein disulfide omigéductases. The enzyme catalyzes the
NADH-dependent reduction of glutathione disulfidée expression of the enzyme during
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wheat sourdough fermentations with sanfranciscensis was shown, indicating that the
glutathione reductase @f. sanfranciscensis is active in sourdough fermentations and thus
may contribute to increased SH-levels in sourdoufihe reduction of glutathione was
evaluated in buffer-based fermentations with cefl. sanfranciscensis, demonstrating the
generation of GSH. A direct effect bf sanfranciscensis was proposed unlikely on disulfide
bonds in gluten proteins due to the inaccessibdityntracellular or cell-wall bond enzymes
of the strain (37).

The aim of this part is to characterize modificasioof gluten proteins in sourdough
fermentations and their impact on bread qualityjavianzymatic reactions of flour and the
fermentation flora are identified, which have arpaat on the gluten network. Main focus is
set on redox reactions catalyzed by glutathioneydi®lyenases. A glutathione reductase
knock-out mutant was constructed frdractobacillus sanfranciscensis TMW1.53, and the
impact during wheat sourdough fermentations onl fleiels was determined using the wild
type strain and its cognate mutant. Moreover, tiygaict of the glutathione reductase is shown
on gluten proteins (gliadins and glutenins, respelst) during wheat sourdough fermenta-
tions. The influence of sourdough supplementatiothe baking performance of wheat flours
is presented in respect to final bread volume. Kedge about degradation and modification
events of gluten proteins during wheat sourdoughméatations could lead to the
development of new bakery improvers, which enhamead quality based on rheological-
technical parameters. The characterization of #ference doughs was performed using
standard baking trials (Landesanstalt fur Landwirédt LfL, Freising). The baked breads
were classified according to their volume. Diffeardnsages of sourdough (2%, 5%, 10%, and
20%) were added to directly produced bread doutje. Areads and sourdoughs were made
with the same flour. On the basis of experimentshwdifferent reference strains, all
combinations were evaluated concerning strain setecand supplemented quantity of
sourdough, which generated the maximum bread valumehis study the application of
ascorbic acid was not realized. Thus, the extensifreence of the substance on the redox
system of gluten was eliminated, and possible diffees caused from the used fermentation
flora on bread volume could be seen as opposedais with flours supplemented with

ascorbic acid.
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2.1 MATERIALSAND METHODS

2.1.1 Used strains, medium, and cultivation condibins

Following main strains were used in this stutlgctobacillus sanfranciscensis TMW 1.53
(type-strain),Lactobacillus plantarum TMW 1.468, Lactobacillus fermentum TMW 1.890,
Lactobacillus sakei TMW 1.22, Lactobacillus reuteri BR11, Lactobacillus pontis TMW1.84,
andEnterococcus faecalis TMW 2.22. The strains were cultivated under anlgieroonditions

at 30°C using modified MRS-medium (see chapter7%.T.he pH-value was adjusted to 6.2
before the sterilization step; sugars were aut@claeparately. For cloning approackesoli
DH5a was used, and incubated aerobically in LB brotB78C. Genomic DNA'’s of different
lactobacilli were used in the PCR screening apgrescfor glutathione reductase and

cystathioniney-lyase genes in lactobacilli (see table 7).

2.1.2 Wheat and flour

For evaluation of the different degradation proessduring wheat sourdough fermentations
A, B and E-class wheat was used in this study. Sgexies were selected after consultation
with Bayerische Landesanstalt fur LandwirtschaffLfL special attention was laid on
frequently grown wheat species. Untreated A-clageaw grains cultivar “Tommy” was
provided by Nordsaat Saatzucht GmbH (Boehnshausemany) and milled by LfL. The
grains were milled to flour type 550, and storedlemcool and dry conditions until usage.
The protein and water content of the flour was ¥%3ahd 14.1%, respectively. The selected
species of B-class wheat cultivar “Dekan” and Esslavheat cultivar “Bussard” were
provided by Lochow-Petkus GmbH (Bergen, Germany)l éther wheat sourdough
fermentations and bread doughs were prepared esimgnercially available flour without
supplemented ascorbic acid (e.g. Meyermuhle, Lartjilshhe determination of thiol levels in
wheat sourdough fermentations with lactobacillie(sbapter 2.2.8 and 2.2.9) was performed
with enriched wheat flour (ash content of 0.4-0/80§ g) obtained at a local supermarket in
Edmonton (Canada).

The federal office of plant varieties (Germany)ssifies wheat species in four so-called
baking quality groups. The main feature of clasaiion is the final bread volume in baking
trials with the Rapid-Mix-Test:

E-class: elite wheat; with excellent charactersstroainly mixed with weaker wheat.

A-class: quality wheat; with high protein conteculd compensate deficits of other species.
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B-class: bread wheat; all species that are ap@tapior production of pastries.

C-class: other wheat; used as foodstuff for botindouand animal consumption.

2.1.3 Wheat sourdough fermentations

Cell cultures grown overnight were harvested, Wnsgo-times with tap water and finally
suspended in 25 ml tap water. Two doughs were matle the same starter culture; the
culture suspension was mixed with 25 g of flouruhsg in a sourdough with TA (dough
yield) of 200. Chemically acidified doughs were gaeed using a 1:4 acetic acid : lactic acid
mixture, in order to mimic the acidification by tabacilli, 3.75uL/g dough were added after
2 hours of fermentation to adjust the pH to 4.% &r25uL/g dough were added after 7 hours
to adjust the pH to 3.6. Samples were drawn aftes,0and 24 (or 20) hours from the
sourdough fermentations at 30°C. Glutathione (@edireduced) was added with a
concentration of 10 mM to dough. Total aerobic ¢omas evaluated immediately; the other

samples were stored at -20°C until usage.

2.1.4 Determination of cell counts and dough pH

In all doughs, the dough pH and the cell countsevestermined as described by Thiele et al.
(33). In chemically acidified doughs, cell coungsnained generally <¢@fu/g. The absence
of contaminants in sourdoughs was verified by olegesn of uniform colony morphology.

2.1.5 Dough characterisation and determination of tead volume using standard baking
trial (Rapid-Mix-Test)

The identity of the fermentation flora of the ussdrter culture was evaluated using total
aerobic count technique. The concentrations of racgacids, ethanol, and free amino
nitrogen (FAN) were determined as performed by [Ehiet al. (6, 33). For quantitative
determination of free thiol-groups according to ésxtand Wieser (2), the sourdoughs were
extracted with a SDS-solution (1:10). 75 pl of dheugh extract was mixed with 150 pl
nitrogen-saturated reagent A (n-propanol (50%pifitsm phosphate buffer (50 mM, pH 8.0))
and 7.5 pl reagent B (39.6 mg Ellman’s reagent{d&tBiobis-(2-nitro benzoic acid))) in 10
ml sodium phosphate buffer (0.5 M, pH 7.0). Therants were measured against a blank
(sample approach without reagent) using a speabtopketer at 412 nm. Different
concentrations of glutathione served for set ua célibration curve.

The influence of a sourdough dosage with seledites cultures on the baking performance

was evaluated in comparison to chemically acidifief@rence doughs using standard baking
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trials related to Rapid-Mix-Test. The breads wdnaracterized in reference to their volume.
The Rapid-Mix-Test was developed at the Landeskn§ia Landwirtschaft (Freising,
Germany) to evaluate the baking performance ofrflpall parameters beside the flour were
kept preferably constant. The reproducibility waghhdue to the fact that the baking process
was performed by experienced bakers. As mentiopéatdy, the addition of ascorbic acid was
omitted.

Composition of the doughs: 1000 g flour, 1% pedayt5% yeast, 1% sugar, 1.5% salt, 0.6 g
malt, and 10% (or otherwise stated) sourdough wared with 570 ml water during one
minute, resulted in homogenous dough. Subsequédhtydough rest was performed for 20
minutes at 32°C with a relative humidity of 80%.eTtiough pieces were formed and baked
for 20 minutes after an additional dough rest oin8@utes at 32°C and relative humidity of
80%. The evaluation of the breads volume using Jea®@ measurement method was

performed after a cool down phase of the bakeddstea

20 1 Procedure: Rapid-Mix-Test

B 1 min kneading

m 20 min dough rest

® 10 min round work, rest

® 3 min compact, parting, round work
25 min form, mellowness
2 min stiffening

25 20 min baking

Figure 5. Procedure Rapid-Mix-Test developed atthgFreising).

2.1.6 Determination of the final bread volume witha granulation method

The final volume of the baked breads was determimiéd a displacement method. Firstly, a
container was filled with flaxseeds to evaluate ¥iobume of the container. Following, the
removal of the flaxseeds, and bread was placedatcontainer. Subsequently, the container
was filled with flaxseeds again; the differencetlod flaxseeds amount filled before and after

the addition of the bread corresponds to the volaithe bread. The measurements were
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performed as duplicates to exclude inaccurate veldeterminations due to the existence of

air beneath the breads.

2.1.7 Determination of glutathione reductase actity

GshR activity in cell-free extracts was measure®%fiC by monitoring the oxidation of
NADPH in the reaction mixture (1 ml) at 340 nm. Tieaction mixture contained 640 pl
sodium phosphate buffer (143 mM N#&D,, 143 mM NaHPQ,, mixture 1:1 + 5 mM

EDTA), 120 pl GSSG (10 mM), 100 pul NADPH (1 mM) ah@0 pl extracts. The reduced
GSH-content was measured with DTNB by adding 2®@futeagent B as described under
2.1.5. The glutathione reductase activity was dated with reference to controls that were

incubated without addition of crude cellular extrac

2.1.8 Inactivation of the glutathione reductase fron Lactobacillus sanfranciscensis
TMW1.53

For insertional inactivation of the glutathione wethse gene, a 765-bp fragment of the
glutathione reductase gene was obtained with P@R) ysimers gshknockV and gshknockR
(chapter 4.1, table 21), carryirBamHI restriction sites. Digestion and ligation intbet
BamHI restriction site of plasmid pME-1 resulted irethon-replicating integration vector
pPME-1AgshR, which was cloned irk. coli DH5a and isolated with the Wizard Plus SV
Minipreps DNA. For preparation of electro competeells ofL. sanfranciscensis, the strain
was grown on mMRS medium supplemented with 1 % Xwlycine to an optical density
(590 nm) of 0.7. The cells were harvested by cmgjation at 4°C (4000 x g, 15 minutes) and
washed four times with 50 mL of 10 mM MgQolution, once with glycerol (10% v/v) and
once with glycerol-sucrose solution (10% v/v, 0.5. @ells were resuspended in glycerol-
sucrose solution and stored at —80°C in 100 pluats} All washing and storage solutions
were cooled on ice.
After electroporation, cells were incubated in mM&8th at 30°C for 3 hours prior to plating
on mMMRS with 10 ppm erythromycin. To verify the engon of plasmid pME-AgshR into
the glutathione reductase gene in cells from eoyttycin-resistant colonies, PCR was carried
out with primers targeting the regions upstream @éomdnstream of the glutathione reductase
gene (GTDHV and GTDHR, respectively) and the plasbhurne regions from pME-1 (eryV
and T7, chapter 4.1, table 21). PCR products obdaiwith primers T7/GTDHV and
GTDHR/eryV were sequenced. A scheme of the integraapproach is given in chapter
4.2.3, figure 39 of this thesis.
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2.1.9 Activity-staining of glutathione-reductase usig SDS-page gel

Activity staining of GshR was performed after separationrofle cellular extracts on 12%
SDS-polyacrylamide gels (16). The gel was immeised shaken twice for 10 min in 25%
v/v isopropanol in 10 mM Tris-HCI buffer (pH 7.9) remove the SDS, and then finally
equilibrated for renaturation in 50 mM Tris-HCI beif (pH 7.9) for 15 minutes. The gel was
soaked in the substrate solution (25 ml 50mM Tr&-Huffer, pH 7.9, containing 4.0 mM
GSSG, 1.5 mM3-NADPH, and 2 mM DTNB) with gentle shaking for 20mmAfter a brief
rinse with 50 mM Tris-HCI buffer (pH 7.9), the Gsh&tivity was negatively stained in
darkness by 50 ml 1.2 mM MTT (3-(4,5-dimethylthik2eyl)-2,5-diphenyltetrazolium
bromide) and 1.6 mM PMS (phenazine methosulfatel@ominutes at ambient temperature.

A clear zone against the blue background indic&siR activity.

2.1.10 Protein analysis using RP-HPLC

The analyses were performed at the Hans-DietetBkistitute, Freising, with the help of
Dr. Herbert Wieser (see preface).

The crude protein content was determined by the &umethod using an FP-328 combustion
instrument. For the extraction of Osborne fractjditmur and lyophilized doughs (100 mg
each) were extracted stepwise with 0.4 mol/L NaGpptemented with 0.067 mol/L
HKNaPQ, pH 7.6 (2 x 1.0 mL) at 20°C (albumins/globuling)th 60% (v/v) ethanol (3 x 0.5
mL) at 20°C (gliadins) and with 50% (v/v) 1-prop&noontaining 2 mol/L urea,
dithioerythritol (1%, w/v) and Tris-HCI (0.05 mol/lpH 7.5) under nitrogen at 60°C (glutenin
subunits). After centrifugation, the correspondsupernatants were combined and diluted to
2.0 mL with the respective extraction solvent. @ determination of SDS-soluble and SDS-
insoluble proteins, flour and lyophilized dough®@Img) were extracted stepwise with 1%
(w/v) SDS supplemented with 0.05 mol/L sodium phagp pH 6.9 (2 x 1.0 mL) at 20°C.
After centrifugation, supernatants were combined Bmphilized. Both dried extract and
residue were dissolved in 50% (v/v) 2-propanol + @) + Tris-HCI (0.08 mol/L, pH 8.0)
under nitrogen and magnetically stirred at 60°C Z6rminutes. All fractions were filtered
through a 0.45um membrane. RP-HPLC was performed by using anum&nt with a
solvent module 126 and “System Gold” software. Atits of fractions were injected,
separated and quantified on a Nucleosil 300-5-@&nao at 50°C by using a solvent gradient
of increasing acetonitrile concentration in thesprece of 1% (v/v) trifluoroacetic acid. The
flow rate was 1.0 mL/min and the detection wavelkngas 210 nm (40).
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2.2RESULTS

2.2.1 Biochemical characterization of the referencdoughs

The determination of the requested metabolic dgtiof the fermentation starter cultures in
the doughs was performed in respect to total mlatet, pH-value, and the concentration of
organic acids. Dough sample was analyzed from tHierent time-points: 0 hours (non-

acidified dough); 5 hours (correspondent to a “Saller” with exponentially grown lactic

acid bacteria); and 24 hours (correspondent to rari@sauer” with a pH-value of 3.5). The
chemically acidified dough was leavened with anitaaid of lactate / acetate (ratio 4:1). The
plate count of the acidified dough showed no coiration growth.

Table 4.Microbiological characterization of sourdough pregghwith ,Tommi* wheat flour (type 550,
A wheat)

Time Plate count Fermentation

b
Starter culture (Hours) (cfu® / g dough) pH Lactate Acetate’ quotient®
chem. acidified 0 <1d 6.35+ 0.01 n.dd n.d. -
5 <1d 3.48+0.03 41.0:0.1 20.1+2.1 2.0
24 <1d 2.79+0.04 179.3 9.0 60.6:4.9 3.0
L. sakei 0 (1.0£0.1)x 10’ 6.21+ 0.0 n.d. n.d. --
5 (1.25+0.08x 10°  4.44+0.02 18.8 n.d. -
24 (3.27+0.40)x 10° 3.61+0.04  52.6:2.3 n.d. -
L. sanfranciscensis 0 0.5x 1C° 6.27+0.01 n.d. n.d.
5 (43+1.8)x10° 554+0.04  3.1+0.2 1.4+ 0.0 2.1
24 (3.2+0.2)x10°  3.62+0.01  65.20.1 8.2+ 0.0 8.0
L. plantarum 0 (5.7£1.1)x10°  6.22£0.01 n.d. n.d. --
5 (11.1+9.3)x10°  4.22+0.21  20.4:0.4 n.d. (51.0)
24 (1.0+0.4)x10° 3.34+0.04 59.227.0 0.1+0.1 (592.0)

éfu: colony forming unit’concentrations in mmol / kg doudiFermentation quotient: lactate / acetate r&tial.: below
detection limit,reduced amount of acids for consecutively doughe text.

In all three fermented doughs total plate counts 4 cfu/g dough were detected after 24
hours of fermentation. Final pH-values of < 4.0eaf24 hours of fermentation were
determined, corresponding to a “Vollsaudractobacillus sanfranciscensis andLactobacillus
plantarum accumulated almost equal amounts of lactate a8#tenours of fermentation, 59.2
and 65.2 mmol/ kg dough, respectivdly.plantarum andL. sakel formed marginal amounts
of acetate; these organisms utilize the Embden-kheyeShunt almost exclusively for
energy metabolism during wheat sourdough fermemtail. sanfranciscensis accumulated
higher amounts of acetate as expected, resulted lawer fermentation quotient. The
fermentation quotient describes the lactate/acetati® inside the fermentation system.
Acetate plays a major role in determining breadraothe fermentation quotient is often used

to describe the dough quality. Usually, the ferragah quotient lies within the range of 2.0—
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3.5 in sourdoughs fermented with obligate heternétative lactobacilli. All three starter
cultures, L. plantarum, L. sakei, and L. sanfranciscensis accumulated lesser amounts of
organic acids during the fermentation period coragao the chemically acidified dough. In
further approaches the supplemented amount of &wide dough was therefore reduced. The
sourdough fermentations resulted in a high reprbditg; minor standard deviations
occurred between mean averages of two separatébrmped sourdough fermentations.

For evaluation of different degradation processgsgd wheat sourdough fermentations, also
B-wheat and E-wheat besides A-wheat were appliethis study. The following tables
summarise the data set for a “Bussard’-wheat ot a “Dekan”-wheat flour.

Table 5.Microbiological characterization of sourdoughs @egul with ,Bussard“-wheat flour (type
550, E wheat)

Time Plate count Fermentation

Starter culture ) (cfu*/ g dough) pH Lactate® Acetate’ quotient® Amino-N®
chem. acidified 0 <1d 6.2+ 0.14 n.d° n.d. -- n.e
5 <10 3.75+0.09 53.0t 1.5 12.8+ 3.2 4.1 13.9+ 2.7
24 <1d 3.15+ 0.08 150.3+ 13.8 31.1+2.4 4.8 18.2+ 3.7
L. sanfranciscensis 0 n.e. 6.06+ 0.04 n.d. n.d. -- 5.2+1.8
5 (1.5+£0.14)x 10° 4.75+0.08 18.0+ 1.3 3.6 0.5 5.0 12.6+ 3.4
24 (2.4+£0.8)x 106 3.5+ 0.0 76.0£ 0.9 13.8+ 0.7 55 18.3+ 6.0
L. plantarum 0 (5.5:0.9)x 10°  6.09+0.01 n.d. n.d. - 3.3+1.4
5 n.e. 3.75+ 0.08 50.0+ 3.0 n.d. -- 9.0+£34
24 (5.7629)x10° 3.3+00 102.8113  n.d. - 9.3+1.2

%fu: colony forming unit’concentrations in mmol / kg doudifermentation quotient: Lactate / Acetdted.: below detection
limit; ®not evaluated

Table 6. Microbiological characterization of soundb prepared with ,Dekan”-wheat flour (type 550,
B wheat)

Time Plate count Fermentation

Starter culture h)  (cfu*/ g dough) pH Lactate® Acetate’ quotient® Amino-N®
chem. acidified 0 <1d 6.25+ 0.07 n.d. n.d. - 6.5+1.1
5 <10 3.7+ 0.0 43.2+12.0 114 1.2 3.7 7.2+1.6
24 < 1d 3.25+0.07 111.3: 0.5 28.5+4.1 3.9 12.2+ 3.3
L. sanfranciscensis 0 n.e¢ 6.09+ 0.03 n.d. n.d. -- 6.3+ 0.4
5 (5.9£ 0.4)x 10° 3.65+0.07 20.# 0.9 4.8+ 0.2 4.3 11.2+2.2
24 (6.0£0.8)x 10 3.5+ 0.0 79.1+ 1.8 16.9£ 0.5 4.7 16.9+ 2.2
L. plantarum 0 (4.5+1.7)x10°*  6.06+ 0.05 n.d. n.d. - 54+1.4
5 (2.0£0.3)x 10° 3.7+ 0.0 56.5+ 0.7 n.d. -- 10.4+ 3.9
24 1.3x 10° 3.4+0.0 100.2t 5.5 n.d. -- 13.1+0.1

écfu: colony forming unit’concentrations in mmol / kg doudffermentation quotient: Lactate / Acetdted.: below detection
limit; ®not evaluated.

The total plate counts in fermentations with sanfranciscensis and Dekan-wheat flour

showed lower total plate counts of approximately t6u/g dough after 24 hours of
fermentation, while the accumulation of organicdaciluring fermentation and the pH drop
showed amounts as expected. Thus, it could be asktinat the effectively counts were

higher, and a mistake was conducted in respedrtal slilutions.

37



Chapter 2

The degradation of flour protein was detected byimgrease of low-molecular amino

nitrogen. The increase of low-molecular amino @& content in the fermentation doughs
was comparable to the increase in acidified dogle figure 6). This fact is in accordance to
other studies; the protein degradation during weeatdough fermentations is mainly caused

by endogenous proteases of the flour (6, 20, 26).

60

—&— L.plantarum TMW1.468
—O— L. sanfranciscensis TMW1.53

50 1 —W%— L.sakei TMW1.22
—4A— Chemically acidified

40 ~
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Amino nitrogen (mmol/ kg dough)
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Fermentation time in hours

Figure 6. Free amino nitrogen content during sougtio fermentations with lactobacilli and
chemically acidified dough.

Moreover, high-molecular proteins were extractedl avaluated using RP-HPLC. No
differences could be seen on the quantitative ewiain of proteins after 5 hours of
fermentation with the different lactobacilli strain in the Osborne fractions
(albumins/globulins, gliadins, glutenin subunit®nly Enterococcus faecalis exhibited a
proteolytic activity against the gluten proteinsheToverall content of GMP was already
significantly decreased after 5 hours of fermeoteti with the used strains. A drastically
degradation of gluten proteins was observed affeh@urs of fermentation, whereas the
glutenins and the GMP were more affected than liadigs. The chemically acidified doughs
and the fermented doughs with lactobacilli showety anarginal differences in respect to
protein degradation. Thus, the endogenous floutepses have the highest impact on protein
degradation during wheat sourdough fermentatiom® fErmentations performed with the
three different flour cultivars (“Tommi” A-wheatBussard” E-wheat, and “Dekan” B-wheat)
showed no significant trend related to protein ddgtion (data not shown, (40), and report

AIF No. 14492 N).
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2.2.2 Influence of sourdough dosage on the final ead volume

Sourdoughs were prepared and fermented for 20 hatu0°C withL. sanfranciscensis
TMW1.53, L. plantarum TMW1.468, and.. sakei TMW 1.22, subsequently 2%, 5%, 10%,
and 20% of the fermented sourdoughs were addethab lfread dough. In the case lof
sanfranciscensis sourdough, the baking trials were performed twoesmwith “Tommi”-wheat
flour and once with commercially, ascorbic acidefn@heat flour. The baking trials with
plantarum andL. sakei sourdough were performed only two-times with “Torfmheat flour
(data not shown). No significant differences welgsayved in the final bread volume
concerning the sourdough dosage in percentagéise applied flours (data not shown).

A: Lactobacillus sanfranciscensis TMW1.53

750

700 +

650 -

600 -

550 +

Bread volume (ml/kg flour)

o

500 - \ \
1 2 3

Figure 7. Influence of different sourdough dosagesthe bread volume at three baking days.
Sourdoughs were prepared at different days with mpmheat and commercially available flour (1:
Tommi, day 1; 2: Tommi, day 2; 3: commercially dahbie flour, day 3). Sourdoughs (TA 200) were
inoculated withL. sanfranciscensis TMW1.53 (A), and fermented for 20 hours at 30°CadR bar =
2% sourdough; dark-grey bar = 5% sourdough; grey=b&0% sourdough; and white bar = 20%
sourdough dosage.

The final bread volumes showed no differences Bpeet to the diverse starter cultures:
Lactobacillus sanfranciscensis (obligate heterofermentative)lactobacillus plantarum
(facultative heterofermentative), aridactobacillus sakei (facultative heterofermentative).
Nonetheless, significant differences were obsefnvetiread volumes between two baking
days with the same final dough process and ferrtientarganism (e.g. ALactobacillus

sanfranciscensis 1, 2).
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2.2.3 Influence of organic acids on the final breaglolume

The bread volume is essentially dependent on thgldpH-value; therefore, the influence of
organic acids was determined on the final breadimel Primarily, lactate and acetate
amounts were introduced into doughs comparabl@ tovo accumulated amounts of these
acids. The organic acids were supplemented at ¢iggnbing of the fermentation. A final

dosage of 10% sourdough was added to the finatleaghs. All sourdoughs were prepared

without the addition of viable microorganisms.

679 A

677 A

675 -
673
671
669 -
667 1
665 - \ \ \ \ \ . \

Figure 8. Final bread volume of sourdough prepédmegds with a dosage of 10%. The sourdoughs
were prepared without supplementation of microoigyas, only organic acids were added.

Bread volume (mL / kg flour)

without sourdough
100 mM Lactate
50 mM Lactate
100 mM Lactate +
10 mM Acetate
100 mM Lactate +
20 mM Acetate
50 mM Lactate +
10 mM Acetate
50 mM Lactate +
20 mM Acetate

The differences were marginal between the finahdreolumes; the mean value was 673.3
ml/kg flour, the standard variation 4.3 ml/kg flodihe lowest and maximum bread volume
showed only a difference of 12 ml/kg flour. Therefothe generally accumulated organic
acids during wheat sourdough fermentations witholaacilli are having no impact on the
final bread volume. However, it should be noticddht the effect of acids depends on the
buffering capacity of the system.

Consecutively, the pH-value was adjusted to 3.6hwirrganic acids in sourdough
fermentations; in pre-trials the amount of acidgflour was determined to reach a specific

pH-value. For the baking trials sourdoughs werenéarted with the addition of lactic- and
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acetic acid, moreover also a mixture of both ackisthermore, sourdoughs were prepared
with hydrochloric acid; this approach served totidguish between pH-value effects and
influences of specific acids. Significant differescin final bread volume were observed

between two baking days for bread doughs produa#davconstant process (see figure 7).
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Figure 9. Volume of sourdough prepared breads (Bamugh pH). The pH-values of sourdoughs
were exactly adjusted to pH 3.6 with different angaacids. The sourdough dosage was 10% of the
final bread dough.

Hence, every day one reference bread was bakedawdtisage of 10% sourdough (pH: 3.6)
added to the final bread dough. The relative vokimethe baked breads were determined
according to following formula: volumgead xy/ VOlUMEreference bread

The relative final bread volume of the lactic atickad is by definition 1. No significant
difference was observed between lactic acid anddwydoric acid acidified breads. A distinct
decrease of the final bread volume was observetidwpddition of acetic acid (last bar). The
final pH-values of the bread doughs prepared vattid¢ acid sourdoughs, and hydrochloric
acid sourdoughs were 5.2 and 5.1, respectively. biteads produced with acetic acid
acidified sourdough showed a pH-value of 4.5. Tieat volume collapsed by the addition of

triple amounts of lactic acid (second bar). Thalfioread volume was even lower than the
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bread volumes prepared with a 1:1 ratio or 1:4orati lactate to acetate, respectively.
Notwithstanding, the pH-values of the latter breadse clearly decreased with 4.6 and 4.5
compared to a bread dough pH-value of 4.9. Thesefbis proposed that not only the pH-
value determines the final bread volume, but aostubsequent parameters (see figure 10).

The baker’s yeast could be inhibited by specifioants of acetic acid.

A B
Glucose + 2 ADP 60
<
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2 NAD 3 50 |
©
2 40
+2 NADH =
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2 pyruvate + 2 ATP o
2 NADH T 207
2 10
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2 Ethanol+ 2 CC,

Figure 10. (A): Simplified presentation of yeagifientation. (B): Accumulation of ethanol (mmol) of
baker's yeast in chemically acidified doughs afteo hours of fermentation. The doughs were
adjusted to the requested pH-value with hydrocbladid (filled diamond), acetic acid (filled cube),
and lactic acid (filled triangle).

The fermentation efficiency of the baker’s yeasisvaetermined in following approach to
confirm the inhibitory effect of acetic acid. FiguLO A summarizes the fact, that there is a
direct link between accumulation of ethanol and f@asation by yeast under anaerobic
conditions. The relative amount of ethanol accutedldoy baker’'s yeast in different doughs
acidified with lactic acid, acetic acid, and hydntmric acid is shown in figure 10 B, the
ethanol concentration was measured after two hoiufsrmentation in a liquid dough with a
dough yield of 400 (TA 400). The specific influencé acetic acid supplementation
independent to the pH-value could be clearly s@®nus, the presence of acetic acid has an
inhibitory effect of the baker’s yeast during femtegion.

Moreover, the final bread volume was compared Witkanfranciscensis sourdough dosage
to breads withL. sanfranciscensis sourdough dosage supplemented with fructose. Again
should be proven, that acetic acid accumulatiorngusourdough fermentations can inhibit

the baker's yeast.. sanfranciscensis exclusively formed acetic acid in fermentations; n
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accumulation of ethanol was observed (data not shéw the addition of fructose (5% from

the initial flour weight). The sourdoughs were femted for 48 hours to gain the highest
acetic acid concentrations. The final bread voluwiebreads prepared with the addition of
fructose were slightly decreased in volume in comspa with the reference bread (see figure
11). The reduction in volume could be caused byadrigconcentrations of acetic acid in the

doughs, certainly also the presence of fructosédaitect dough characteristics.

with added fructose

without fructose

098 099 1 101 1.02 1.03
relative bread volume (-)

Figure 11. Influence of supplemented fructose tardoughs fermented with. sanfranciscensis
TMW1.53 on the final bread volume.

2.2.4 Influence of the used starter culture in sowlough fermentations on the final bread

volume

The effect of starter culture selection for souglodermentations upon bread volume was
determined with five different microorganisms. @falie heterofermentative and facultative
heterofermentative species were chosen as welErderococcus faecalis which clearly
contributed to gluten proteolysis in sourdough femtations (40). Sourdoughs were
fermented withL. sanfranciscensis TMW1.53, L. plantarum TMW1.468,L. sakei TMW1.22,

L. fermentum TMW1.890, andEnterococcus faecalis TMW2.22. The sourdoughs were
prepared with a dough yield of 200 (TA 200) andrfented for approx. 20 hours at 30°C; the
final bread doughs contained 10% sourdough doSdgebaking approaches were performed
as duplicates at three independent baking days.n@snwheat flour (free of ascorbic acid)
was used in this approach compared to the genilone dised in chapter 2.2.2. No specific

strain could be selected to gain an increase al bread volume (see figure 12).
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Figure 12.Influence of the used micro organisms in sourdotegmentations on the final bread
volume. The baking approaches were conducted @&raelaking days. The different colored bars
represent independent baking days. Used strhirsinfranciscensis TMW1.53, L. sakei TMW1.22,

L. plantarum TMW1.468,L. fermentum TMW1.890, anct. faecalis TMW2.22.

The assumption that reductive, obligate heterofataiwve strains likel. sanfranciscensis
produce breads with a decreased volume in compavishh H,O, generating strains, e.j.
sakel was not observed. The selected sourdough dosad@%fto the final bread dough
resulted in insufficient results in respect to sifisation of strains based on their generated
bread volume. The reproducibility of bread volumese sufficient between breads baked on
the same day with the same fermentation strain.pAdcultures were checked for purity
using microscopy before inoculation of the respecsourdough; therefore, a contamination
or development of spontaneous flora was very ulylikKEhe complexity of the fermentation
and baking process avoided a classification inaesip bread volume based on different used
starter cultures. Moreover, the different physigdag condition of the added baker's yeast
must be mentioned on the diverse baking days. Tifleence of dry yeast usage was
determined to compensate the different physiolégioaditions of the baker’'s yeast; this
approach provided insufficient results due to notivey of the dry yeast in fermentations

(type: Farmipan Red).
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Figure 13 Appearance of baked breads with dry yeast
(left bread) and reference bread with fresh yaagt(bread)

The breads baked with dry yeast showed a quartdreofolumes in comparison with breads
baked with fresh baker’s yeast; this could alrelaglyseen in the dough stage, after preparation
of the doughs included dough rest only a rarelysy@arformance and dough development

was observed (see figure 13).

2.2.5 Influence of the sourdough fermentation perid on the bread volume

The bread volume of an overnight fermented sourbauith lactic acid was compared with a

freshly prepared sourdough. The breads produced e freshly prepared sourdough were
decreased 2% in volume compared with the overrightented sourdough (662 vs. 677 ml/
kg flour). In another trial, sourdough was fermenteith lactic acid for 20 hours and 70

hours, respectively. The final bread volume of Bfehours fermented sourdough was 646
ml/kg flour, whereas the bread volume of the 70redarmented sourdough was 513 ml/kg
flour; thus, a 21% decrease in final bread volunas wbserved for the 70 hours fermented
sourdough. The repetition of the baking trial confd the above mentioned result, but the
decrease of final bread volume was not so pronalfmely 3% in comparison with 21% in

the first approach). The difference of 18% in dasesof bread volume could not be clearly
clarified between the two approaches. Microbiolajmntaminations of the doughs could be

excluded due to chemical acidification.

2.2.6 Influence of ascorbic acid addition on the yome of sourdough breads

The fundamental difference between the above mesdicapproaches and the real baking
process in bakeries is the usage of ascorbic @ddorbic acid is the main added baking

improver with stabilization effects upon the glutegtwork:
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¥ O, AA  « » GSSG P—SH
\/ Flour
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Figure 14. Oxidation of glutathione by endogenduosirf glutathione dehydrogenase contributes to
stabilization of the gluten network in wheat dougascording to Hahn and Grosch, (15, 37)). AA:

ascorbic acid, DHAA: dehydroascorbic acid, AO: abmo acid oxidase, GshR: glutathione

dehydrogenase, P: protein
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Figure 15The influence of ascorbic acid towards bread volisygEH-dependent.

The influence of the final bread dough pH-value the effect of ascorbic acid was
determined. Reference bread was baked with a lactitsourdough dosage of 10%; ascorbic
acid in a common concentration of 0.02% in relatmmitial flour weight was supplemented
to the sourdough, though the dilution of the sougto in the final bread dough was
considered. The final pH-value was not adjustedradtdition of ascorbic acid to the first
sourdough. In the second sourdough, ascorbic aagldissolved in water and the pH-value
was adjusted using sodium hydroxide to 7.2. Thal fiH-values of the baked breads differed
by 0.4 pH-units. The increase in bread volume du@ddition of ascorbic acid was only
observed in breads baked with higher pH-values®fibugh, e.g. pH-value of 5.1.
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2.2.7 Influence of microbiological catalysed redoxeactions on bread volume

L. sanfranciscensis TMW1.53 possesses a glutathione reductase, iigsitpctaused an
increase of thiol-groups during wheat sourdoughméartations (see also chapter 2.2.8). Other
lactobacilli, e.gL. sakei, showed no glutathione reductase activity; thiere was observed
no increase in thiol-groups during wheat sourdofggmentations (37). The quantity of free
thiol-groups plays a major role in development ledé gluten network; hence, also a main
impact on bread volume could be seen. Thus, ardifte in final bread volume was expected

using the different lactobacilli in sourdough femtegions.
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Figure 16. Influence of oxidized and reduced ghitate on the final bread volume. Glutathione was
supplemented to sourdoughs acidified with lactid geM) and to sourdoughs fermented with
Eir:fsr.anciscensis TMW1.53 (-S). The experiments were performed iplidates, dark-grey and grey
As shown in figure 12, no classification based loa $elected starter cultures in sourdough
fermentations in respect to the final bread volwmeld be established.

In addition, sourdoughs were fermented with GSS® (hM) and GSH (10 mM)
supplemented at the beginning of fermentation; dvahg, the final bread volume was
determinedL. sanfranciscensis sourdoughs and chemically acidified doughs weesl urs this
approach. The bread volume was increased by 5% W& sourdough fermented with
sanfranciscensis was added to the final bread dough in compariedhe reference bread. As
expected, addition of the reduced form of glutatbi¢GSH) resulted in decreased final bread

volumes. Thus, supplemented GSH degraded the pno&twork, and therefore contribute to
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a reduction of the gas holding capacity of the egiutThe effect of glutathione addition on
final bread volume was comparable between cherygieaidified sourdoughs and sourdoughs
fermented withL. sanfranciscensis. The expectation was th&t sanfranciscensis reduce
GSSG to form GSH resulting in a final bread voluraduction in comparison to chemically
acidified sourdoughs, but this was not the cd$wris, indicating that glutathione reductase
activity from L. sanfranciscensis is playing just a minor role in respect to finaéad volume;
the influence of microbial glutathione reductasterafiddition of exogenous glutathione in
sourdoughs on the final bread volume (10% sourdaloglage) was negligible.
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Figure 17.Appearance of breads in standard baking trials Withsanfranciscenss TMW1.53
fermented sourdoughs: (A) Reference, (B) suppleetentth 10 mM GSSG, (C) supplemented with
10 mM GSH.

Figure 17 shows the baked breads with suppleme@®8G and GSH, respectively. The
reference bread was prepared with a dosage of LL0&nfranciscensis-sourdough (A), the
baked bread with addition of oxidized glutathionelt sanfranciscensis-sourdough showed
already a decreased volume compared with the referbread (B)L. sanfranciscensis-
sourdoughs supplemented with reduced glutathiomsvesth a significant decrease in final
bread volume (C).

Oxidoreductases of lactobacilli could generate ceduthiol compounds during wheat
sourdough fermentations. Low-molecular weight coumus are capable bread aroma
precursors; however, the dough rheology could bectfd by degradation of gluten proteins
caused by a decrease of the redox potential iddhgh system. Approaches in this study (see
figure 20) indicated that obligate heterofermentatactobacilli, e.gL. reuteri andL. pontis
exert comparable effects on thiol levels during atheourdough fermentations ds
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sanfranciscensis. Strains of these species and other lactobaadtievecreened for glutathione
reductase activity on biochemical and geneticalels to establish whether their effects on
thiol exchange reactions are also attributablelutathione reductase activities. Moreower,
reuteri BR11 and the cognate mutant strainreuteri BR11AcyuC, which is deficient in a
cystine uptake system (25), were included in thelysis. Several lactobacilli DNA were
screened in PCR by using the degenerated primeg&g8&eRV and Deg/gshRR (see chapter
4.1.1 and 5.1.10), respectively. brevis TMW 1.57, L. plantarum TMW 1.460,L. johnsonii
TMW 1.192,L. frumenti TMW 1.635,L. acidophilus TMW 1.18,L. hilgardii TMW 1.45, and

L. pentosus TMW 1.10 were found to harbor glutathione reducigesees related tgshR of L.
sanfranciscensis; however, no amplification product was obtained ViMHA from L. reuteri
TMW 1.106,L. pontis TMW1.84 orL. reuteri BR11 (data not shown and Table 7)

Table 7.Occurrence of glutathione reductase genes and toymimey-lyase genes in different
lactobacilli

Glutathione reductase sequences Cystathioninelyases sequences
L. sanfranciscensis TMW1.53 L. reuteri TMW1.10

L. brevis TMW1.57 L. reuteri TMW1.976

L. plantarum TMW1.460 L. panis TMW1.648

L. johnsonii TMW1.192 L. fermentum TMW1.890

L. frumenti TMW1.635 L. mindensis TMW1.1206

L. acidophilus TMW1.18 L. pontis TMW1.84

L. hilgardii TMW1.45
L. pentosus TMW1.10

The absence of glutathione reductase activity_.irpontis and L. reuteri was verified by
determination of the activity in crude cellular exdts after separation on SDS-PAGE gels
(Figure 18). Strains without glutathione reductasivity exhibited cystathioninglyase
(Cgl) activity (Table 8).

Based on the partial sequence of the cystathiopigase ofL. fermentum TMW1.890, the
whole sequence of the gene was completed usingse\®CR (see chapter 5.2 Sequences). A
knockout-mutant of the glutathione reductase (gdhdth L. sanfranciscensis TMW1.53 was
designed according to chapter 2.1.8; the influesfdbe glutathione reductase was evaluated
with this approach on thiol-levels during wheat slmugh fermentations. In addition,

following lactobacilli strains were examined forugithione reductase activity according to
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chapter 2.1.7L. sanfranciscensis TMW1.53, L. sanfranciscensis TMW1.53AgshR, L. pontis
TMW1.84, L. reuteri BR11, and a cognate mutant lof reuteri BR11 unable to transport
cystine (. reuteri BR11AbspA). L. sanfranciscensis showed a glutathione reductase activity
of 45 nmol/min/mg, while the activity of the cogeammutant strainL. sanfranciscensis
TMW1.53AgshR was strongly reduced to 14 nmol/min/mg. No glutatk reductase activity
was observed fdr. pontis TMW1.84 and.. reuteri BR11.

Table 8. Glutathione reductase and cystathiopity@se activity in sourdough lactobacilli.
L. sanfrancscensis L. sanfranciscensis L.reuteri BR11 L.reuteri BR11 L. pontis

TMW1.53 TMW1.53gshR AcyuC TMW1.84
GshR activity 45 14 - - -
gSth + - _ _ _
CgL activity - - + + ¥
Cgl, PCR c. n.d. 4 n.d. £

a) glutathione reductase activity in crude cellulatrast, nmol mifl mg" - indicates the absence of GshR
activity in crude cellular extracts after sepanation SDS-PAGE. b) Detection of a glutathione
reductase gene using the degenerated primers Dégand Deg-gshRR. ¢) (38). d) (35).

The results were supported by activity staining ftutathione reductase using SDS-gel

according to chapter 2.1.9.

Figure 18.Detection of glutathione reductase acivity in crud#lular extracts ot. reuteri BR11
(Lane 1),L. pontis TMW1.84 (Lane 2) andl. sanfranciscensis TMW1.53 (Lane 3) after separation of
crude cellular extracts by SDS-PAGE. The locatidnGshR with a predicted relative molecular
weight (M,) of 48.614 is indicated.
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2.2.8 Thiol levels in sourdough fermented with.. sanfranciscensis TMW1.53 and L.
sanfransiscensis TMW1.53AgshR

To determine whether GshR is involved in the reidacdf thiol groups in wheat sourdoughs,
thiol levels were quantified in SDS-extracts of whesourdoughs fermented with.
sanfranciscensis TMW1.53 and TMW1.58gshR. Samples were taken from unfermented
doughs, after 5 hours of incubation, correspondiogexponentially growing cells in
sourdough, and after 24 hours of incubation, cporeding to stationary cells. Chemically
acidified dough was used as a control. Both strgiesv to high cell counts (7.0 + 0x510°
cfu/g) after 24 hours of fermentation. The pH otigls fermented with. sanfranciscensis
after 5 hours was 4.38 £ 0.05 and 3.45 + 0.05 &4ehours, respectively. Fermentation with
L. sanfranciscensis increased thiol levels in dough (Figure 19). In rofeally acidified
doughs, thiol level decreased during fermentatiduring fermentation with thgshR-mutant
strain, the pH decreased to 4.32 = 0.05 after shotifermentation and to pH 3.47 + 0.05
after 24 hours. The thiol content of sourdoughsméerted with thegshR-mutant was

comparable to that of chemically acidified doughs.

* —@— L. sanfranciscensis
—O— L. sanfranciscensis AgshR
—W— chemically acidified

MM SH / g dough

fermentation time (h)

Figure 19.Thiol levels SDS-extracts from chemically acidifiatheat doughs and dough fermented
with L. sanfranciscensis TMW1.53 andL. sanfranciscensis TMW1.53AgshR. Shown are the means *
standard deviations from five independent experigjedata differing significantly (p<0.05) from
chemically acidified doughs are marked with anraske
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2.2.9 Thiol levels in sourdough fermented with_. reuteri BR11, L. reuteri BR11AcyuC
and L. pontis TMW1.84

The effects of glutathione reductase negative, rbfgamentative lactobacilli on thiol levels in
dough were determined with straihs pontis TMW1.84 as well ad.. reuteri BR11 and
BR11AcyuC. All strains acidified wheat doughs to pH-valuaaging from 3.20 to 3.32 after
24 hours of incubation. Remarkably, the effectshef glutathione-reductase negative strains
on thiol levels in dough were qualitatively comgaeato that ofL. sanfranciscensis (Figure
19). Thiol levels in doughs fermented with reuteri BR11AcyuC were consistently higher
than levels in doughs fermented with the correspandild type strain. The lack of a cystine
uptake system in the mutant strain could explaehigher thiol levels in comparison to the

wild type strain oL. reuteri BR11.

® L. reuteri N
14 L O L. reuteri AcyuC 4
v chemically acidified
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Figure 20.Thiol levels in sourdough fermented withreuteri BR11,L. reuteri BR11AcyuC, L. pontis
TMW1.84 and chemically acidified doughs. Shown i@ means * standard deviations from three
independent experiments, data differing signifizah<0.05) from chemically acidified doughs are
marked with an asterisk; significant differencesQ05) between doughs fermented wlithreuteri
BR11 and BR1AcyuC are marked with an x.

Gluten has a prominent position during preparatbmwheat dough, for the development of
the gluten network the formation of inter- and amtolecular disulfide bonds is crucial
between the glutenin subunits (39). Formation aftegyi modifications during sourdough
fermentations with lactobacilli affects dough rhapl, texture and final bread volume of the

wheat doughs. The degradation of the SDS-insolghieen macropolymer (GMP) to SDS-
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soluble low-molecular weight compounds is supported the proteolytic activity of
lactobacilli, thus the gluten quality in wheat dbagwith 10-20% sourdough dosage is
adulterated in comparison with direct produced whkieaghs (7).

The influence on thiol levels during wheat sourdougrmentations with thermophilic,
heterofermentative lactobacilli, elg. reuteri andL. pontis is comparable with fermentations
with L. sanfranciscensis, however, the indicated strains exhibited no ghitane reductase
activity (27). The increased thiol levels in sourdbs fermented with. reuteri andL. pontis
are attributed to other thiol active enzymes. Bsiitains harboring a cystathionipdyase
gene and exhibited also cystathioninbrase activity in crude cellular extracts (seeldah).
An influence of the active enzyme on thiol levelsridg wheat sourdough fermentations
could be existent due to metabolism of cysteinethiod exchange reactions.

2.2.10 Effects ofL. sanfranciscensis TMW1.53 and cognate mutant TMW1.53gshR on

gluten proteins during sourdough fermentations

The use of a method combining extract and HPLGnatba more detailed study on protein
degradation (see chapter 2.1.10) during wheat sogidfermentations. Dough proteins, here
gliadins and glutenins were fractionated by a medifOsborne procedure according to
Wieser et al. (40). Significant differences in tAelA amounts could not be detected over a
fermentation period of 24 hours with chemicallydiftéd dough, sourdough fermented with
L. sanfranciscensis TMW1.53, and the cognate mutant TMWI1ASBhR. However, a
significant difference in the GLUT amounts was dtdd after 24 hours of fermentation with
a decrease to 34% In sanfranciscensis TMW1.53 sourdoughs in comparison to a decrease
to only 56% in TMW1.53gshR sourdoughs.

= %
ol el 150 GLUT
5 1 ' i
: i A >
50 7 1 1 % 50 - |8
b 3 5
0 : : __ 0
CHE SAN SAN/G CHE SAN SAN/G

Figure 21. Relative amounts of gliadins (GLIA) agidtenins (GLUT) in sourdoughs after 0, 5, 24
hours of fermentation. CHE: chemically acidifiedudb, SAN: L. sanfranciscensis TMW1.53
sourdough, SAN/GL. sanfranciscensis TMW1.53AgshR sourdough. 0 hours = 100 %.
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Total plate counts of the two sourdoughsLofsanfranciscensis TMW1.53 and the mutant
exhibited similar results > #acfu/g dough after 24 hours of fermentation. Therstrally
acidified dough showed total plate counts < &fu/g dough throughout the fermentation
period indicating no contamination growth, e.g. rdpoeous microbiota. The pH-value as
well as the fermentation quotient showed similautis forL. sanfranciscensis sourdoughs
and the mutant TMW1.58yshR sourdoughs, respectively. The chemically acidifteaigh
showed somehow increased organic acids values cethpga the doughs fermented with
microorganisms; although, they showed still valaeshe upper range of natural acidified
sourdoughs. Therefore, a direct effect is showrthef glutathione reductase on glutenin
proteins during wheat sourdough fermentations. @kgradation of the glutenin protein
fraction differs by approx. 20% between the wilgedystrain ofL. sanfranciscensis and the

cognate mutant.

Table 9.Microbiological characterization of sourdoughs e with commercially, ascorbic acid-
free wheat flour for gluten protein determination.
Time Plate count

Fermentation

b

Starter culture (Hours) (cfu®/ g dough) pH Lactate Acetate’ quotient®
chem. acidified 0 <1d n.a. n.df n.d. -

5 <1d n.a. 14.2 6.4 2.2

24 <1d n.a. 48.6 20.3 2.4
L. sanfranciscensis 0 3.0x16 5.62 n.d. n.d. -
TMW1.53 5 5.0x 10’ 4.38 8.8 2.2 4.0

24 7.4x 10° 3.45 35.9 6.1 5.9
L. sanfranciscensis 0 3.8x 10° 5.55 n.d. n.d. -
TMW1.53AgshR 5 4.6x 10’ 4.32 4.8 0.6 8

24 7.2x 1¢° 3.47 30.2 7.9 3.8

%fu: colony forming unit’concentrations in mmol / kg doudifermentation quotient: lactate / acetate rétiad.:
below detection limit, n.a.: not analyzed

The production of breads based on sourdoughs feedewith the mutant strair.
sanfranciscensis TMW1.53AgshR was not feasible due to the existence of a gerdigtica
modified organism. Therefore, the direct influelmée¢he glutathione reductase on final bread
volume could not be evaluated. Indeed, it shoulddresidered that the sourdough content is
approximately between 10-20% of the final breadgiourhe impact of the enzyme would
have been diminished by “dilution” of fresh pregatough. Moreover, yeasts could equalize

possible differences in the following baking pracésee figure 5 — Rapid Mix Test).

54



Chapter 2

2.2.11 Influence of “Vitalkleber” and Diacetyl-tartaric-acid-ester (DATEM) on the final

bread volume

Vitalkleber and DATEM are the main improvers usgdbakers beside ascorbic acid. The
gluten quantity, hence bread volume is increastesdt afidition of Vitalkleber; the ester serves
as an emulsifier with stabilization effects on téristing gluten network. Both bakery
improvers were provided by Mihlenchemie (Ahrensbut@ermany — “Vitalkleber”:
EMCEvit C and DATEM: Mulgaprime 16). The bakery iropers were added at the
beginning of sourdough fermentations according smufacturer’s instructions (Vitalkleber:
2.0%/1000 g flour; DATEM: 0.3%/1000 g flour).

685
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665 -

660 -
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Bread volume ml / kg flour
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Lactic acid
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L. sanfranc
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DACW
L. sanfranc.,
DACW

Figure 22. Influence of bakery improvers on theafitbread volume. Often used products, as

»Vitalkleber* and Diacetyl-tartaric-acid-ester (DAM) were supplemented to sourdoughs fermented
with L. sanfranciscenss TMW1.53 or to chemically acidified (with lactic idcadjusted to a pH-value

of 3.6) doughs. After 20 hours of fermentation &l€ourdough dosage was added to the final bread
dough.

This approach was executed with microbiologicafgmaents and with chemically acidified
preferments. The supplemented bakery improvers nereegraded during wheat sourdough
fermentations and showed a positive impact on bvedame (two outliers, black bar: lactic
acid acidified sourdough with Vitalkleber, ahdsanfranciscensis sourdough with DATEM).
Thus, their effective application in wheat sourdougrmentations is possible. In another
approach, with addition of Vitalkleber and DATEM wheat sourdoughs fermented with
sanfranciscensis, the increase in final bread volume could alsodmngsee table 10).
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The addition of Vitalkleber and DATEM in sourdouglesmented withL. sanfranciscensis
caused an increase in ethanol accumulation afterh@drs, 140.8 mmol/kg dough
(Vitalkleber) and 156.4 mmol/kg dough (DATEM), resfively; in comparison with ethanol
values of 31.2 mmol/kg dough in sourdough fermemté@d L. sanfranciscensis without the
addition of bakery improvers (data not shown). bkxdibly, the high fermentation quotients of
10.8 after 5 hours, and 14.5 after 20 hours indmughs fermented with. sanfranciscensis
supplemented with Vitalkleber. The final bread vokiwas increased by 1.4% in sourdoughs
fermented withL. sanfranciscensis supplemented with Vitalkleber, and approximatel§%

in sourdoughs fermented with sanfranciscensis supplemented with DATEM in comparison
with the bread volume gained from sourdoughs fetetemvith L. sanfranciscensis without
added bakery improvers.

The impact of the supplemented bakery improverstlom protein degradation during
sourdough fermentations was evaluated at the HateiEBelitz Institute for Cereal Grain
Research by Dr. Wieser (see also report AiF 144p2r\conclusion, by addition of DATEM
during wheat sourdough fermentations no differensese observed in respect to protein
degradation; the protein deficiency after 24 hoafsfermentation was compensated by

supplementation of Vitalkleber at the beginning.

Table 10Characterization of the fermented sourdoughs supgiéed with bakery improvers

Approach Time Plate count pH Lactate  Acetate Fermentation Bread volume
(h) cfu/g dough mmol/kg dough quotient mi/kg flour

Chemically 0 <10 5.94 n.d. n.d --

acidified 5 <1b 5.26 14.2 6.4 2.2
20 <16 4.61 48.6 21.7 22. 696.1

Chem. acid. 0 <10 6.03 n.d. n.d - -

+ Vitalkleber 5 <10 5.26 10.9 3.3 33.
20 1.3x 10 4.64 31.0 10.9 2.8 682.5

Chem. acid. 0 <to 5.70 n.d. n.d.

+ DATEM 5 <16 5.10 15.8 6.2 2.5
20 1.0x10 4.91 50.2 13.8 3.6 684.3

L. sanfrancis- 0 1.6 x10 5.53 n.d. n.d. - -

censis 5 3.0x 16 4.95 7.1 0.9 7.9 ---
20 7.3x1% 3.66 32.6 6.8 4.8 636.8

L.sanfrancisc. 0 1.3x10 5.65 n.d. n.d.

+ Vitalkleber 5 42x10 5.06 5.4 0.5 10.8
20 1.2x 19 3.74 48.0 3.3 14.5 645.7

L. sanfrancisc. 0 1.9x16 5.38 n.d. n.d.

+ DATEM 5 3.5x10 4.83 5.0 3.9 1.3
20 75x1b 3.99 46.1 9.5 4.9 673.6
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2.3 DISCUSSION

2.3.1 Effect of endogenous and exogenous parametar the final bread volume during

wheat sourdough fermentations

A classification of the different parameters, esgpurdough dosage, fermentation strain
selection in respect to final bread volume coultlve®established due to diverse reasons. As
evidence, the results obtained in figure 7 and h@wed no trend in consideration of
percentage of sourdough dosage to the final breadhdor selected sourdough fermentation
organism. In further studies, attention should laédpto the physiological status of the
microorganisms used in the sourdough fermentatidteproducibility of the sourdough
fermentations could be analyzed with the deternonatf total plate count, pH-value, and the
fermentation quotient in the dough system. Thusrdmugh fermentations with comparable
values of the three mentioned parameters might lenabclassification based on strain
selection or sourdough dosage in respect to finehd volume. A classification should be
established based on worst case scenarios; therdifier addition of different percentages of
sourdough dosage to the final bread dough showeércamaybe 0%, 20%, and 40%. The
sourdough dosage to the final dough in fermentatieith different microorganism should be
at least 20%. The recommended addition of sourdaaghe final bread dough is approx.
12% for wheat breads (4). Possible differenceseazhby the sourdough microbiota in respect
to final bread volume could be detected when irgirgpamounts of sourdough dosage are
used. The classification must be established iapeddent baking approaches (days), because
the physiological status of the applied yeastseganin a daily base in the baking process. The
usage of dry yeast is not recommended (see ch@det, figure 13). Overall, with the
insufficient bread volume data generated in thisdgtno clear classification could be
established; further studies have to generate ohatigein respect to final bread volume for the
parameters sourdough dosage and the selectiomadriéation microorganisms, respectively.
The accumulation of organic acids produced by therohiota during wheat sourdough
fermentations could inhibit the baker’'s yeast ie thaking process resulting in a decreased
final bread volume. The obligate heterofermentatie@ose metabolism accumulates lactate,
ethanol and C®as the major products unless co-substrates arntal@eathat enable the
regeneration of reduced cofactors. In the presearicexternal electron acceptors, acetyl-
phosphate is converted to acetate with the yielcdrofadditional molecule of ATP (10).
Several co-factors, e.g.Ofructose, oxidized glutathione could be reduced specific
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enzymes (see also chapter 4 of this thesis), aaéftire enable regeneration of the oxidized
form of pyridine nucleotide (10, 23, 30, 31). Timhibition of the yeast by high amounts of
acetic acid was shown in chapter 2.2.3; the yeakibsed a strong decrease in ethanol
accumulation in doughs supplemented with acetid. adie inhibitory effect of organic acids
is caused by the undissociated form of the aciérdfore, due to the higher pkif acetic acid
compared to lactic acid, the antimicrobial activafyacetate is higher at equivalent pH values
and the same total concentrations of acids (1). Urtissociated acetic acid diffuses freely
into the yeast cell. Once inside the cell, the atsdociates due to higher intracellular pH and
causes acidification of the cytoplasma (34). Undementation conditions, the intracellular
pH of Saccharomyces cerevisiae is usually maintained between 5.5-5.75 when thereal

pH is 3.0 (19). Thomas et al. (34) proposed that tibtal concentration of acetic acid
determines the extent of growth inhibition By cerevisiae, not the concentration of the
undissociated form of the acid alone. Figure 9 rtjedemonstrates the above mentioned
phenomenon, the final bread volume drastically ei@eed in sourdough breads supplemented
with acetic acid. Fermentation arrest and reducdm®l volumetric production of
cerevisae was shown in sourdough fermentations (this studgid during alcoholic
fermentations (11, 13, 24, 28).

Endogenous ascorbic acid oxidase from flour coufglaen the effect of ascorbic acid on the
final bread volume as shown in figure 14. The ereymas characterized and stable within a
pH-range of 5 to 9 (21); in another study from BvE), optimal pH-values of 6.2-6.3 were
estimated for the endogenous flour ascorbate oagdddoreover, the involved endogenous
glutathione dehydrogenase in the enzyme cascadéowad to have their optimal activity in
a pH-range of 5.5-7.5 (22). Therefore, the impdactsapplemented ascorbic acid on an
increase of final bread volume is pH-dependentymres involved in the cascade (figure 14)
have an optimal activity above a pH-value of 5. Tl bread volume prepared with
sourdough (+ ascorbic acid, pH: 4.7) was even dseckin respect to the volume compared
with the reference bread (see figure 15); the dsa@ volume is caused by the pH-drop and
the resulting effect on the gluten network. A pbbsinhibitory effect of ascorbic acid on the
fermentation performance of the baker’s yeast lkkelly due to the antioxidative effect of the

compound.
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2.3.2 Effect of redox reactions and glutathione radattase on thiol-exchange reactions in

wheat sourdoughs.

The addition of the reduced and oxidized form afitgthione during wheat sourdough
fermentations withL. sanfranciscensis showed no influence in respect to the final bread
volume compared with chemically acidified doughbu3, a direct impact of the microbial
glutathione reductase during the fermentation pewoa the gluten network resulting in
decreased final bread volumes could be excluddd twis approach. Although, differences in
final bread volume could be compensated due totiaddof fresh dough and fermentation
activity of the baker’'s yeast, again it should m#ed that only 10% of sourdough dosages
were introduced into the final bread doughs. In panson, it was concluded that in addition
to the pH-dependent activity of cereal proteasedpx reactions catalyzed by lactobacilli
determine gluten quality during sourdough fermeotest Thus, the formation of thiols ty
sanfranciscensis interferes with gluten polymerization during soaudh fermentations (37).

In contrast to the results of glutathione additidaring sourdough fermentations is the
outcome of the approach using a cognate mutant.o$anfranciscensis decreased in
glutathione reductase activity. The functional eleserization of a glutathione reductase in
lactobacilli was carried out using a GshR-deficienttant ofL. sanfranciscensis TMW1.53.
Although the enzyme is located in the cytoplasme #iccumulation of thiols in the
extracellular medium was attributable to GshR dgtivmport of glutathione was previously
demonstrated ir5. mutans (29); however, glutathione in wheat doughs undesgthiol-
exchange reactions with cyst(e)ine and other th{@¥). Thus, transport of reduced or
oxidized thiol compounds other than glutathioneoasrthe cytoplasmic membrane may
account for the effects of metabolism on extradaillthiol levels. Previously, the intracellular
conversion of cystine or cysteinelinreuteri was shown to increase extracellular thiol levels
(17, 18).

L. sanfranciscensis increased thiol levels in wheat doughs, whereascaedse of thiols was
observed in wheat doughs fermented wilth sanfranciscenss TMW1.53AgshR. The
extracellular accumulation of thiols is particujarelevant in wheat doughs. The quality and
guantity of gluten proteins in wheat flours is @r@mount importance for wheat bread quality
and the intermolecular disulfide crosslinks of ghih subunits to form the glutenin
macropolymer are dependent on the presence or@séhow molecular weight sulfhydryl
compounds (14). The elasticity and viscosity of atheourdoughs decreases during

fermentation because of altered protein net chatigeyption of thiol-crosslinking of gluten
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protein, and proteolytic degradation of glutenirbwuits (3, 8, 32, 37). The disruption of
disulfide crosslinks in the gluten macropolymer wscearly during fermentation and is
dependent on the presence of heterofermentativie lacid bacteria in the dough (37). The
direct impact of the glutathione reductaselofsanfranciscensis on gluten proteins during
sourdough fermentations was shown in figure 21. dégradation of the glutenin fraction
was deviating by approx. 20% between the wild tgpain ofL. sanfranciscensis and the
mutant TMW1.5AgshR. Thus, the knockout of a single enzyme activitguied in a
decreased glutenin network breakdown during wheatdough fermentations. In the study
by Wieser et al. (40), the glutenin degradationwath comparable results in respectLto
sanfranciscensis and chemical acidification during sourdough fertagons, respectively.
They assumed that the proteolytic activities oftdbecilli played only a marginal role in
gluten degradation.

In comparison, proteolytic degradation of gluterotpins occurs only after extended
fermentation times corresponding to pH values e§ [than 4.5 and a comparable extent of
gluten proteolysis occurs in aseptic and fermerdedghs (32, 33). In keeping with the
different time scales of proteolysis and thiol exwohe, a comparison of fundamental
rheological properties of aseptic acidified wheatighs and sourdoughs with the same pH
revealed significant differences between fermerted unfermented doughs after 6 hours of
fermentation but not after 24 hours of fermentatiBh Thiol exchange reactions in wheat
doughs are furthermore relevant in applicationgeing complete proteolytic degradation of
gluten proteins. In wheat doughs, proteolysisnsted by the activity of proteolytic enzymes
but the substrate solubility becomes the limitiagtér to protein degradation upon addition of
external proteases (12, 32, 36). The disruptiodigilfide crosslinks between gluten proteins
by chemical reducing agents or heterofermentataatobacilli is required to achieve a
virtually quantitative hydrolytic degradation ofug¢n proteins in wheat doughs (32, 36).

The effects ofL. reuteri andL. pontis on thiol levels in sourdough were comparabld_to
sanfranciscensis but these strains did not exhibit glutathione redse activity. Remarkably,
L. reuteri BR11AcyuC, which has a comparable phenotype as @¢seR deficient L.
sanfranciscensis with respect to its tolerance to oxygen (see chiaptnd (35)), increased the
thiol levels in dough when compared to the cogmaitd type strain, indicating a role of
cystine metabolism via cystathionigdyase for thiol-exchange reactions in wheat doughs
The effect of CyuC deletion ib. reuteri was less pronounced compared to the GshR deletion

in L. sanfranciscensis. It is counter-intuitive that the loss of cystitnsport increased
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extracellular thiol levels; however, tHe reuteri CyuC mutant strain remains capable of
extracellular accumulation of thiols from substsat¢her than cystine (18, 25).

Bakery improvers like Vitalkleber and emulsifieesg. diacetyl-tartaric-acid ester (DATEM)
are widely used in bakeries as dough strengtheaeds finally increase the bread volume.
With the approaches conducted in this study, thmplementation of the improvers during
sourdough fermentations was evaluated in respethdw inactivation/degradation by the
fermentation microbiota resulting in a decreasechar enhanced final bread volume. No
differences in respect to protein degradation vedrgerved by the addition of the emulsifier
DATEM in sourdough fermentations; the protein deficy after 24 hours of fermentation
was compensated by supplementation of Vitalklelbeth@ beginning. The bread volumes
achieved with a 10% dosage of sourdough to thd bread dough were increased by the
usage of both bakery improvers. Therefore, the ipiisg of bakery improver
supplementation during wheat sourdough fermentatioras shown in consideration of
enhanced bread volumes. Aroma and taste analysesdsbe performed due to increased
values for ethanol in sourdoughs fermented withsanfranciscensis and supplemented
Vitalkleber or DATEM, respectively. These analys&sould focus also on the shifted
fermentation quotient in favor to lactic acid irusgoughs fermented with. sanfranciscensis

by the addition of Vitalkleber.

Future perspectives should focus not only on sirggieyme reactions by the sourdough
microbiota, but attention should be paid on an aNescreening approach of different
lactobacilli in regard to redox potential during egt sourdough fermentations. The redox
potential discriminates among species of lactid dacteria during fermentations (5). Thus,
an overall perception concerning the reductive xidative potential of lactobacilli during

fermentations could lead to the best selectioneoiéntation organism in respect to the

desired quality parameter.
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3. DISTRIBUTION OF ENZYME ACTIVITIES IN LACTOBACILL |
ABLE TO GENERATE VOLATILE AROMA COMPOUNDS FROM
HYDROXYCINNAMIC ACIDS

Pentosans are the prominent non-starch polysadesam respect to the bread production
process (see also chapter 1). The solubility ofgeams (WE-AX and WU-AX) is influenced
by the composition and length of side-chains, thgréle of substitution, and the predominant
linkages (1); thus, they could be modified due egrddation caused by endogenous enzymes
or by the activity of sourdough associated micraaigms during fermentation. Those
enzyme activities could account for the degradatbrthe arabinoxylan backbone during

wheat sourdough fermentations liberating free feratid.

Vanillin
CHvO: : ~CHO
arabinose scaffold in grains ‘ HO
L} z FA added i1 free
| - form /
"= l 2)

(1) Phenolic acid

Feruloylesterase 0 decarboxylase CH:0 X
O —p CH:0 . T)
Clx( OCH3 OH HO )
O C0: reduction
N

HO 4-Vinylguaiacol
[ (clove like aroma)
C==0 Ferulic acid

CH:0
| 4 CHs
(8]
! HO

arabinose scaffold in grains

4-Ethylguaiacol
{smoky arcma)

Figure 23. Schematic presentation of enzymes (tilmred) involved in ferulic acid (FA) release and
conversion to volatile aroma compounds (red colprédl) Feruloylesterase, (2) Phenolic acid
decarboxylase (Pdc/Pda) (Vogel et al., unpublished)

The optimal pH-range of 4-5 for endogenous arabjteox degrading enzymes (e.g:L-
arabinofuranosidasef}-D-xylosidase, andp-1,4-xylanase) is reached expeditious during
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sourdough fermentations. In chemically acidifie@ sourdough fermentations a decrease of
the total arabinoxylan content resulted in an iaseeof WE-AX based on acid hydrolysis (6).
Feruloylesterases [E.C. 3.1.1.73] are a subclasarbbxylic acid esterases [E.C. 3.1.1.1] that
are able to hydrolyze the ester bond between hydnoramic acids and sugars present in the
plant cell walls (51). It is common for esterasedé active on a broad range of substrates.
The use of small, soluble substrates allows therdehation of kinetic constants, giving some
information on the affinity and catalytic efficigng51). Although these enzymes exhibit
different substrate specificities, which may ovpngith those of other esterases (e.g. acetyl
xylanesterases, general esterases), they are akifisp for the hydrolysis of
hydroxycinnamoyl esters, which is evident from thi€j, and specific activity values for
hydroxycinnamate esters relative to that for gdnewbstrates such gsnitrophenol acetate
(30). Feruloyl esterases have been purified, overexpileasd characterized from a wide
variety of microorganisms, e.¢A. brasiliensis and A. tubingensis (18), containing the
GXSXG motif, a common conserved sequence in lip@SetSLG). An extracellular feruloyl
esterase has been isolated and purified from #@renibphilicClostridium stercorarium grown

on birchwood xylan (20), the psychrophilic bactaeriiPseudoalteromonas halosplanktis
TAC125 possesses a gene coding for a cold-adapitelbyl esterase (3). The genes encoding
CinA and CinB from the ruminal bacteriuButyrivibrio fibrisolvens E14 have been
expressed at high levels (15, 16), also a novebrméinant ethyl ferulate esterase from
Burkholderia multivorans has been characterized (45).

Liberated ferulic acid could be further decarbogti(see also Figure 23) either by microbial
enzyme activities (Pdc/Pda) or during thermal i&#ea the beer production process (11, 50).
The resulting capable phenolic aroma precursorg, d-vinyl-2-methoxyphenol are
undesirable in the beer or wine production procdss, could lead to eligible aroma
components in wheat sourdough fermentations. Inieeafermentation studies with
lactobacilli in nutrient broth supplemented withruiec acid it was elucidated, that specific
strains liberated clove- and vanilla-like flavoidydroxycinnamic acids, e.g. ferulic acid,
caffeic acid, and coumaric acid could be metabdlinéth the help of lactobacilli during
wheat sourdough fermentations to odor active snbsta Besides, 4-vinyl-2-methoxyphenol
(clove-like aroma) originated from decarboxylatiohferulic acid, also 4-ethyl-2-methoxy-
phenol (smoky aroma), vanillin (vanilla aroma), @hethoxyphenol (smoky aroma) could
be generated during reduction-, oxidation- and depgylation reactions. The production of

vanillin from simple phenols by wine-associatedtita@cid bacteria was determined by
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Bloem et al. (5). The ferulic acid metabolism viecdrboxylation to produce 4-vinylguaiacol
and a further conversion to vanillin as proposedignre 23 was demonstrated by Li et al.
(34).

In previous studies, the release of ferulic acidirduwheat sourdough fermentations with
lactobacilli was shown by Wieser et al. (unpublh&hese measurements were performed

in addition to the analyses mentioned in chapter 2.

%

150

100

50

CHE SAK PLA SAN
oh EM5h [ 24nh

Figure 24. Content of free ferulic acid during whsaurdough fermentations with lactobacilli. CHE,
chemically acidified dough; SAKL. sake sourdough; PLA,L. plantarum sourdough; SAN,L.
sanfranciscensis sourdough.

The total free ferulic acid content was 2.36 + Ou@%g dry mass in the flour ,Tommi*, and
following initial ferulic acid concentrations of é¢hdoughs were determined for the different
approaches: chemically acidified dough 2.55 + Qu@ig; L. plantarum dough 2.76 = 0.16
ug/g; L. sakei dough 3.19 £ 0.2pig/g; andL. sanfranciscensis dough 3.13 = 0.2@g/g. The
ferulic acid content from sourdoughs fermented Wahtobacillus sanfranciscensis increased
during a 24 hour period, whereas the free feruicd @ontent decreased in the two other
fermented doughs with. sakei andL. plantarum over the fermentation period; the content of
ferulic acid remained constant in the chemicallydiéied control. This above-mentioned
result was the starting point for the evaluatiotastobacilli able to release ferulic acid during
wheat sourdough fermentations and further to géaexdatile aroma compounds.

By using database analysis the sequeh@etbbacillus genomes were examined for putative
arabinoxylan degrading enzymes to identify distuectfeatures for the metabolism of plant

cell wall backbone in lactobacilli. The genome lofbrevis ATCC 367 (TMW1.1326) is
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harboring two genes foa-L-arabinofuranosidases, and tvexylosidase genes (see also
appendix, chapter 5). The present study showeddterologous cloning and biochemical
characterization of aa-L-arabinofuranosidase and-xylosidase, respectively from
Lactobacillus brevis TMW1.1326. Moreover, the distribution of esteraaetivity in
lactobacilli was shown able to hydrolyze phenoladaesters. The physiological tests for
predicted cinnamoyl esterase activity could be estbon a genetically background. Predicted
esterases of lactobacilli able to hydrolyze ese=ihydroxycinnamates were heterologously
expressed and characterized. Moreover, the fatieeofree liberated ferulic acid was verified
by a PCR-screening for phenolic acid decarboxylgeaes in selected lactobacilli. In
fermentation studies with lactobacilli using mMR®th supplemented with ferulic acid,
coumaric acid or wort, the fermentation supernatavgére analysed by HPLC to determine

the degradation of the substrates to capable acom@ounds, e.g. 4-vinyl-2-methoxyphenol.
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3.1 MATERIALSAND METHODS

3.1.1 Used strains, primer, media, and restrictioenzymes

3.1.1.1 Used strains

Table 11. Used microorganisms and their cultivationditions

Strain TMW Cultivation conditions Source, Refeence
B. subtilis 2.46 LB, 30°C, aerobic DSM 347

W. confusa 1.928 MRS, 30°C, anaerobic ACA-DC 3396

L. amylovorus 1.653 MRS, 37°C, anaerobic SER Sauerteig 1/5
L. amylolyticus 1.1078 MRS, 48°C, anaerobic Hofbrauhaus FS
L. zymae 1.943 MRS, 30°C, anaerobic ACA-DC 3411

L. hilgardii 1.1298 MRS, 37°C, anaerobic BockerKr-E/2

L. brevis 1.1326 MRS, 30°C, anaerobic ATCC 367

L. pentosus 1.10 MRS, 30°C, anaerobic DSM 20314

L. perolens 1.501 MRS, 30°C, anaerobic Gent LAB 1191
L. plantarum 1.460 MRS, 30°C, anaerobic Gent LAB 1146
L. plantarum 1.468 MRS, 30°C, anaerobic Gent LAB 1158
L. spicheri 1.262 MRS, 30°C, anaerobic DSM 15429

L. sanfranciscensis 1.53 MRS, 30°C, anaerobic DSM 20451

L. sanfranciscensis 1.1304 MRS, 30°C, anaerobic BRS1

L. fructivorans 1.1253 MRS, 30°C, anaerobic DSM 20203

L. farciminis 1.68 MRS, 30°C, anaerobic DSM 20184

L. mindensis 1.1206 MRS, 30°C, anaerobic DSM 14500

L. rossiae 1.164 MRS, 30°C, anaerobic Bier 23, Dr. Vogel
L. sakei 1.22 MRS, 30°C, anaerobic LTH 677

L. paralimentarius 1.256 MRS, 30°C, anaerobic DSM 13238

L. alimentarius 1.62 MRS, 30°C, anaerobic DSM 20249

L. casel 1.1250 MRS, 30°C, anaerobic DSM 20001

L. nantensis 1.1265 MRS, 30°C, anaerobic GO-S11

L. helveticus 1.1176 MRS, 37°C, anaerobic DSM 20075

L. delbrueckii 1.1379 MRS, 37°C, anaerobic CLbDb 79

L. johnsonii 1.1179 MRS, 37°C, anaerobic DSM 10533

L. crispatus 1.143 MRS, 37°C, anaerobic Gerti (pig faeces)
L. fermentum 1.890 MRS, 37°C, anaerobic WVS 48/B4

L. acidophilus 1.697 MRS, 37°C, anaerobic Nestlé, CRN Lal
L. gasseri 1.1173 MRS, 37°C, anaerobic DSM 20243

L. pontis 1.1086 MRS, 37°C, anaerobic DSM 8475

L. pontis 1.1463 MRS, 37°C, anaerobic LTH 4819

L. panis 1.1318 MRS, 37°C, anaerobic Wort isolate

L. frumenti 1.103 MRS, 37°C, anaerobic Isolate M. Muller
L. reuteri 1.106 MRS, 37°C, anaerobic Isolate M. Miller
L. buchneri 1.1162 MRS, 37°C, anaerobic DSM 20057
Bifidobact. lactis 2.462 BIFIDO, 37°C, anaerobic DSM 10140

E. coli TOP10 2.580 LB, 37°C, aerobic Invitrogen TOP10
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All lactobacilli strains used in this study are @eterant and were incubated under anaerobic
conditions. Broth or agar plates of mMMRS were usedultivation of the strains at the stated
temperatures (see table 11). Dilution streaks \werrmed on agar plates and incubated for
24 hours to ensure the purity of the cultivatedists. Using the pure dilution streak, a pre
culture of the specific strain in broth was inoteth and a second culture using 1% of the
first culture was inoculated in 10 ml mMRS. The Wing culture was then inoculated from
the second culture and incubated overnight. Brattues were incubated in sterile, gas-tight
Sarstedt-test tubes (normally 50 ml). Agar platesenincubated in an anaerobic chamber
using 80% of nitrogen and 20% carbon dioxide gasoli strains were incubated aerobically

in Erlenmeyer flasks on a horizontal shaker (22@id) in LB-broth at 37°C, for maintaining

plasmids 10Qug x L™ ampicillin was added.

3.1.1.2 Primers

Table 12. Used primers for PCR and cloning exparisie

Primer Sequence (5" to 3) Tm [°C]
GASS-Klon-for TAT ACC ATG GTT ATG AAG TTA AAG AAA AAG 63.0
GASS-Klon-rev TAT ATC TAG ACG AAA AGT ATT ATT ATC TTG 61.0
GASS-forl CTT AAA CTT GGTT GGA AC 49.0
REU-Klon-for TAT ACC ATG GAA ATA ACA ATC AAA CG 60.0
REU-Klon-rev TAT ATC TAG ACG ATT TTT TAA AAA GTT AGC TAC 64.0
REU-forl CGA CGA TTA AAA ACG ATAC 47.0
PLA-Klon-for TAT ACC ATG GTT ATG ACA TCG ATG GAA TTT AAG 68.0
PLA-Klon-rev TAT ATC TAG AAA TTT AAA CGC GGC CAG TGC TAA 69.0
PLA-forl TTC TGC GTT TTG ACT TCA 49.0
1890-Klon-for TAT ACC ATG GAA GTT GCA ATC AAG A 61.0
1890-Klon-rev TAT ATC TAG ATT GTT TAA GAA ATC GGC CAC 65.0
1890-Est-forl GTT TTA AGG GTG ACC TAG 51.0
HELV-Klon-for TAT ACC ATG GTT ATG TCC CGC ATT ACG ATT G 70.0
HELV-Klon-rev TAT ATC TAG ATT AAA CGC AGG TTT TAAAAATTG C 65.0
HELV-forl GTTCGT TTT GAT TTT AAT G 46.0
ACID-Klon-for TAT ACC ATG GTT ATG TCT CGC ATTAACAATT G 67.0
ACID-Klon-rev TAT ATC TAG ACG AAA TAG GGG CTT CAA AAATTC 68.0
ACID-forl CAA ATT AGC CGATAACTT A 49.0
pBAD-for CTACTG TTT CTC CAT ACC CG 58.0
pBAD-rev CTG ATT TAATCT GTATCA 44.6
AFN | CCN GGN GGN AAY TTY GT 48.0-58.0
AFN Il GGN AAY GAR ATG GAY GG 48.0-56.0
AFC CCA NAC RTT CCA YTC RTC 50.0-58.0
arabino-2-for CAT TAAAAC GTGGTGTTT G 50.2
arabino-2-Klon-for TAT ACT CGA GAT GCA AGG TTC TAC AAA G 62.2
arabino-2-Klon-rev TAT ATC TAG ATT ATC TCG GAG CTT AAA CCG 64.0
b-xyl-1-for CAT TTT GAAGGA TTT GATC 48.0
b-xyl-1-Klon-for TAT ACC ATG GTT ATG ACT TTA ATT CAA AAT 58.0
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b-xyl-1-Klon-rev ~ TAT ATC TAG AAA TTC ATG AGT TAA GTC CTC 60.0
pdc-f GAN AAY GGN TGG GAR TAY GA (17)
pdc-r GGR TAN GTNGCR TAY TTY T 50°C
PAD-for CCA CAC CGT TGA TTA CCG 56.0
PAD-rev GAT AAG TGG CAT ACT TTT CAC G 56.5
coumaric-for GGC ACA CAC TTT ATY TAC AC 54.2
coumaric-rev TTG RTA AGT GAC CGT AAT TTC 53.0
3.1.1.3 Media and buffers

All the common used media and buffers are listethénappendix at the end of this thesis (see
chapter 5). Following, specific buffer solutionsreaised for the determination of the pH-
dependent cinnamoyl esterase-activity using spglcttometer. The evaluation of the
heterologously inE. coli TOP10 expressed cinnamoyl esterase-activity ofdigted
cinnamoyl esterases, after purification using FPW@s performed with the help of a
spectrophotometer (Tecan) measured in a pH-randgeeb.0. The pH-values were gradually
increased with 0.5 steps up to a pH-value of 9d.tRe different pH-ranges the indicated

buffers (see tables 13-16) were used.

Table 13. Used buffer solutions for the pH-depehdetermination of cinnamoyl esterase-activity

pH-value buffer

4.0-6.0 Citrate buffer

6.5-8.0 Sodium phosphate buffer
8.5-9.0 Tris-HCL-buffer

The preparation of citrate buffer was performed,fakws: 21.01 g of citric acid was
dissolved in distilled water, mixed with 200 ml sdium hydroxide (1 M), and filled up to
1000 ml with distilled water. 100 ml buffer solutionith the respective pH-value was
prepared as shown in table 1He citrate buffer solution — hydrochloric acidNQ) up to pH-
value of 4.5 and citrate buffer solution - sodiuydioxide (1 M) up to pH-value of 6.0 were
mixed in the appropriate relation according to @éabd. The final pH-values of the solutions

were controlled using a pH meter.

Table 14. Preparation of citrate buffer solutiotha pH-range of 4.0-6.0

pH Citrate solution in ml Hydrochloric acid in ml Sodium hydroxide in ml
4.0 56.0 44.0

4.5 71.9 28.1

5.0 96.4 3.6

55 72.3 27.7

6.0 59.6 40.4
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The preparation of sodium phosphate buffer wasopad using a mixture of di-sodium
hydrogen phosphate-di-hydrate gN&O, x 2 HO) and sodium di-hydrogen phosphate
hydrate solutions (1 M). 177.99 g MO, x 2 H,O and 119.98 g NaiRPO, x H,O were
dissolved in 1000 ml distilled water. 100 ml buférution with the respective pH-value was
prepared as shown in table iBe final pH-values of the solutions were contmliesing a pH

meter.

Table 15. Preparation of sodium phosphate buffettisa in the pH-range of 6.5-8.0

pH Na;HPO,4 x 2 H,O in ml NaHPO4 x H,O in ml
6.5 18.2 81.8

7.0 57.7 42.3

7.5 66.1 33.9

8.0 93.2 6.8

The preparation of Tris (hydroxyl methyl)-amino hmate — hydrochloric acid buffers (Tris-
HCL) was performed, as follows: 121.14 g Tris-HClasvdissolved in 1000 ml distilled
water. 100 ml buffer solution with the respectit-yalue was prepared as shown in table 16;
50 ml Tris-HCL solution was mixed with hydrochloracid (1 M) and distilled water. The
final pH-values of the solutions were controlleihgsa pH meter.

Table 16. Preparation of Tris-HCL buffer solutionthe pH-range of 8.5-9.0

pH Tris-HCL in ml Hydrochloric acid in mi Distilled water in ml
8.5 50.0 14.7 35.3
9.0 50.0 5.7 44.3

The prepared buffer solutions were stored at 4°@efaned amount of substrate was added to

the buffer solutions to evaluate the predicted @mayl esterase activity.

3.1.1.4 Plasmids and general molecular techniques

The plasmid pBADB¥yc-His B (Invitrogen) was used for all cloning appcbas inE. coli
TOP10 (see also chapter 5.1.6). General technigpgesding cloning, DNA manipulations,
and agarose gel electrophoresis were performedeasrided by Sambrook et al. (48)
Chromosomal DNA ofLactobacillus strains were isolated according to the method of
Lewingston et al. (33), an#. coli plasmid DNA was isolated with the PegGold plasmid
miniprep kit | from Peglab GmbH (Erlangen, Germarigstriction endonuclease digestions
and ligations with T4-DNA ligase were performedl|daling the recommendations of the
supplier (Fermentas, St. Leon-Rot, Germany). PCR aearied out in thermocyclers (Primus
96" MWG-Biotech, Ebersberg, Germany) by using ArromgTPolymerase and dNTP’s
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from MP Biomedicals (Heidelberg, Germany). PCR-piid were purified using the
QIAquick PCR Purification Kit (Qiagen, Hilden, Geamy). Sequencing of PCR products or
plasmids was performed by GATC. Transformationsengerformed with a Bio-Rad gene
pulser apparatus (Bio-Rad Laboratories, USA) inf@ cuvettes (Biozym Scientific GmbH,
Germany) at 2.5 kV, 25 uF and 20D for E. coli. Electro competenE. coli cells were
prepared according to chapter 5.1.8.

Following restriction endonucleases were usedisidtudy:Nco I, Xho I, Xba | (Fermentas).

3.1.2 Preparation of mMRS-media with supplementedthyl ferulate (EF)

For cultivation of lactobacilli mMRS-media was paeed according to chapter 5.1.7. Ethyl
ferulate was dissolved in DMSO and sterile filterethyl ferulate (final concentration of
0.1%) was added to 50 ml mMRS broth and inoculateth 1 ml overnight grown

Lactobacillus suspension for fermentation studies.

3.1.3 Predicted cinnamoyl esterase activity of lagbacilli determined with plate
screening assay

Cinnamoyl esterase activity in lactobacilli was leated using mMRS agar plates
supplemented with 0.1% ethyl ferulate. Solidifieghaplates showed a distinct turbidity due
to existence of ethyl ferulate. The screening asss/performed with sterile sensi-discs (BD
Diagnostics, Germany) wetted with 20 ul of an oigith grown culture of the specific
Lactobacillus strain, placed in the middle of an agar-plate. piepared plates were incubated
for three days under anaerobic conditions at theragpiate temperatures. The predicted
cinnamoyl esterase activity was measured as theedé of a clearing zone around the point
of inoculation expressed in millimeters. LB agaatpk supplemented with 0.1% ethyl
ferulate, 75ug x L™ ampicillin for maintaining plasmids, and a finaincentration of 2 mM
arabiniose were used for the determination of rdmpant cinnamoyl esterase activity in
coli TOP10.

3.1.4 Fermentations with different lactobacilli inbroth supplemented with cinnamic acid

derivatives

The existence of cinnamoyl esterase activity indacilli was evaluated in fermentation
approaches using different cinnamic acid derivativeg. ethyl ferulate, methyl coumarate,
and methyl caffeate, respectively. Fermentationeevperformed in 50 ml Erlenmeyer flasks

with mMRS broth inoculated with 1 ml of an overntigftown pre culture. The incubation of
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the flasks was performed on a horizontal shakingcee(140-150 U/min) to ensure a steady
mixture of the sample. The final concentration daéthyl caffeate, methyl coumarate, and
ethyl ferulate was 2 mM. The substances were disdoin DMSO, sterile filtered and then

supplemented to the broth.

3.1.4.1 Extraction of the phenolic end-products after fermentation

After three days of fermentation the samples werdgrduged at 7.000 U/min and 4°C for ten
minutes. The supernatant was poured off, and drttagith methyl tert-butyl ether (MTBE)
under vigorous shaking in a ratio of 1:1. The uppease was removed after separation and
collected in an Erlenmeyer flask; the extractiongass was conducted twice to achieve a
higher yield of phenolic compounds. Subsequentiy,9amples were poured through a folded
filter and carried over in a round bottom flaskeTtask was attached to a rotary evaporator;
the samples were evaporated under rotation in arviath at 45°C and negative pressure of
300-400 mbar. Finally, the concentrated samplese vileished with nitrogen till complete

dryness, and then resuspended in 1.5 ml methanol.

3.1.4.2 Thin layer chromatography for the determination of phenolic compounds

The degradation of ethyl ferulate, methyl caffeated methyl coumarate by the selected
lactobacilli during fermentation was visualized nggithin layer chromatography (TLC).
Standard solutions (final concentration of 10 mMegrev prepared of the expected end-
products, e.g. ferulic acid, coumaric acid, andetafacid, respectively. The TLC analyses
were performed on silica gel plates 60 WF254S (IMert0 pl of standard solutions and 10
pl of sample solutions were applied to the platége mobile phase consisted of chloroform,
methanol, and formic acid in a ratio of 85:15:1v(v}, the TLC chamber was saturated with
the mobile phase at least one hour before analgéisr separation and developing, plates
were dried in the air under a safety cabinet. Plerammpounds were visualized under
ultraviolet light (254 nm).

3.1.5 Purification of heterologously expressed pretn using FPLC

700 ml LB broth supplemented with 1@ x L™* ampicillin in an Erlenmeyer flask was
inoculated 1% with overnight grown pre culture amclibated on a horizontal shaking device
at 220 U/min and 37°C up to an optical density &t@.7 for the heterologous expression of

the recombinant proteins. The coli TOP10 culture was shaken after supplementation of
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arabinose (final concentration of 1 mM) for 4 hoats30°C. The cultures were centrifuged
(6000 rpm, 10 minutes, 4°C), and the cell pellets wasuspended in 50 ml buffer A
(application buffer, 20 mM NajPQ,, 500 mM NaCl, 50 mM imidazole, and pH-value of
7.4). Subsequently, one washing step with buffewas performed, and the cell pellet was
then resuspended in 10 ml buffer A, all washingpsterere performed at 4°C with cooled
buffer A. The cells were solubilized with a Sonapltiomogeniser HD2070 (Bandelin,
Bering) to liberate crude cellular extracts (cyBl&/90%/20 s); cell suspensions on ice were
treated five-times as stated with breaks lastingast two minuted=inally, the crude cellular
extracts were centrifuged for 15 minutes at 4°C d®l000 U/min to separate the
heterologously expressed proteins from cell debflse purifications of the recombinant
proteins were performed with FPLC (Fast ProteinuidgChromatography) and the usage of
HisTrap HP-affinity columns (see also manufactwanstructions, Amersham Biosciences).
5 ml of the crude cellular extract was applied e 5 ml loop of the FPLC, and a
computerized concentration gradient between bufand buffer B (elution buffer, 20 mM
NaH,PO;, 500 mM NaCl, 500 mM imidazole, and pH-value o#)7performed the
purification run. While target protein was boundth@ column due to the His-tag, residual
crude proteins were flushed out in a washing stdy® minutes (2 ml/min) with buffer A. A
gradient program was performed from 100% buffernd 8% buffer B to 0% buffer A to
100% buffer B in ten minutes (2 ml/min). Releasehaf target protein was achieved from the
His-Trap column by running the program for five oii@s (2 ml/min) with 100% buffer B.
Protein-rich fractions were determined based ork pa@entification in the elution diagram;
these fractions were immediately kept on ice tittlier analyses were conducted. The eluate
was dialyzed (VISKING®, dialysis tubing 20/32) agsti 0.1 M sodium phosphate buffer (pH
7.0) at 4 °C. After 4 hours the buffer was exchangad the dialyses was performed
overnight. Determination of protein concentratiofy and SDS-PAGE was performed

according to chapter 5.1.9.

3.1.6 Determination of predicted cinnamoyl| esterasactivity of the purified recombinant

proteins using spectrophotometer

The determination of activity according to MichaeWlenten was performed with the
substrate p-nitrophenyl acetate (p-NPA) by usispectrophotometer (Tecan). P-nitrophenyl
acetate is an achromatic, crystalline substanag@irpphenyl and acetate is generated after
hydrolysis of p-NPA. In aqueous solutions a yelloslor occurs, the absorption optimum of
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p-nitrophenyl is 400 nm and the solubility in wakerl6 g/l at 25°C. The substrate was often
used for cinnamoyl esterase activity determinatidrecause of the sterical similarity to
ferulic acid (22, 31, 45). The activity determimetiof the purified heterologous expressed
proteins was performed in 100 mM sodium phosphatiéeb with a pH-value of 7.0 at
ambient temperature. Serial dilutions were prepafetie substrate ranging from 0.075 mM
to 4.0 mM. 2 ul of sample was pipetted to 200 pswbstrate-sodium phosphate buffer. The
liberated p-nitrophenyl was measured at 405 nm gusan spectrophotometer; sodium
phosphate buffer without supplemented substrateedess a reference. The activity of the
predicted cinnamoyl esterases against the subgiriifeA was measured in 50 cycles every
20 seconds at 405 nm. A calibration curve up to\d was erected out of a serial dilution of
p-nitrophenyl. K, und Vihacvalues were evaluated after the concentrationriehatation of

liberated p-nitrophenyl using SigmaPlot 10.0. Albbyses were performed in triplicate.

3.1.6.1 Determination of pH-dependent esterase acitivity

Evaluation of pH-dependent esterase activity waterdened with the indicated buffer

systems according to chapter 3.1.1.3. A pH-rangel.6f9.0 was covered by using the
different buffer systems, e.g. citrate buffer, smdiphosphate buffer, and Tris-HCL buffer,
respectively. The model substrate p-nitrophenyltaieewas used to perform the pH-
dependent activity tests. The samples were prepasechentioned under chapter 3.1.6; all

analyses were measured over 50 cycles every 20dgab 405 nm in triplicate.

3.1.6.2 Determination of substrate side chain length-dependent esterase activity

Evaluation of side chain-dependent esterase actiwithe heterologous expressed predicted
cinnamoyl esterases was determined using p-nitrophecetate (p-NP-C2), p-nitrophenyl
butyrate (p-NP-C4), and p-nitrophenyl caprylateN@p-C8) as a substrate. All measurements
were performed in sodium phosphate buffer (pH-vali@.0) at ambient temperature. The
samples were prepared as mentioned under chaftér 8ll analyses were measured over 50

cycles every 20 seconds at 405 nm in triplicate.

3.1.6.3 Determination of temperature-dependent esterase activity by using HPLC
The evaluation of the temperature-dependent agtofithe heterologous expressed predicted
cinnamoyl esterases was performed in a temperedage of 20°C, 30°C, 35°C, 40°C, 45°C,

50°C, and 60°C. Following recombinant esteraseslagtobacilli were used for the
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temperature-dependent characterizationreuteri TMW1.106, L. gasseri TMW1.1173, L.
acidophilus TMW1.697, andL. plantarum TMW1.460. Ethyl ferulate as the substrate was
mixed in a reaction approach with the FPLC-puristierases. For evaluation purposes of the
chromatograms different standard solutions of etegdlate and ferulic acid were compared
with retention times resulted from reactions witle purified esterases and ethyl ferulate as a
substrate. The reaction mixture was prepared &siel 900 pl sodium phosphate buffer (pH-
value of 7.0), and 100 pl 100 mM ethyl ferulatemiethanol (final concentration 10 mM)
were mixed, and the enzyme kinetic reaction wadestaafter the addition of 10 ul purified,
dialyzed protein fraction. Before, the amount ofled protein was determined according to
Bradford (8); therefore, all approaches were pertmt with a standardized protein
concentration. The reactions were stopped by uairfteating block thermostat at 95°C.
Empty 1.5 ml reaction tubes were incubated at 950D, pl reaction mixtures were pipetted
into the empty reaction tubes followed by the addiiof 500 ul methanol at the end of the
reaction time. The reaction inactivation was camh for 2-3 minutes at 95°C. The
inactivated mixture was transferred to HPLC viajsusing a sterile syringe and filtration

through a 0.2 pul filter. HPLC analyses were perfedraccording to chapter 3.1.9.1.

3.1.7 Determination ofa-L-arabinofuranosidase and xylosidase activity oftie purified
recombinant proteins using spectrophotometer

The evaluation of the temperature and pH-dependetitity of the purified, heterologous
expressed enzymes was performed with substrateaswof para-nitrophenyl arabinofurano-
side (p-NP-ara), and para-nitrophenyl xylopyranegjtNP-xyl) in sodium phosphate buffer,
respectively. 20 pl of sample was pipetted to 20@fusubstrate-sodium phosphate buffer
(final concentration of substrate 2 mM). The likedap-nitrophenyl was measured at 405 nm
using a spectrophotometer; sodium phosphate bufthiout supplemented substrate served
as a reference. Determination of the temperatupestdent activity up to 40°C was
performed directly in the spectrophotometer; higteenperatures were not supported by the
apparatus. For temperature-dependent activity ctearaation above 40°C, the reactions were
performed in 1.5 ml test tubes and the usage aditenvbath. The liberated p-nitrophenyl was
measured also in the spectrophotometer. The pHnrdiepe activity was evaluated according
to chapter 3.1.1.3 and chapter 3.1.6.1, respeygtiv€inetic parameters of the purified
enzymes were determined by the addition of incngasoncentrations from 0.5 mM to 4.5

mM of p-NP-ara and p-NP-xyl; the enzymatic activitygmol/l] was measured in 20 cycles
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every 10 seconds at 405 nmg Kind Vihaxvalues were evaluated after the concentration
determination of liberated p-nitrophenyl using Saittot 10.0. All analyses were performed
in triplicate.

3.1.7.1 Thin layer chromatography for the determination of pentose monosaccharides

The degradation of arabinan, xylan, and wheat acadylan by the recombinant enzymes
from L. brevis TMW1.1326 was visualized using thin layer chrongaaphy (TLC). Standard
solutions (final concentration of 10 mM) were pneguhof the expected end-products, e.g.
arabinose, and xylose, respectively. The TLC amalygere performed on silica gel plates 60
WF254S (Merck), 10 ul of standard solutions andul@f sample solutions were applied to
the plates. The recombinant enzymes ara-2 and wdfe added to sodium phosphate buffer
(0.1 M) supplemented with arabinan, xylan, or whaabinoxylan (final concentration 10
mM). The reactions were stopped after 6 hours liygua heating block thermostat at 95°C.
The mobile phase consisted of ethyl acetate, aaetit; and water in a ratio of 2:1:1 (v/v/v),
the TLC chamber was saturated with the mobile phassast one hour before analysis. After
separation and developing, plates were dried inatheinder a safety cabinet. Sugars were
visualized after spraying the TLC plates with 5%phkuric acid in ethanol (v/v), followed by

heating in a dry oven for 10 minutes at 120°C.

3.1.8 Sequencing of the cloned genes into the exgsmn vector pPBADMycHis B

Extraction of the pBAD-Myc His B vector hosting tleboned genes was achieved with
peqGOLD plasmid miniprep Kit 1 according to mantfiaer’s instruction. The evaluation of
plasmid-DNA amount in the samples was determined using Nanodrop (peqLAB
Biotechnology GmbH). The sequencing of the purifiegttors was conducted by GATC
Biotech AG (Konstanz, Germany) with the help ohper pBAD-for. The results of the DNA-
sequencing were translated into amino acid segsebgeusing Transeq (EMBL) and
alignment was achieved with known sequences fordigdges/esterases in the databases with
the program ClustalwW (EMBL).

3.1.9 Screening of phenolic acid decarboxylase genesing PCR and verification of
decarboxylase activity in lactobacilli

Genomic DNA of lactobacilli was used as a tempiateCR with primers according to table
12. In previous studies, PCR was performed witinprs pdc-f and pdc-r according to de las
Rivas (17). All PCR’s were performed as stated nmea chapter 5, with the specific
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annealing temperatures of the respective primehe Aactivities of decarboxylases were
determined in fermentations with lactobacilli in [Fbroth supplemented with ferulic acid
(FA) and coumaric acid, respectively. The degraaatif the substrates and the accumulation

of active aroma compounds were analyzed by usingP

3.1.9.1 HPLC analysis of volatile aroma compounds after fermentations with lactobacilli in
MRS supplemented with hydroxycinnamates

MRS broth supplemented with 0.5 mM ferulic acid aodimaric acid (stock solution of 250
-500 mM in ethanol), respectively, was fermentedenrthe stated conditions in tableWith
lactobacilli for 72 hours. After 24, 48, and 72 wf fermentation samples were drawn,
fillered and analysed by using HPLC. The growth podty of the fermentation flora was
determined by pH-measurements and evaluation offotiaé plate count. The supernatants of
the fermentations with broth supplemented with bygicinnamates and wort were analyzed
by reverse phase HPLC. The analyses were performidd a Dionex Ultimate 3000
apparatus, equipped with a C18 RP column (Phenomkireetex 100 mm x 4.6 mm, 2.6
pim), a column oven heated up to 30°C, and a UVetiatedjusted to following wavelengths:
260 nm, 280 nm, 300 nm, 320 nm. The flow rate was rhil/minute; the mobile phase
consisted of eluent A (750 ml MeOH + 240 miGH+ 10 mlo-phosphoric acid) and eluent B
(H20), the separation was achieved by following gnaidprogram: 0-3 mins: 55% eluent B;
3-4.7 mins: 35% eluent B; 4.7-7.03 mins: 20% elizni.03 mins: 55% eluent B.

3.1.10 Wort fermentations with a combination of arona active starter cultures

Subsequently, combinations of strains were deffoedvort fermentations after evaluation of
the PCR results in the screening approach for deggltases. Wort as a substrate is similar to
liquid sourdough. The fermentations were performaith wort (approximately 16°P) from
the “Bayerische Staatsbrauerei Weihenstephan” -h&@vstephaner Original beer. 30 ml wort
was inoculated with 1 ml of an overnight grown pudture, washed onetime with sterile tap
water in a 100 ml Erlenmeyer flask. The Erlenmdiesks were wrapped in aluminum foil,
closed with a cotton ball and incubated at 27°Cheut shaking for 120 hours (5 days). The
accumulated aroma compounds were analyzed by HRLEOa one day, two days, three
days, and at the end of the fermentation periogr difte days. The growth and purity of the
fermentation culture was confirmed by pH-measurdmafier 24 hours and at the end of the
fermentation period; furthermore, the total platmut was evaluated after 24 hours of
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fermentation. In parallel, a chemically acidifie@H( 3.3-adjusted with lactate) control

fermentation was also analyzed.

3.1.11 Sourdough fermentations with_actobacillus pontis TMW1.1086
Sourdoughs were prepared with 20 g flour (type B8nd Rosenmehl), 29 ml tap water, and

10 ml pre-washed culture &f pontis supplemented with 0.1 g/l cycloheximide. Overnight
grown cultures of.. pontis were centrifuged (5000 rpm, 10 mins, ambient taatpee), and
the supernatant was discarded. The cells were washetime with 10 ml tap water and
finally resuspended in 10 ml tap water. The sougtiowas inoculated with approx. 10¢?
cfu/g dough. The sourdoughs were prepared in 20Brlehmeyer flasks and incubated for 48
hours at 37°C. Dough samples were sent to FSidibreaaroma compound analyses by using
GC/MS.
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3.2RESULTS

3.2.1 Determination of predicted cinnamoyl esterasactivity in lactobacilli

Screening of the selected lactobacilli in respext gredicted cinnamoyl esterase activity
showed the formation of a clearing zone aroundpihi@t of inoculation using agar plates
supplemented with ethyl ferulate after three ddyisa@ibation. Remarkably, the thermophilic
lactobacilli showed the highest activities, e.g.acidophilus, L. johnsonii, L. helveticus, L.
fermentum, andL. reuteri, respectively. Two exceptions were fouhdbprevis andL. rossiae,

they showed also a certain activity after incubatb30°C.

Table 17. Screening for cinnamoyl esterase activity lactobacilli with mMRS agar plates
supplemented with 0.1% ethyl ferulate and ethylhcarate (final concentration). +++: high activity, >
20 mm diameter; ++: average activity, < 20 mm di@mnet: low activity, <10 mm diameter; -: no
activity; n.d.: not determined. Red colored are thetobacilli used for cloning and screening
experiments.

Strain TMW Cinnamoyl esterase activity
Ethyl ferulate Ethyl coumarate
B. subtilis 2.46 +++ n.d.
L. brevis 1.1326 ++ +
L. nantensis 1.1265 + n.d.
L. helveticus 1.1176 ++ n.d.
L. casai 1.1250 - n.d.
L. buchneri 1.1162 - n.d.
L. alimentarius 1.62 + n.d.
L. reuteri 1.106 ++ n.d.
L. frumenti 1.103 + n.d.
L. paralimentarius  1.256 - n.d.
L. rossiae 1.162 ++ n.d.
L. mindensis 1.1206 - n.d.
L. pontis 1.1463 - +
L. pontis 1.1086 ++ n.d.
L. panis 1.1318 + n.d.
L. farciminis 1.68 + n.d.
L. gasseri 1.1173 ++ n.d.
L. acidophilus 1.697 +++ n.d.
L. fermentum 1.890 ++ n.d.
L. fructivorans 1.1253 - n.d.
L. crispatus 1.143 - n.d.
L. sanfranciscensis 1.53 + n.d.
L. sanfranciscensis 1.1304 ++ n.d.
L. spicheri 1.262 + n.d.
L. plantarum 1.460 + ++
L. plantarum 1.468 ++ ++
L. johnsonii 1.1179 +++ n.d.
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L. delbrueckii 1.1379 - n.d.
L. perolens 1.501 - n.d.
L. amylolyticus 1.1078 + n.d.
L. amylovorus 1.653 + n.d.
L. hilgardii 1.1298 - n.d.
L. pentosus 1.10 + n.d.
L. sakel 1.22 - n.d.
L. zymae 1.943 ++ n.d.
W. confusa 1.928 - n.d.

The sizes of the clearing zone and therefore tteraese/hydrolase activities varied between O
mm, e.g.L. casei TMW 1.1250, and 60 mm in screenings withjohnsonii TMW1.1179.
Some strains, e.d.. casel, L. buchneri, L. paralimentarius, L. mindensis, L. fructivorans, L.
crigpatus, L. delbrueckii, andL. perolens exhibited no feruloyl esterase activity in thetpla
screening method with ethyl ferulate. Either thgenetic background is not capable to
hydrolyze ethyl ferulate or the enzyme is not tcaied. Furthermore, present phenolic
compound concentrations could have an inhibitofgatfon specific lactobacilli; their growth

on the sensi-disc was prevented by the selectetkatmation of 0.1% ethyl ferulate.

3.2.2 Heterologously expression of predicted hydrates/esterases from lactobacilli and

characterizations of the recombinant enzymes

Based on the executed plate screenings from chajdr with different lactobacilli and ethyl
ferulate as a substrate, the sequencactobacillus genomes were examined for putative
hydrolases/esterases able to release bonded hyinoaynates using database analysis
(BlastX, EMBL-Heidelberg). Predicted cinnamoyl eases of different lactobacilli were
aligned for homologous regions by ClustalW. Thesswued regions of predicted esterases
from L. helveticus (Accession YP_001578032),. acidophilus (YP194675),L. gasseri
(YP815563),L. plantarum (YP_004890534)L. reuteri (YP_001842568), and. fermentum
(YP_001844134) could be clearly seen (see figure PBe amino acid sequences of two
cinnamoyl esterases from. johnsonii were aligned together with the above mentioned
sequences. Following sequences accordance coustbdre on amino acid level for the
johnsonii cinnamoyl esterase (Accession No. ADD11991, (3)) 8y using the database
BlastP:

- L. gasseri (YP 815563): 88% Identities; 95% Positives, 0% $ap 249 amino acids (aa).
- L. acidophilus (YP 194675): 70% ldentities; 84% Positives, 0% $ap 244 aa.

- L. helveticus (YP_001578032): 70% ldentities; 81% Positives,@&fps on 248 aa.

- L. plantarum (YP_004890534): 52% Identities, 68% Positives,28&fps on 238 aa.

- L. reuteri (YP_001842568): 49% ldentities, 65% Positives,2&fps on 249 aa.
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L. fermentum (YP_001844134): 50% ldentities, 67% Positives,@&ps on 222 aa.

L.johnsonii2 ------------ METTI KRDGLNLHGLLEGTDKI ENDTI Al LMHG-KGDLGYDDSKI LYA 48
L.reuteri  —---------- MVEI TI KRDGLKLYGLLEGTTTI KNDTI Al LMHGFKGNLGYDDSKI LYA 49
L.fermentum  ------------ MEVAI KSAGLTLRGLLEGSNQVPNDRI Al LMHG-KGDLGYTEENLLNQ 48
L.plantarum - -------- MT'SMEFKI KRDGLALQARLE- TPAAPSSTLVI LMHGFTADMGYDTTQRFVPQ 50
L.johnsoniil ----------- MATI TLERDGLQLVGTREEPFCEI YD- MAI | FHGFTANR- - - NTSLLKE 45
L. gasseri MKLKKKKVGA YMATI Tl ERDGLNLVGTREEPFGEI YD- MAI | FHGFTANR- - - NTPLLKE 56
L. aci dophilus ----------- MSRI TI ERDGLTLVGDREEPFGEI YD- MAI LMHGFTANR- - - NTPLLRQ 45
L. helveticus = ----------- VSR TI ERDGLTLVGDREEPFGEI YD MAI | M—IGFAANR— -- NTDLLRQ 45
. * % % E IS I
L. j ohnsonii 2 LSHYLNDQGLPTI RFDFDGCGKSDGKFEDMTVYSEI LDA Kl LDYVRNTVKAKHI YLVGH 108
L.reuteri LSHYLNQQG PTLRFDFDGTGHSDGEFKDMIVFSEI LDGWKI | DYAHTTMQAKKI YLI GH 109
L. fermentum LAHRLNDQGL ATL RFDFAGCGKSDGRFSDMTVL SEL QDGWKI | DYARQEVQAKEI | LVGH 108
L. pl antarum LAQAL VAHGL AVL RFDFNGHGCSEGRFQDMTVI NEI ADAKAVL DEA- LTLHYDHI VLAGH 109
L.johnsoniil | ANSLRDENI ASVRFDFNGHGDSDGKFENMTVLNEI EDANAI LNYVKTDPHVRNI YLVGH 105
L. gasseri | ADEL RDENI ASVRFDFNGHGDSDGKFENMTVLNEI EDANAI LNYVKTDPHVRNI YLVCGH 116
L. aci dophi | us | ADNL RDENVASVRFDFNGHGESDGAFEDMTVCNEI ADAQKI LEYVRTDPHVRNI FLVGH 105
L. hel veti cus | ADDLRDENVASVRFDFNGI—|GESDGKFEDMFVCNEI ADGKAI LDYVRTDPH\/RDI FLVGH 105
- :*********:*** * : .****
a/B subdomam
L.johnsonii2 SQGGVVASMLAGYYRDVI EKLALL SPAATLKSDALDGVCCGSTYDPTHI PETVNVS- - - - 164
L.reuteri SQGGVWASM_AAYYRDI | TKLVLLAPAATLKDDALKGVCCGSQYDPNHI PETVDVH- - - - 165
L. fermentum SQGGVVASMLAAYYRDVI DKLVLLAPAATLKDDALI GTCCGTTYDPNHI PDYVTVG - - - 164
L. pl antarum SQGGVWASM_AGYYPDVVDKLI LMAPAATL KSDAQQGVL CGATYDPQHI PAYLNI RD- - - 166
L.johnsoniil SQGGVWASMLAGLYPDL| KKVVLLAPAATLKSDALEGNTCGVTYNPDHI PDRLPFKD- - - 162
L. gasseri SQGGVWASM_AGLYPDI | KKVWWLLAPAATLKTDALNGSTCGVKYNPDHI PDRLPFKD- - - 173
L. aci dophi | us SQGGVWASM_AGLYPDI VKKVVLLAPAAQLKDDALNGDTCGATYNPEHI PAAI PFHG- - - 162
L. hel veti cus SQGGVVASM_AGL YPDVWWKKWVL L APAAQL KDDAL RSNTCGAT YDPNHI PDVWPLVGNKL 165
*********** * * *' *::*** ** k% . * % * * Kk k% .
L.johnsonii2 GFEVGGAYFRTAQLLPI YQTAEHYNRETLLI HGLADKVWSPNASRKFHTLLPKSELHLI P 224
L.reuteri GFTVGEDYFRTAQLLPI YETAQHYSGPTLLI HGLADNVVSPEASKKYNVI MPNSELHLI P 225
L. fermentum GFKVGEDYFRTAQLLPI YETAQHYAGPVLM HGLADTVWDPKASQKYNVMYQNGVI HFLE 224
L. pl antarum GLKVGGFYLRTAQQLPI YEVAQQYAGSVTLI HVTADTVVSPQASEKYHEVYQHSQLHWQ 226
L. johnsoniil - LTLGGFYLRI AQQLPI YEVSAQFTKPVCLI HGTDDTVVSPNASKKYDQ YONSTLHLI E 221
L. gasseri - LTLGGFYLRI AQQLPI YEVSVHFTRPVCLI HGANDTVVSPDASKKYDQVYENSTLHLVE 232
L. aci dophi | us - KKLGGFYLRTAQVLPI YEI AKHYTNPVSI | VGSNDQVVAPKYSKKYDEVYENSELHWP 221
L. hel veti cus GWKLGGFYLRTAQVLPI YEVSQCFTRPVSVI AGT NDQ\/VDPKYAKKYDEVYENSELHM P 225
:****** **** **** -.

L. j ohnsonii 2 DEGMFNGK- - NRPEVLKLVCGEFLI K- - - - 248

L.reuteri EEGIMFNGS- - RRQEI LELVANFLKN- - - - 249

L. fermentum GASHQLRGDGDQRETTLQLVADFLN- - - - - 249

L. pl antarum DGGHRFSGD- - ARATAI QLALAAFK- - - - - 249

L.johnsoniil GADHCFSDS- - YQKNAVNL TTDFLQNNNAF 249

L. gasseri GADHSFTDT- - YQKTAADLTAEFLQDNNTF 260

L. aci dophi | us DADHSFTGQ - YKDSAVDLTAEFLKP- - LF 247

L. hel veti cus NADHRFSGG- - YKDMAADL TAQFLKP- - AF 251

* . . * .

Figure 25. Alignment of predicted cinnamyol estesasom different genome sequenced lactobacilli —
all six proteins, besides the. johnsonii ones were heterologously expressedBEncoli and
characterized. An asterix indicates a position vétliully conserved amino acid residue; a colon
indicates a position with a fully conserved strgngup and a period indicates a position with ayfull
conserved weaker group. Red colored is the consesequence motif for carboxyl esterases Gly-x-
Ser-x-Gly (x represents an arbitrary amino aciddres); blue marked is the presumed catalytic triad
(Ser — His — Asp). Grey shaded/p-subdomain; brown marked are the amino acids of the
hydrophobic cavity; green marked are amino acidgpaesible for substrate binding in tlhB-
subdomain of the cinnamoy! esterases.
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The sequence motif GHSQG is also present in a moghester hydrolase from the ruminal
bacteriumButyrivibrio fibrisolvens El4 (15, 16). DNA sequences for predicted estsraséhe
genomes fromL. brevis ATCC367 andL. johnsonii (see Accession No. ADD11991 and
ADD11992 correspondent to (31, 32)) showed alsomdlas motif as the mentioned above.
However, the specific genes were clonedEincoli TOP10, but the recombinant proteins
exhibited no activity after separation and purifica; therefore, the genetic background for
the clearing zones in plate screening methods ethlyl ferulate and these strains (see table
17) could not be biochemically verified.

All aligned amino acid sequences showed distinettui®@s of cinnamoyl esterases; the
inserted a/B-subdomain was previously identified as a prominstnticture necessary for
phenolic ring building and the formation of theadgtic pocket. The active site is formed by
the classical triad of Ser, His, and Asp (21), thle of His is to deprotonate Ser so that Ser
can perform a nucleophilic attack on the carbonmatof the carbonyl group of the
hydroxycinnamates, while Asp stabilizes the protedaHis (32). The 4-hydroxyl group
(ethyl ferulate, ferulic acid, and caffeic acid)daB-hydroxyl group (caffeic acid) of the
aromatic ring of the substrates are hydrogen boridedsp and Tyr, respectively (green
marked, see figure 25). Moreover, Asp and GIn frdm insertedo/p-subdomain are
important in recognizing the caffeic and ferulotexs (32). The structure of thep-
subdomain is also important for holding the phemahg of the phenolic esters in the correct
position, site-directed mutagenesis of the subdorshowed the assumption; no activity was
detected with any of the phenolic esters as a mtbdbr the predicted cinnamoyl esterase of
L. johnsonii (32). SignalP program results showed that there we predicted signal peptides

available for all above listed amino acid sequerfdata not shown).

3.2.2.1 Verification of the heterologous expression using SDS page gel and activity
determination using mMMRS plates supplemented with ethyl ferulate

As an example, the cloning success, and theretbie, heterologous expression of the
predicted cinnamoyl esteraselofplantarum TMW1.460 was shown after purification using
FPLC and separation of the protein rich fractioDSSgel was prepared with a molecular
marker (100 bp ladders), crude cellular extradt.gblantarum, and the predicted cinnamoyl
esterase ofL. plantarum (data not shown). The definitive mass of the enz/mes

determined with the help of EXPASy (Swiss InstitateBioinformatics). The heterologously
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expressed predicted cinnamoyl esterases (see cl&@api2) from the lactobacilli had similar
pl ranging from 5.04 — 5.78, and theoretical Mw raggrom 27.1-28.9 kDa.

S —

Figure 26. Plate assay with LB agar and supplerdesiigyl ferulate (0.1%). (A) Control with. coli
TOP10 hosting the vector pBAMIyc-His B without insert; (BE. coli TOP10 with pBADMyc-His B
and the cloned predicted cinnamoy! esterase frophantarum TMW1.460.

The plate assay was performed with LB agar plapplemented with ethyl ferulate (final
concentration 0.1%), 75 ppm ampicillin and araben@&al concentration 1 mM). The sensi-
discs were wetted with 20 jiH. coli TOP10 cells and incubated aerobically at 37°Ctier
days. The cloning success of the predicted cinnhegigrase fronh.. plantarum TMW1.460
(exemplary for all cloning approaches) could bensée figure 26, due to an intact

recombinant cinnamoyl esterase a clearing zonendrthe point of inoculation was observed.

3.2.2.2 Enzyme kinetics of the heterologously expressed cinnamoyl esterases from
lactobacilli and pH-dependent activity

Evaluations of the relative enzymatic activity bktrecombinant proteins were performed
with the substrate para-nitrophenyl acetate (p-N#P-@he substrate was also used in other
studies related to activity determination of préelic cinnamoyl esterases (31, 45). The
enzymatic reactions were performed in 100 mM sodalmmsphate buffer with a pH-value of
7.0 at ambient temperature. The recombinant esteritem lactobacilli exhibited diverse
affinities to p-NP-C2. The highest affinity towarthe substrate was achieved by the esterase
of L. plantarum TMW1.460, the lowest affinity was measured for #sterase okf. reuteri
TMW1.106 (sedable 18). The highest reaction velocities wereeadd of the heterologous
expressed cinnamoyl esterases fllargasseri TMW1.1173 and.. helveticus TMW1.1176 in
comparison to the other lactobacilli predicted bg Michaelis-Menten equation. The,K
values, and therefore the affinity of the heterolagyexpressed esterases towards the substrate
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p-NP-C2, and the maximum reaction velocitieg,Mof the esterases were not correlated to
each other.

Table 18. Enzyme kinetics of the recombinant cinoynesterases in reactions with the substrate p-
nitrophenyl acetate

Esterase of strain Ko [mmol* Y Vhax [pmol*mg*min ]
L. plantarum TMW1.460 5.25 91.21
L. gasseri TMW1.1173 7.63 134.35
L. fermentum TMW1.890 8.54 76.98
L. acidophilus TMW1.697 17.25 46.30
L. helveticus TMW1.1176 21.67 129.67
L. reuteri TMW1.106 28.21 457

3.2.2.3 Characterization of the pH-dependent activity of the cinnamoyl esterases

The pH optimum related to enzymatic activity of theterologous expressed cinnamoyl
esterases was determined in a pH range of 4.0B¥f@rent buffer systems were used to
cover the range (see chapter 3.1.1.3); p-NP-C2 alss used as a substrate in the pH-
dependent characterization of the recombinant p®teThe relative activities of all
cinnamoyl esterases were increased from a pH-w@ll4e0 to 7.0; the highest activity at a

pH-value of 7.0 was achieved by the esterase Lof fermentum TMW1.890.

I | b. plantarum WCSF1 (CAD65143.1)
Lb. reuteri JCM 1112 (BAG26088)
Lb. gasseri ATCC 33323 (ABJ61050)
I Lb. acidophilus NCFM (AAV43644)
I Lb. helveticus DPC 4571 (ABX27728)
I Lb. fermentum IFO 3956 (BAG27654)

(o2}

~

relative hydrolase activity [mmol*mg™*min™]
N
q

N | :.] .: ﬂ‘ Iﬁ il

pH values

Figure 27. Determination of the pH optimum of teeambinant cinnamoyl esterases.
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Generally, the relative activities of all recombib@innamoyl esterases showed an optimum
between a pH-value of 7.0-8.0; with the exceptidnthe esterase fronk. helveticus
TMW1.1176, their pH optimum was located at a pHaeabf 8.5. At the higher pH-value of
9.0 all cinnamoyl esterases showed a decreasdil/eetativity, nonetheless the activity of
the esterase fronh. acidophilus TMW1.697 remained on a remarkable high level. The
relative activity of the esterase frolm gasseri TMW1.1173 was already at a constant high
level beginning with pH 5.5. The activities of testerases frorh. reuteri TMW1.106 and..
helveticus TMW1.1176, respectively, showed overall the lownadivities throughout the pH
range from 4.0-9.0. This fact could be explainethwhe lowest affinity of the esterases from
L. reuteri andL. helveticus towards the substrate p-NP-C2 (see table 18).

3.2.2.4 Characterization of the substrate side-chain length-dependent activity of the
cinnamoyl esterases

Three different substrates with diverse side clhemgths were used to determine the relative
enzymatic activity of the cinnamoyl esterases; rathctions were performed in sodium
phosphate buffer with a pH-value of 7.0 at ambtemperature. Following substrates were
used: p-nitrophenyl acetate (p-NP-C2), p-nitroptdmugyrate (p-NP-C4), and p-nitrophenyl
caprylate (p-NP-C8).

=
N

B p-\P-C2
B p-NP-C4
B p\P-CS8

[y
o
1

[ee]
1

relative hydrolase activity [nmol*mg **min™]

1.106 1.460 1.890 1.697 1.1173 1.1176

TMW strain collection

Figure 28. Determination of the substrate siderchemgth-dependent activity of the heterologously
expressed cinnamoyl esterases. 1.1Q6 reuteri, 1.460 =L. plantarum, 1.890 =L. fermentum, 1.697
= L. acidophilus, 1.1173 <. gasseri, 1.1176 =L. helveticus.
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All heterologously expressed cinnamoyl esterasesveti a substrate side chain length-
dependent activity. When substrates were usedemidrged side chain lengths, e.g. p-NP-C8
the activities were drastically decreased. The dsglctivity towards p-NP-C8 was measured
for the esterase from. gasseri TMW1.1173; nonetheless the activity was a fraction
comparison with the relative activity towards p-BR: Interestingly, the relative activity
towards p-NP-C2 and p-NP-C4 was comparable in imectwith the esterase from.
acidophilus TMW1.697.

3.2.2.5 Characterization of the temperature-dependent activity of the cinnamoyl esterases

For the determination of a temperature-dependetivitygc only the esterases fronh.
acidophilus TMW1.697, L. plantarum TMW1.460, L. gasseri TMW1.1173, andL. reuteri
TMW1.106 were selected; the activities were evaldian a temperature range from 20-60°C
(data not shown). The cinnamoyl esterase flangasseri showed a maximum activity at
45°C; then a drastically decrease in activity waal@ated beginning at 50°C to 60°C. The
esterase from.. plantarum showed almost same activities in the temperatmge from 20—
35°C, following a constant decrease at higher teaipees. The temperature-dependent
activities of the esterases lofacidophilus andL. reuteri showed virtually the same course; a

constant decrease in acitivity was observed fror6R0C.

3.2.3 Fermentations with different lactobacilli inbroth supplemented with cinnamic acid

derivatives

The metabolisms of phenolic compounds during thdag fermentations with lactobacilli
were visualized using thin layer chromatography. the evaluation following strains of the
genus Lactobacillus were used:L. panis TMW1.1318, L. acidophilus TMW1.697, L.
sanfranciscensis TMW1.53, L. fermentum TMW1.890, L. pontis TMW1.1086,L. plantarum
TMW1.460, L. reuteri TMW1.106, L. gasseri TMW1.1173, and.. johnsonii TMW1.1179.
The fermentations in mMMRS were started after supptgation of the particular substrate
(final concentration of 2 mM); the analyses weradwucted with methyl caffeate, methyl
coumarate, and ethyl ferulate. Subsequently, thekes were processed as stated in chapter
3.1.4. For example, only the results are showrntHerfermentations with methyl caffeate as
the substrate, because the results are represeratiethyl ferulate and methyl coumarate as

well.
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Figure 29. Thin layer chromatography analysis (Tlo€}hree day fermentations with lactobacilli in
MMRS supplemented with methyl caffeate, visualiae@54 nm UV-light. 1: Standard, caffeic acid;
2: Standard, methyl caffeate; 3: Standard-Mix, aiaffacid and methyl caffeate; 4:. panis
TMW1.1318; 5:L. acidophilus TMW1.697; 6: L. sanfranciscensis TMW1.53; 7: L. fermentum
TMW1.890; 8:L. pontis TMW1.1086; 9:L. plantarum TMW1.460; 10:.L. reuteri TMW1.106; 11:L.
gasseri TMW1.1173; 121.. johnsonii TMW1.1179.

The degradation of the substrate methyl caffeater ahree days of fermentation with
different lactobacilli is shown in figure 28. panis TMW1.1318,L. acidophilus TMW1.697,
andL. fermentum TMW1.890 exhibited the highest activity towards substrate; almost the
whole substrate was degraded to caffeic acid. Aetoaffinity towards the substrate methyl
caffeate was shown in fermentations withplantarum TMW1.460,L. reuteri TMW1.106,L.
gasseri TMW1.1173, andL. johnsonii TMW1.1179, respectively. No liberation of caffeic
acid could be seen in fermentations with sanfranciscensis TMW1.53 andL. pontis
TMW1.1086. As mentioned before, these results @m@resentative also for the other
fermentations with the substrates ethyl ferulate methyl coumarate (data not shown). The
decreased activity, e.d.. plantarum and showing of none activity, e.fy. sanfranciscensis
could be either derived from an inhibitory effedt the phenolic compound against the
fermentation flora, or the fermentation organisngesetically not equipped with the specific
gene of interest. Moreover, the predicted enzymaldcaot be expressed under the

perspective fermentation conditions of the abodéceted approach.
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3.2.4 Screening of lactobacilli fom-L-arabinofuranosidase genes using PCR

In this chapter a screening was performed for kayyees in lactobacilli, e.go-L-
arabinofuranosidase involve in the release of bdrf@eulic acid out of arabinoxylan (see
chapter 1 and figure 23, respectively). The evadnabf the existence ofi-L-arabino-
furanosidase genes ibhactobacillus strains was determined by PCR using degenerated
primers AFN-I/AFC and AFN-II/AFC, respectively (44)'he screening by PCR with
genomic DNA and the stated primers was conductéd f@llowing strainsBifidobacterium
lactis TMW2.462, L. sanfranciscensis TMW1.1304,L. brevis TMW1.1326 (ATCC 367)L.
saket TMW1.22, L. pontis TMW1.1086, L. plantarum TMW1.460, L. sanfranciscensis
TMW1.53, and L. pentosus TMW1.10. Arabinofuranosidases are playing a major
physiological role in Bifidobacteria (35); theredoBifidobacterium lactis TMW2.462 was
selected as a reference in the PCR.

AFN-I/AFC (700 bp) AFN-II/AFC (400 bp)

1000 bp

500 bp

Y PH1L IR
|
I
rgranmgu n 1 |
1
|+4

A R I RSBL G e R D QN g

Figure 30.Screening for arabinofuranosidase genes in laciibhasing PCR. Predicted amplificate
sizes of AFN-I/AFC: 700 bp, AFN-II/AFC: 400 bp. MEOO bp standard. Lane B: lactis, Lane 2.L.
sanfranciscensis TMW1.1304, Lane 3L. brevis, Lane 4:L. sakei, Lane 5:L. pontis, Lane 6:L.
plantarum, Lane 7:L. sanfranciscensis TMW1.53, Lane 8L. pentosus.

The screening confirmed the unique occurrence odf-arabinofuranosidase genes in
Lactobacillus brevis TMW1.1326; the amplificates were also seen in tleéerence
Bifidobacterium lactis. Besides, all other evaluated strain DNA’s showed®CR product in

the desired size.
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- - - MEATML| SSVKRVGKVDPRL YSSFI EHMGRAVYEG YQPDHPSANKSGFRQDVI HLV 57
MATKKATM | EKDFKI AEI DKRI YGSFI EHLGRAVYGG YEPGHPQADENGFRQDVI ELV 60
- - - MQGKL TVDPASQ AKI DDRVYSAL| EHLGRSVYDGL YQPNHPQSDQDGFRQDVI DAV 57
I\/QBSTKI Q QDWAPl DRRL YGAFI EQLGRAVYTG YQPDHPTADSDGFRTDVI DAl 57
. : :* * * ::** :** * % * * * * % -*** ***

AFN- |

—
KELNI PM RYPGGNFVSGFRWEDS! GPl ANRPRRLDLAVRTI ETNEVG HEFYNWOQHVG 117
KELQVPI | RYPGGNFVSGYNVEDGVGPKEQRPRRL DLAVWKSVETNE! GLNEFVMDWAKMVG 120
KSLNI DLI RYPGGNFVSGFNVEDS! GPKSTRPTRLDLAWRSI ETNQFGLHEFMKWIQKTG 117
KTLNVPLI RYPGGNFLSQYRWEDG GPKSQRPVRLDLAVREL ETNQFGLHEFNRWADKVN 117

-******** * - *** - kK * % ****** -*** * s kK *

AFN-11
—

AEl NVAVNL GTRGVDAARNL VEYCNFPKGT YWSDL RRSNGQESPFG KTWCL GNEVDGPW 177
AEVNMVAVNLGTRG DAARNLVEYCNHPSGSYYSDLRI AHGYKEPHKI KTWCL GNEVDGPW 180
TRPDVAVNLGSRG DAARNL VEYCNFSGGT YWSDL RKONGAEEPFNI KTWCL GNEVDGDW 177
AVPNI\/AVNLGT RA QAAADLI EYCNFPKGTYLSDL RRQ\IGAEHPFAI KTWCL GNEVMDGPW 177

-****** ** kK -* **** * * k*kk*k -k * kkkkkkhkkkkhkkk*x *

Q GHKTAEEYGRLAEETAKAMKLVDDSI EVWL CGSSNRQVPTFGDVEL TVLDQAYDQ DY 237
Q GHKTAVEYGRI ACEAAKVMKWDPTI ELVVOGSSNRNVPTFAEVEATVLDHTYDHVDY 240
Q GHKTADEYGRLAHETAKVVRLVDPSI DLVVSGSSTREMATFGSVEETVLDHTYDDVDY 237
El GAKSAGEYAHLANETAKAVRRVDDTL EL VACGSSSMDNPTFGNVEETVL DACYDNVDY 237
:** *:* **.::* *:**.*: * % * .***. .**..** * k k% **.:**
AFC
4—
LSLHQYYGNQKND- - - - LSHYLARSL DVDRFI SEVTAMCDTVKAKKHSKKQ NLSFDEWN 293
| SLHQYYGNRDND- - - - TANYLAL SLEVDDFI RSVVAI ADYVKAKKRSKKT| HLSFDEWN 296
LSLHRYYDNEEND- - - - LANFLAKS| DFDEFI SGI VAVCDAVKARKHSHKTLNLALDEWN 293
LSLHRYYGYYNDDDPTELDNFLGKNHDL DDF| KGVVAVCDAVKARKRSTKTI NLSFDEWN 297

-*** ** sk k% . * - * *** * * % RIS JEREEE O

| WHSAEQDEQAAPWQ APPLLEDNYNFEDALLLGCLLI TLLKHADRVKI ACLAQLVNVI 353
VWYHSNEADKLI EPWI'VAPPLLEDI YNFEDALLVGCMLI TLMKHADRVKI ACLAQLVNVI 356
VWYHSHKQDDETAPWQAPHL LEDHYNFEDAL MVGTMLI TLLKHADRVKI ACLAQLVNVI 353
VW(HSNDADTQ\/T PV‘Q\/GPHLLEDI YNFEDALLI GSLLMTLLRNADRVKI ACLAQLVNVI 357

sk kk ok * k*kk*k ******* -k -* ** s kkkkkkhkkhkhkhkkhkhkkkhkk Kk

APl RTETNGEAVRQT | YYPFMQAAVYGQGEVL SPQI RSANYATEDFEEVPYLESI AVI ND 413
APl MTEKNGPAVKQT I YYPFMHASVYGRGVALHPVI SSPKYDSKDFTDVPYLESI AVYNE 416
APl MTDEHG- | WL.QSI FFPFLQ SKYGRG ALTPQQTATTYDSKDFKDVPYLDSLAVYNS 412
APl MIDENGGVWRQSI FYPFI\/Q\/ANYGQB‘\/VLTDHSTSPTYNSREFTDVAYLDTVTTYDA 417

* k% * - % * * * -** . . ** * * - % -* * k-

K- - ELVI FAVNR- CEEEMNLTVHL SEL SLEGVI DFSEMSGFDTKATNLPKSEQVKPSHST 470
EKEEVTI FAVNRDVEDAL LLECDVRSFEDYRVI EHI VL EHDNVKQTNSAQSSPVVPHRNG 476
ENHEI VI FAENK- GNTTMDFQTDLHDLNAQTVI EATQFCGYDI KQTN- - ENQQVALHPNS 469
ATQTVTV FAENKHQT ETL DFEL NFGEL M DRL L DATQ:YGY DVKADNRDGHI\/Q_ QPLP-- 475

- kK *

NVKAEDGKI NCLLKPLSVWWVVRCRLSDEGGTKNER 505

DAQLSDRKVSATLPKLSWAVI RLGKR: - - - - - - - - 502
NVHL SDNTL TASL QPLSWAVFRLHVTH- - - - - - - - 496
- ARTDTHHAHTKLQPLSWWVLRFKLRD- - - - - - - - 501

* **** *

Figure 31. Allgnment ofa L- arablnofuran03|dase amino acid sequences froffereint micro-
organisms Enterococcus faecium (EJY49498),Geobacillus stearothermophilis (ACE73682), and..
brevis ATCC 367 (YP_795848 and YP_796302). Grey shadedtlae¢ regions from the derived
primers AFNI, AFNII, and AFC used in this PCR apgeh. An asterix indicates a position with a
fully conserved amino acid residue; a colon indisa position with a fully conserved strong group
and a period indicates a position with a fully camed weaker group.
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Harboring a-L-arabinofuranosidase genes inside the genomeoiswidespread among
lactobacilli. Recently, predicted enzymes were alsen in the genomes loéctobacillus oris
PB013-T2-3, Lactobacillus parafarraginis F0439, Lactobacillus kisonensis F0435, and
Lactobacillus buchneri NRRL B-30929.

3.2.5 Heterologously expression of a predicted-L-arabinofuranosidase and xylosidase

from L. brevis TMW1.1326 and characterization of the recombinanenzymes

The interaction of both enzymes is the basis fer liberation of ferulic acid out of the
arabinoxylan backbone. The genoméd_obrevis TMW1.1326 (ATCC 367) is harboring two
genes fora-L-arabinofuranosidase, and twbxylosidase genes. In each case one specific
gene fora-L-arabinofuranosidase airfidxylosidase was cloned & coli and the recombinant
enzymes were further characterized. Following seggei@ccordance could be seen on amino
acid level for theL. brevis a-L-arabinofuranosidase (YP_796302) by using thealuke
BlastP:

- L. oris(ZP_07729105): 69% Identities; 80% Positives, 1%s5@n 502 amino acids (aa).
- Carnaobacterium (YP_004374029): 59% Identities; 75% Positives, 4&p$on 509 aa.

- L. brevis (YP_795848): 59% Identities; 75% Positives, 3% Gap$03 aa.

- L. parafarraginis (ZP_09393561): 61% Identities, 75% Positives, 2%s3a 500 aa.

According to the current classification of glycosyidrolases the enzymes could be classified
asa-L-arabinofuranosidases. The enzyme catalyzes ydeolysis of non-reducing terminal
a-L-arabinofuranosidic linkages in L-arabinose-camtay polysaccharides [EC: 3.2.1.55]
(NCBI, Conserved domains). Following sequence atawe could be seen on amino acid
level for theL. brevis B-xylosidase (YP_794569) by using the database Biast

- W. confusa (ZP_10258500): 71% ldentities; 83% Positives, 0%<Ean 552 aa.
- L. oris (EGS35772): 68% ldentities; 81% Positives, 1% Gap552 aa.
- L. antri (ZP_05746624): 68% Identities; 80% Positives, 1%%@n 552 aa.

According to the current classification of glyco$yldrolases the enzymes could be classified
as B-D-xylosidase in the glycosyl hydrolase family 4he glycosyl hydrolase family 43
includes mostly enzymes that have been charactetizbave-1,4-xylosidase activity [EC:
3.2.1.37]. They are part of an array of hemicetiakathat are involved in the final breakdown
of plant cell-wall whereby they degrade xylan (NCBlnserved domains). The cloning of
the a-L-arabinofuranosidase gene was performed aftaimibg a PCR product with primers
arabino-Klon-for/arabino-Klon-rev (see table 12ybdming Xho | and Xba | restriction sites
and isolated genomic DNA as a template; digestioth leggation into theXho | and Xba |
restriction sites of vector pBAD/Myc-His B resulteda replicating integration vector, which
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was cloned in electro competent cellstofcoli TOP10 by electroporation (see also chapter
5.1.8). The constructed vector harboring the clogede was isolated with the PegGold
plasmid miniprep Kit | for DNA sequencing. The eagsion and purification of the
heterologously expressed enzyme was performedadsdsin chapter 3.1.5. The identical
cloning process was conducted for the heterologoysession of the xylosidase from
brevis; with primers b-xyl-1-Klon-for/b-xyl-1-Klon-rev ¢ table 12) harbouringyco | and
Xba | restriction sites and isolated genomic DNA a P&@Bduct was obtained. This time, the
digestion and ligation was conducted with the ledlthe Nco | and Xba | endonucleases. The
cloning success and, therefore, the heterologopgesgion of the predicted enzymesLof
brevis TMW1.1326 is shown after purification using FPLQJaseparation of the protein rich
fraction. SDS gel was prepared showing a molecularker, crude cellular extracts bf

brevis, and the predicted purified enzymes.

30 kD¢
M 1 2 3 4 M-

Figure 32.SDS-PAGE gel of the heterologously expressed engyie molecular weight marker.
Lane 1: Purified xylosidase, Lane 2: crude cell@atract ofE. coli TOP10 (xylosidase), Lane 3:
Purified a-L-arabinofuranosidase, Lane 4: crude cellular asttrof E. coli TOP10 (arabino-
furanosidase).

3.25.1 Characterization of the temperature and pH-dependent activity of the a-L-
arabinofuranosidase and xylosidase from L. brevis TMW1.1326

The effects of temperature and pH-value on the mesyactivities were determined with p-
NP-ara and p-NP-D-xyl as the substrates accordinghtipter 3.1.7. The activities at the
optimal temperature and optimal pH-value were definas 100%. The recombinant

arabinofuranosidase showed maximum of activity kbetwa pH-value of 6-7, and at 45°C.
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The xylosidase of. brevis showed an activity maximum in the pH-range of B.5- and at
25°C. Remarkably, the heterologous expressed afabbanosidase showed optimal activity
at 45°C, whereas the xylosidase exhibited almoseraxtivity towards the substrate already
at a temperature of 40°C. The xyl-1 enzyme hydrdyp-nitrophenop-D-xylopyranoside
with an apparent Kof 9.05umol x L™ and \fpayvalue of 11.82umol x mg- mift-
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Figure 33. Temperature -and pH-dependent relattévites of the recombinant enzymes. 1A:
Temperature-dependent activity of arabinofuranesgdd B: pH-dependent activity of the arabino-

furanosidase, 2A: Temperature-dependent activithefxylosidase, 2B: pH-dependent activity of the
xylosidase

3.25.2 TLC analysis of the heterologously expressed enzymes against branched poly-
saccharides

Substrate specificity was analyzed with TLC, shanihat both enzymes were active in a
coupled reaction against water-soluble wheat acaylan. Thin layer chromatography
analysis (TLC), visualized the activities of thecambinant enzymes according to chapter
3.1.7.1. Arabinose and xylose were released intimecwith the enzymes and arabinan and

xylan as a substrate, respectively. Both enzymdsibe@d also activity when wheat

94



Chapter 3

arabinoxylan was used; therefore, it could be assuthat both enzymes are able to release

pentoses out of branched polysaccharides.

- 2 3 4 5 b 7

Figure 34. TLC analysis of the activity of the redmnant enzymes against branched polysaccharides.
Lane 1= Arabinan + ara-2; Lane 2= Xylan + xyl-1;nea3= Xylose (10mM); Lane 4= Arabinose
(10mM); Lane 5= Wheat arabinoxylan + ara-2; Lane/hkeat arabinoxylan + xyl-1; Lane 7= Wheat
arabinoxylan +ara-2 +xyl-1. The relativeWlues were measured for each sample.

3.2.6 Screening of phenolic acid decarboxylase gesnesing PCR and verification of

decarboxylase activity in lactobacilli

The introduction of this chapter concerned with éhaymatic conversion of ferulic acid to 4-
vinylguaiacol with the help of phenolic acid deaalase (see figure 23). In additional
studies performed at our department, a decarbceaf&R product with the selected primers
according to de las Rivas (17) was obtained for Itaetobacillus plantarum strains
(TMW1.460, and TMW1.468),Lactobacillus pontis (TMW1.1068, TMW1.1463, and
TMW1.1469), and_actobacillus brevis TMW1.1326. None of théactobacillus sanfrancis-
censis strains (TMW1.52, TMW1.53, and TMW1.1304) showe®#@R amplificate. In this
approach, only four different lactobacilli were tegs in PCR screenings for decarboxylase
genes with genomic DNA and degenerated primerglantarum TMW1.460 showed an
amplificate for a PDA and PDC gerie,sakel TMW1.22 only for a PDC gené, fermentum
TMW1.890 and.. sanfranciscensis TMW1.53 exhibited no specific PCR product. BothRPC
screenings indicated that the examihedtobacillus sanfranciscensis strains harboring none
phenolic acid decarboxylase gene. Moreover, twderdinht sequences for phenolic acid
decarboxylases were obtained in the screeningestugithL. pontis TMW1.1086 (data not

shown).
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m'- rirev coumaric-for/rev

- |

Figure 35. PCR products obtained for decarboxytgsees in lactobacilli. The used primers are also
shown in table 12. Lane 1. plantarum TMW1.460, Lane 2:.L. sakei TMW1.22, Lane 3:.L.
fermentum TMW1.890, Lane 4L. sanfranciscensis TMW1.53, M: 100 bp standard.

The activity of decarboxylases in lactobacilli wegaluated in fermentation studies with
MMRS supplemented with ferulic acid (FA) and coumarcid -CA), respectively. Both
substrates were tested, because of the diversetraebgreference of phenolic acid
decarboxylases (46). The fermentations and subsegamalyses of supernatants were
conducted as stated in chapter 3.1.9.1. Variousobacilli were identified able to

decarboxylate the hydroxycinnamates to 4-vinylgealiand 4-vinylphenol.

Table 19. Screening for harbongdt/pda genes and enzyme activities of lactobacilli

Strain pdc/pda Activity towards
FA p-CA

L. plantarum TMW1.460 + * +

L. plantarum TMW1.468 + * +

L. pontis TMW1.1463 + - -

L. pontis TMW1.1469 + + +

L. pontis TMW1.1086 + ++ ++

L. brevis TMW1.1326 + €72h) +

+, Decarboxylation to vinyl-derivate examined whHPLC; -, no decarboxylation detected,;
*Detection of hydroferulic acid; **Content of 4-wiphenol decreased — increase of 4-
ethylphenol
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Predominantlyp-CA was converted by lactobacilli in the fermerdatiapproaches. After 24
hours of fermentation, the supplemente@A was completely converted to 4-vinylphenol by
L. plantarum (TMW1.460 and TMW1.468), anld. brevis TMW1.1326.Lactobacillus pontis
TMW1.1086 accumulated the maximum amounts of 4dpimgnol compared to other
lactobacilli during the fermentation period. As st in figure 36, 4-vinylphenol was
accumulated to higher amounts after 48 hours iméatations supplemented with coumaric
acid as a substrate compared to the generationvafytjuaiacol from ferulic acid as a

substrate.
L. pontis TMW 1.1086 pCA L. pontisTMW 1.1086 FA
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Figure 36. Metabolism of coumaric acid (left) aredulic acid (right) in fermentations with pontis
TMW1.1086. Shown are the time-points: t= 0 direetfier inoculation, t= 24 h, t=48 h, and t= 72 h.
4-vinylphenol was converted exclusively hy pontis TMW1.1469 to 4-ethylphenol during
the fermentation period. The strains dafactobacillus plantarum metabolized the
supplemented ferulic acid almost completely; howg#erinylguaiacol was not accumulated,
but the strains reduced ferulic acid to hydroferalcid.L. brevis TMW1.1326 generated only

minimal amounts of 4-vinylguaiacol after 72 houf$esmentation.
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Figure 37. Metabolism of p-CA to 4-vinylphenol (hagst peak after 24 hours) and 4-ethylphenol
(highest peak after 72 hours) bypontis TMW1.1469 (right). Accumulation of hydroferulicidcafter
24 hours of fermentation with plantarum TMW1.468 and ferulic acid as a substrate (left).

3.2.7 Wort fermentations with a combination of arona active starter cultures

Subsequently, combinations of strains were chosgretform wort fermentations. As stated
in chapter 3.2.4 and following passage4,-arabinofuranosidase and xylosidase genes were
detected, heterologously expressed and charaatenZe brevis TMW1.1326; thereforel..
brevis was also picked for wort fermentations. The follogv culture fermentation
combinations were performed, and the accumulatecharactive compounds were analyzed
after 120 hours:

1.) Lactobacillus brevis TMW1.1326

2.) Lactobacillus brevis TMW1.1326 and_actobacillus pontis TMW1.1086
3.) Lactobacillus brevis TMW1.1326 and_actobacillus plantarum TMW1.460
4.) Lactobacillus pontis TMW1.1086

10 uM free ferulic acid and 4 pM free coumaric asere detected in the substrate (wort) at
the fermentation start. Predicted cinnamoyl eseeragivity inL. brevis TMW1.1326 (see
also chapter 3.2.2) could account for liberatinghadt exclusivelyp-CA during wort
fermentation. The chemically acidified referencd dot show any liberation g--CA and
after 120 hours of fermentation only 2 mM ferulicich were liberated. Thus, only 4-
vinylphenol was accumulated during wort fermentadiavith L. brevis TMW1.1326. The
assumption from the screening approach (see ch8®es) that the strains predominantly
convertedp-CA could also be seen in the wort fermentatioresntentations with a culture
combination of L. brevis TMW1.1326 andL. pontis TMW21.1086 increased the 4-
vinylguaiacol amount as expected. The results lgledemonstrated that the predicted
cinnamoyl esterase df. brevis predominantly liberated coumaric acid, becausénarease
amount of 4-vinylphenol was accumulated in relatiorthe amount of free availabeCA.
On the other hand, 4-vinylguaiacol was not accutedldo higher amounts; not the whole
guantity of free ferulic acid was converted to aylguaiacol.
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Table 20. Results of the wort fermentations witombination of cultures.

Strain TPC pH Metabolites
(24h) (24h and 120h) (120h)
1.)L. brevisTMW 1.1326 5.0 x 19 3.9 no 4VG; FA decrease to < 2 uM
3.5 24.5 uM 4VP; 1.8 upCA
2.)L.brevisTMW1.1326 3.0x 1d 3.8 10.6 uM 4VG; 0.7 uM FA
L. pontis TMW1.1086 3.4 58.7 uM 4VR:CA converted
3.)L.brevisTMW1.1326 1.0 x 18 3.5 no 4VG; FA converted; HFA
L. plantarum TMW1.460 3.3 7.0-9.3 uM 4VP; 20.8 yMCA
4)L.pontisTMW1.1086 2.9x1d 4.1 6.9 uM 4VG; 0.7 uM FA
3.6 56.5 uM 4VP; 0.4 upmCA

TPC, total plate count; FA, ferulic acig;-CA, coumaric acid; 4VG, 4-vinylguiacol;, 4VP, 4-
vinylphenol; HFA, hydroferulic acid.

Fermentations with a culture combination lof brevis TMW1.1326 andL. plantarum
TMW1.460 accumulated hydroferulic acid instead o¥idlylguaiacol; surprisingly, 4-
vinylphenol was generated in lesser amounts as céeghe in the previous screening
approaches (see chapter 3.2.6) almost 100p4CA was converted to 4-vinylphenol. In wort
fermentations withL. pontis TMW1.1086 almost equal amounts of 4-vinylguiacod a4-
vinylphenol were detected in comparison to the #aration approach with the mixed
fermentation culture df. brevis TMW1.1326 and.. pontis TMW1.1086.

3.2.8 Sourdough fermentations with_actobacillus pontis TMW1.1086

Three independent wheat sourdough fermentations Wit pontis TMW 1.1086 were
performed to evaluate the accumulation of 4-vingigaol during the fermentation period. An
unfermented reference served as a control. Thetbroates of the inoculated strain were
checked after 24 hours and 48 hours of fermentdyototal plate counts and RAPD-PQR.
pontis TMW1.1086 exhibited average plate counts of 3.B0%kcfu/g dough after 24 hours,
and 2.0 x 1®cfu/g dough after 48 hours. The pH-value of thegiodropped from 6.25 to a
pH-value of 3.5. Dough samples were analyzed atblySising GC/MS; due to deficiency of
an internal standard no quantification could beust Nonetheless, in the control dough
only traces of 4-vinylguaiacol were detected. Ire tloughs fermented with. pontis
TMW1.1086 a distinct peak for 4-vinylguaiacol wdsservable; however, there could not be
detected any clove-like aroma in the dough due maletdose concentrations of 4-

vinylguaiacol beyond the aroma threshold.
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3.3 DISCUSSION

3.3.1 Determination of activities in lactobacilli ®le to liberate free forms of

hydroxycinnamates during fermentations

Phenolic acids in wheat are mostly present in bdnftem through ester linkages to
arabinoxylan chains (see figure 23 and 9, 26), ethidser-bond phenolic acids could be
potentially released during fermentations. Différaheat cultivars showed high variability in
the total phenolic contents; nonetheless, highlgnificant correlations between the
hydroxycinnamates could be seen (2%xoumaric acid and all the diferulic acid derivates
were evaluated, resulted in a content estimatidghefliferulic acid derivates when the ferulic
acid concentration is known. Therefore, in additiorthe selection of capable starter cultures
in respect to gain designated aroma profiles, attershould be addressed to the right choice
of wheat cultivar. Many studies focus on bioproges®of cereal grains to improve vitro
bioaccessibility of phenolic compounds; mainly coenamlly available enzyme mixtures are
used composed of xylanageglucanaseg-amylase, cellulase, and also ferulic acid esterase
(2, 39, 42).

In a first step, plate screenings of different ddetcilli to liberate bonded phenolic acids
showed an insight into the ability of positive egktiactobacilli to act as starter cultures for
generating relevant active odors in wheat sourddaghnentations. The screening approach
was performed and provided similar results as previstudies (12, 19, 23). Affirmed were
the results from the plate screening approach bthidermentations with selected lactobacilli
and supplemented hydroxycinnamate esters (see erthdi.3). Moreover, more than 30
feruloyl esterases have been purified and charaetefrom fungi (49); in addition also from
a wide range of bacteria and yeasts (10, 11, 20,Aferuloyl esterase from a metagenomic
library was classified as a FEF1 family (subfaniiy) feruloyl esterase and aligned amongst
others with an acetylesterase frdractobacillus plantarum WCFESI (NP_786061), showing
similar sequences (10). Contradictory to these thgiwal sequence comparisons are the
results of Hole et al. (26), showing thiat plantarum WCFSI liberated under the stated
conditions only lesser amounts of free ferulic aciccomparison with other lactobacilli. In
turn, theL. plantarum WCFSI sequence (NP_786061) showed no similardfepredicted
esterases with any sequences of the 78 genomée igehus lactobacilli (data not shown).
Thus, a clear classification of predicted ferulegterases in the familyactobacillaceae is

challenging. It seems that common enzymes like digdes/esterases/lipases of lactobacilli
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could account for a ferulic acid release duringnientations of different substrates. Their
activities towards the bonded phenolic compoundgddcdoe a combination of enzymatic
reactions and the existing redox potential in th&tesn. Moreover, endogenous wheat flour
enzymes could contribute to the release of feradicl during sourdough fermentations, the
continuous pH-drop from approx. 7 to 3.5 during noigological fermentations serves global
enzymatic optima.

Based on the results of chapter 3.2.2 all heteonlsly expressed enzymes could be termed as
cinnamoyl esterases; supportive were the resultsabgt al. (32). The characterization of the
heterologously expressed cinnamoyl esterases tersdlected lactobacilli showed generally
a peakedness of activity between a pH-value of8700-This result is in agreement with a
feruloyl esterase from a Holstein cow rumen libratywas shown that the pH-optimum of
FAE-SH1 was around 8.0 (10). The temperature-degr@ndctivity of the recombinant
enzyme ofL. gasseri showed an optimum at 45°C wiphnitrophenyl acetate as the substrate,
whereas the FAE-SH1 enzyme showed a maximum o¥ityctowards methyl ferulate at
40°C (10). A feruloyl esterase from a soil metageiwolibrary displayed optimal activity at
40°C and pH 6.8, the recombinant enzyme was siakdebroad pH range of 5-10 over 24
hours (49). Furthermore, a feruloyl esterase fi@neptomyces ambofaciens was partially
purified from culture supernatant; the enzyme watsnwally active at pH 7.0 and 40°C (29).
The purification and characterization of an extiat® feruloyl esterase from the
thermophilic anaerob€lostridium stercorarium was conducted by Donaghy et al. (20), the
purified feruloyl esterase had an apparent ma88 &Da and showed optimum activity at pH
8.0 and 65°C. Besides, the purified enzyme reletseaitic, p-coumaric, caffeic and sinapinic
acid from the respective methyl esters. The recoartii enzymes in this study were also
active in reactions against methyl coumarate, niethijeate, and ethyl ferulate, respectively
(data not shown). Hence, the characterization tesfdr the heterologous expressed
cinnamoyl esterases evaluated in this study aracaordance with other approaches from
different bacteria. It has to be noted, that theomgbinant enzymes showed substrate side

chain length-dependent activity towards differemitrophenyl esters, indicating only less
activities towards longer side chains (see chapt2r2.4). Thus, the cinnamoyl esterases
could be only active against short chain esterfyafroxycinnamates, e.g. ethyl ferulate,
methyl coumarate. Therefore, an enzymatic libenagmforced by lactobacilli of bonded
ferulic acid out of the arabinoxylan during wheatulough fermentations is questionable,

because of the networked ferulic acid with arabyfax, and possible cross-linking forming
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diferulates. In fermentation studies with lactobaegh MRS broth supplemented witlp-
oryzanol from rice, no liberation of free ferulicid could be detected under the chosen
conditions (data not shown). Steryl ferulates yebryzanol were only hydrolyzed by
cholesteryl esterase (40); lipase preparations fidfarent sources (animal, plant, bacteria,
and fungi) were not able to hydrolyze steryl fetedaofy-oryzanol. Furthermore, cholesterol
esterase was capable of hydrolyzing sitosterylldééeuand campesteryl ferulate, which are
present only in small amounts in rigeoryzanol but are the major steryl ferulates ineoth
cereals such wheat and rye (38). The total stenylldte content of wheat grains was 6.3
mg/100 g, and the steryl ferulate content rangechftrace amounts in flours with low ash
content to 34 mg/100 g in wheat brans, respecti{@ly 43). As shown in figure 24, the free
ferulic acid content in the experiments with flé@iommi” was approx. 2.4g/ g, thus being
the 100-fold minor content of ferulic acid as pdated for steryl ferulates.

The ability of lactobacilli to liberate ferulic atin wheat sourdough fermentations was shown
for L. sanfranciscensis TMW1.53 (see figure 24), thus the lactobacilli gemes were screened
using database for arabinoxylan degrading enzyimedar.evis TMW1.1326 encoded several
proteins with the ability to hydrolyze glycosylatqulant secondary metabolites. The
characterization of the heterologous expressédarabinofuranosidase was shown in this
study and from Michimayr et al. (37). The recombinanzyme showed optimal activity at a
pH-value of 6.5 and 45°C, whereas the heterologogrgbressed Abf2 af. brevis exhibited
their optimal activity towards p-nitrophenyH_-arabinofuranoside at pH 5.5 and over a
temperature range of 40—60°C (37). The discreparmeld be explained with the different
types of buffer used in each study. For the recaanti-xylosidase an optimal activity could
be seen at pH 7.0 and 25°C, these results are cahipao a measured activity ¢tD-
xylosidase by Michlmayr et al. (36). Moreover}-®-xylosidase fronBifidobacterium breve
K-110 was characterized havingmKand Vpnax values towards p-nitropengtD-xylo-
pyranoside of 1.45 mM and 10.7Bnol/min/mg (28), and an optimal activity at pH &0d
45°C. As mentioned, the temperature optimum forxylesidase in this study was at 25°C,
indicating that the encoding gene was from a me$ophicroorganism. It was also shown,
that the heterologously expressed enzymes wereeaictia coupled reaction against water-
soluble wheat arabinoxylan. Also, the activitiesaiagt branched polysaccharides derived
from natural plant cell walls suggest that theseysres may play an important role in the
degradation of hemicelluloses in the diet lof brevis TMW1.1326. Liberated phenolic

compounds could be further metabolized and acclmurdroma in sourdough fermentations.
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In vitro fermentations by human fecal microbiota of wheateoxylan showed that a 66
kDa fraction was particularly selective for lactolla Interestingly, the phenolic content
from this fraction contained nearly 60% more boafic acid than the 354 kDa fraction, the
other way round could be seen in the bonded diteadid (27). Thus, larger fractions of
arabinoxylan composed of diferulates were probaloltyas accessible for lactobacilli as the
minor fractions.

In PCR screening approaches for phenolic acid desgtase genes in lactobacilli, several
strains were determined harboring a PDA/PDC geneusT the ability to metabolize
hydroxycinnamic acids by lactobacilli during wheaturdough fermentations could lead to a
revised selection of starter cultures, thereby eaing desired active aroma odors. The
substrategp-coumaric acid and ferulic acid were decarboxyladedng broth fermentations
with all chosen lactobacilli (see chapter 3.2.6) tteeir correspondent vinyl derivate.
Notwithstanding were the results for theplantarum strains TMW1.460 and TMW1.468 in
fermentations with supplemented ferulic acid, b&ttiains accumulated hydroferulic acid (see
figure 37). A proposed pathway for the degradatdrp-coumaric acid inL. plantarum
supported this result, a knockout mutant of gh@umarate decarboxylase gene showed two
other inducible enzymatic activities involved ingnolic acid metabolism (4). The LPD1
mutant accumulated phloretic acid or 4-ethylphanolermentations with supplementesd
coumaric acid. Thus, a phenolic acid reductase aapdtative phloretic acid decarboxylase
were assumed for phenolic acid metabolismh.iplantarum. During the fermentation period
with L. pontis TMW1.1469 and supplementgecoumaric acid, a decrease in accumulated 4-
vinylphenol was detected and an increase of 4-gligylol after 48 hours of fermentation
(figure 36). An enzymatic background for this réactis proposed also by other studies (4,
47, 50). The ability of. brevis TMW1.1326 to degrade ferulic acid to its corresgemt vinyl
derivate guaiacol was not incisive, after 72 hoofsfermentation only traces of 4-
vinylguaiacol could be detected. Curiel et al. conéd this outcome; moreovek, brevis
strains were unable to subsequently reduce or mkzalthe accumulated vinyl derivates. In
L. brevis, 4-vinylphenol, 4-vinylcatechol, and 4-vinylguashcwere the final metabolic
products fromp-coumaric, caffeic or ferulic acids, respectively3). L. pontis TMW1.1086
accumulated the highest amounts of 4-vinylphendal-einylguaiacol from the corresponding
phenolic acids; however, metabolism of phenolidadiyL. pontis was conducted in favour
of p-coumaric acid. In PCR screenings two putative pheracid decarboxylase sequences
were obtained fol. pontis TMW1.1086. The first sequence fron pontis TMW1.1086
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showed highest similarities with phenolic acid dboaylase fromi. fermentum (AAF82764;
89% identity and 98% similarity in 81 amino acid@s)d L. farciminis (ZP_08577747; 90%
identity and 96% similarity in 81 amino acids). Toter putative decarboxylase sequence
from L. pontis TMW1.1086 showed highest similarities withcoumaric acid decarboxylase
from L. plantarum JDM1 (YP_003064516; 97% identity and 97% similaiit 78 amino
acids) andPediococcus acidilacticic DSM20284 (ZP_06196879; 88% identity and 95%
similarity in 78 amino acids). In wort fermentat®onvith a combination of aroma active
starter cultures, the results from the screeningeewnerged together; a combinationLof
brevis TMW1.1326 andL. pontis TMW1.1086 showed capable results related to the
generation of active aroma odors. With the culzombination and wort as the fermentation
substrate, almost 1M 4-vinylguaiacol and 6QuM 4-vinylphenol were accumulated after
120 hours. The combination of cultures in wort femations was also performed in a study
of van Beek et al.; it was assumed that the condbiaetivities of bacteria and yeast
decarboxylategp-coumaric acid, and would then reduce 4-vinylphdnodl-ethylphenol more
effectively than either microorganism alone in pouéures (50).

The ability to generate active aroma odors in wiseardough fermentations was shown for
L. pontis TMW1.1086, a distinct peak for 4-vinylguaiacol wabservable. Odor-active
compounds in whole meal (WWF-F) sourdough and ssugh made from white wheat flour
(WF 550-F) were evaluated; a clove-like and vadike aroma were detected in higher
concentrations in whole meal sourdough comparesbtwdoughs prepared with white wheat
flour (14). Thus, the selection of strains capatfiegenerating aroma active substances in
wheat sourdough fermentations and the best chdiegheat cultivar in respect to phenolic
contents could lead to aroma enhancement. A coribamaof strains for substrate
fermentations apparently has potential in regardhto ability to liberate improved aroma
doughs; combined yeasts and lactic acid bacteritures were used in cereal associated
fermentations since the beginning of time. The reétheme of this chapter was to show that
lactobacilli have the genetic background for arakytan degrading enzymes; thus, liberating
free forms of phenolic acids, e.g. ferulic —and roauc acid, respectively. In addition, the
redox potential in the dough system could furthkee tiberation of bonded phenolic
compounds; thus, the determination of redox padédtiring wheat sourdough fermentations
could also help in the decision to the approprsgeter culture. The free form of phenolic
acids could contribute to enhancement of aroma heaw sourdough fermentations due to

microbial decarboxylation reactions. With the ntultie of sequencedactobacillus genomes

104



Chapter 3

and characterizations of novel species in the gé&aagsbacillus the alternatives for starter

culture selection are increasing.
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4. INSIGHTS INTO THE OXIDATIVE STRESS RESPONSE OF
LACTOBACILLUS SANFRANCISCENSIS

Lactobacillus (L.) sanfranciscensis (see also chapter 1) is an aerotolerant and obtgat
heterofermentative microorganism frequently pred@ni in traditionally produced
sourdoughs. In the early phase of evolvement, sugtd contains a lot of dissolved oxygen;
it could be also introduced into the dough during kneading. In both situations, an oxygen
tolerant organism has advantages in competitiocoagared to strictly anaerobic organisms
(26).

In this study the contribution of glutathione rethse to oxygen tolerance df.
sanfranciscensis TMW1.53 was examined and compared to a CyuC de&aotutant ofL.
reuteri. Deletion of the cell-wall bound cystine-binding fim CyuC inL. reuteri decreases
oxygen tolerance of the mutant strains (46). Thaewgf L. reuteri (previously MAP, mucus
adhesion protein and BspA, basic surface protesnpart of an operon consisting of a
cystathioniney-lyase (CgL), an ATP-binding protein, a hydrophotmiembrane protein and a
surface-bound cystine binding protein (46, 56). @gtepts cysteine, cystine, and methionine
as substrates for conversion to low-molecular weiljiol compounds (52). It was suggested
that four proteins encoded by the operon act incednby extracellular aggregation: ATP-
dependent transport and conversion of cystathiepiyase (CgL). Furthermore, the
influence of Nox-activity inL. sanfranciscensis TMW1.53 was evaluated under aerobic
conditions to maintain the catabolic flux. By inaation of the native NADH-oxidase gene,
the hypothesis should be ensured that besideof®ic® can react as an electron acceptor.
The effect of agitation and aeration on accumutatif organic acids during broth
fermentations should show the direct impact of KiMdDH oxidase on regenerating pyridine
nucleotides to maintain the catabolic flux. Morepuesing transport-studies, a manganese-
dependent growth response should be demonstratedanfranciscensis TMW1.53.

An insight of the oxidative stress responsd._irsanfranciscensis should be devised, also in

respect to other enzymatic reactions involved wdedls were exposed to oxidative stress.
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4.1 MATERIALS AND METHODS

4.1.1 Used strains, media, plasmids, primers, andayvth conditions

Lactobacillus sanfranciscensis was cultivated in MRS-media (composition per L: @0
peptone from casein, 5 g meat extract, 5 g yedasaax 4.0 g KHPQ,, 2.6 g KHPO, x
3H,0, 3.0 g NHCI, 1 g Tween 80, 0.2 mg each of biotin, folic aaatotinic acid, pyridoxal
phosphate, thiamin, riboflavin, cobalamin and patitenic acid), with slight modifications
for five different MRS-compositions: MRS1: + 1 mlamganese/magnesium-stock solution
(0.1 g MgSQ x 7H,0, 0.05 g MnS®x H,0 per L), + 0.5 g ! cysteine, containing 10 g X'L
maltose, 5 g x L fructose and 5 g x L. glucose; MRS2: - Mn/Mg-stock solution, + 0.5 9 L
cysteine, containing 10 g x'Lmaltose, 5 g x t fructose and 5 g x 't glucose; MRS3: -
Mn/Mg-stock solution, - 0.5 g L cysteine, containing 10 g x*Lmaltose and 5 g x L
glucose; MRS4: - Mn/Mg-stock solution, + 0.5 @ tysteine, containing 10 g x'Lmaltose
and 5 g x [* glucose; MRS5: + Mn/Mg-stock solution, — 0.5 § tysteine, containing 10 g x
L™ maltose and 5 g x L glucose. MRS1 was used for all the experimentse@ming the
glutathione reductase of. sanfranciscensis; MRS1-MRS5 media were used in the
approaches related to the NADH oxidase (nox).aanfranciscensis. To maintain plasmids,
10 pg L' erythromycin was added to the nutrient where iaigid. L. sanfranciscensis
TMW1.53was cultivated under anaerobic conditions at 3Q°Ceuteri BR11 (56) and..
pontis TMW1.84 at 37°CE. coli DH5a was cultivated aerobically in LB medium at 37 °C,
for maintaining plasmids 10Qug x L' ampicillin was added. Anaerobic cultures were
incubated in 50 ml falcon tubes (Sarstedt, Germdoy)aerated cultures,. sanfranciscensis
was incubated in 300 ml shaking flasks at 30°Cnirobital shaker at 220 rpm. The plasmid
pME-1 (Ehrmann et al., 2004, unpublished) was faanged inE. coli DH5a and was used
for the construction of the integration vectors pl#kgshR and pME-Anox as described
below. The plasmid PNG201 was transformed..imeuteri BR11 according to Turner et al.

(56), a L-cystine uptake system mutant was estaddi®y disruption of thbspA locus.

Table 21. Used primers for PCR and cloning exparisie

Primer Sequence (5" to 3) Use
gshknockV TAT ATG GAT CCA ACA TGA TGT TAA GGA AT Cloning
gshknockR TAT ATG GAT CCA TTC GAA AAT GGC AGT TG Cloning
GTDHV TAT ATT TGG GGA GTG GAC PCR

GTDHR ATT CGA AAA TGG CAG TTG PCR
GTDHV1 GGG AGT GGA CAT GGA ACG Southern Blot
GTDHR2 ATT CGA AAA TGG CAG TTG Southern Blot
eryv GAC TCA AAA CTT TAT TAC TTC Cloning
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T7 GTA ATA CGA CTC ACT ATAGGG C Cloning
Deg-gshRV GGY GGH ACT TGY CCW AAY Screening
Deg-gshRR ATH CCS ACT TGM GCW A Screening
gshRV1 GTG ATC AGG CAG AAG ATT C inverse PCR
gshRR1 GCA ATC ACA ATT TTATCT GC inverse PCR
gshRV2 AGA TTC AAT TAG TAC GAT TCT inverse PCR
gshRR2 CAA TTA ATC TCT GGA ATT CCA inverse PCR
cyuC-for3 GCT CCT TAT GCT TATC cDNA
cyuC-rev3 CGT GCATCA AAT CTT TG cDNA
nox-knock-for TAT ACT GCA GGC AAT CTT GGA GCT AAC G Cloning
nox-knock-rev TAT ACT GCA GGC TAA AGG AAT GTAGGC G Cloning

Nox-forl GCA ATC TTG GAG CTA ACG Southern Blot
Nox-revl GCT AAA GGA ATG TAG GCG Southern Blot
Nox-klon-for TAT ACC ATG GTT ATG AAA GTT ATT GTA GTA Cloning
Nox-klon-rev TAT ATC TAG ATATTT ATG TGC TTT GTC AGC Cloning
MntH1-for GCA CCA TAA ACT AAT TGA cDNA
MntH1-rev GAC TTACTAGTT CTA GCC cDNA
MntH2-for ATG GCC GCA AAT TTAACT cDNA
MntH2-rev GAA GTT GCC CTATCT AAC cDNA

restriction sites are underlined

4.1.2 General molecular techniques

General techniques regarding cloning, DNA manipoihest and agarose gel electrophoresis
were performed as described by Sambrook et al. @8Bjomosomal DNA ofL.
sanfranciscensis was isolated according to the method of Lewingstbal. (31) andE. coli
plasmid DNA was isolated with the PegGold plasmiohiprep kit | from Peglab GmbH
(Erlangen, Germany) or with the Wizard Plus SV Mmeps DNA Purification System from
Promega (Madison, USA) according to the manufactirenstructions. Restriction
endonuclease digestions and ligations with T4-DNgade were performed following the
recommendations of the suppliers (Fermentas, $mn{Rot, Germany). PCR was carried out
in thermocyclers (Primus 88, MWG-Biotech, Ebersberg, Germany; Applied Biosysie
Foster City, USA) by using Arrow-Taq Polymerase atdTP’s from MP Biomedicals
(Heidelberg, Germany) or Invitrogen (Burlington,r@da). PCR-products were purified using
the QIAquick PCR Purification Kit (Qiagen, HilderGermany; Mississauga, Canada)
according to the instructions of the supplier. Segung was carried out by the didoexy
method of Sanger et al. (50) by using Genomé&aBTCS-Quick Start Kit (Beckman
Coulter, Fullerton, USA) in combination with an Aol Biosystems model 377A automated
sequencing system or by the external laboratory GANucleotide and amino acid sequence
analysis was carried out using the DNAsis Max fomildws software (Hitachi, Berlin,
Germany) or by using the DNAStar for Windows soft&vdDNASTAR, Madison, USA).
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Transformations were performed with a Bio-Rad gemelser apparatus (Bio-Rad
Laboratories, Hercules, USA) in 0.2 mm cuvettegg@®dt, Nurnbrecht, Germany; Bio-Rad
Laboratories, Hercules, USA) at 2.5 kV, 25 uF a@d@Q for E. coli and at 1.2 kV, 25uF and

100002 for Lactobacillus sanfranciscensis andL. reuteri BR11.

4.1.3 Sequence and mRNA isolation of genes codiray manganese transport protein in

L. sanfranciscensis TMW1.53.

Genes coding for a manganese transport protein segregenced based on a clone librari.of
sanfranciscensis TMW1.53 done previously in our lab. RNA was iselitfrom cells ofl.
sanfranciscensis grown aerobically (shaking at 220 rpm) in 50 mMRS1 broth to an optical
density of 0.5 at 590 nm. Bacterial cells in thpesmatant were harvested by centrifugation
(15 min, 4.500 rpm) and resuspended in 3 mL Tris-bi@fer (50 mM, pH 7.0) with 3 mL
RNAprotect (Qiagen, Hilden, Germany). This cell gerssion was used for RNA isolation
with the Qiagen RNeasy Mini kit. DNA was removed ingubation with RQ1 RNase-free
DNase (Promega, Mannheim, Germany). Reverse tigtiearwas performed by incubation
of RNA with random hexamer primers (Random hexagleogleotides, Promega) attDfor

10 minutes. After cooling on ice, iL dNTPs (25 mM), 1uL reverse transcriptase (200 U
uL™?, M-MLV-RT, RNase H minus, Promega), & reaction buffer (supplied with reverse
transcriptase) and 5L RNase free water were added. The sample was atedlat 25C for

10 minutes, subsequently at’@2for 110 minutes and the reaction was stoppedeayitg the
sample at 72 for 15 minutes. A fragment of the manganese parsproteins ofL.
sanfranciscensis was amplified usingraq polymerase and primers MntH1-for and MntH1-
rev, Mnth2-for and MntH2-rev, respectively, and o®Ms template (Table 21). All PCR
reactions were also carried out with DNAse-digefRR&tA preparations to verify absence of

chromosomal DNA.

4.1.3.1 Measurement of the intracellular manganese levels in growing cells of L.
sanfranciscensis using fluorescence analysis

Cells of L. sanfranciscensis were grown to an optical density of 1 at 590 nndarnstatic,
anaerobic conditions or shaking (220 rpm) in MRSIM&RS2, respectively. The cells were
harvested by centrifugation at room temperatur®@70 g, 15 min) and washed three times
with MES buffer (0.1 M). Cells were resuspende®.ih M MES buffer to an optical density

of 1 at 590 nm. In order to liberate free intragelf manganese (25) from the cells, a volume
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of 1 ml of the cell suspension was boiled for 1Gwmés in a water bath and centrifuged at
room temperature (7.000 x g, 10 minutes). The sigtent was taken for the calcein
fluorescence assay. Calcein emits fluorescenceeirptesence of metal ions such as’Mg
basic conditions; bond to Mf the calcein fluorescence is quenched. For detetioin of
free manganese, 0.5 ml of supernatant was mixddamitequal amount of Tris buffer (0.5 M,
pH 8.8). To ensure reducing conditions (17) 1 mMIDAWfas added. 20l of calcein solution

(5 uM calcein, 16 mM MgCL in 25 mM tris buffer pH 8.8) were added to the pmand
the fluorescencerfy: 488 nm,Agm: 511 nm, slit: 5 nm) was measured in a Lumineseenc
Spectrometer LS 50B (Perkin Elmer, Rodgau-Jigeshd&Barmany). For manganese
quantification, a calibration curve was recordethi range from 0.&tM to 10uM Mn**. The
amount of intracellular manganese, which was rel@dsom the cells (at Qdgon= 1) to a

volume of 1 ml MES buffer, was calculated.

4.1.4 Southern hybridization

Genomic DNA was digested wittcoRV, Hindlll and Ncol, separated on a 0.7% agarose gel,
and then transferred to nylon membranes (Amershascinces). A 921 bp fragment lof
sanfranciscensis TMW1.53 obtained with primers GTDHV1 and GTDHR2 l&a 21) was
labeled with DIG-DNA Labeling Mixture (Roche Diagsts). Hybridization and washing
were performed basically according to the manufac instructions. The same approach
was conducted for the evaluation related to the NADxidase ofL. sanfranciscensis;
however, genomic DNA was digested wiboRI, Hindlll and BamHI. A 694 bp fragment of

L. sanfranciscensis was obtained with primers Nox-forl and Nox-revalfle 21).

4.1.5 Creation of knock-out mutants for NADH oxidag and glutathione reductase from

L. sanfranciscensis TMW1.53

4.1.5.1 Insertional inactivation of the NADH-oxidase gene (nox) by single crossover
integration

Based on the submitted DNA sequence (Accession B®B19268) of the NADH-oxidase
gene fromL. sanfranciscensis TMW1.53, primers nox-knock-for and nox-knock-reene
designed for PCR, carryirigstl restriction sites (Table 21). For insertionaldti@ation of the
NADH-oxidase gene, a 694-bp fragment of the NADHdase gene was obtained with PCR
using primers nox-knock-for and nox-knock-rev. Rigen and ligation into thePstl
restriction site of plasmid pME-1 resulted in thenfreplicating integration vector pME-
1Anox, which was cloned . coli DH5a and isolated with the PegGold plasmid miniprep
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kit I. For preparation of electro competent cefld osanfranciscensis, the strain was grown in
MRS1 broth supplemented with 1% (w/v) glycine togguical density (590 nm) of 0.7. The
cells were harvested by centrifugation at 4 °C 8@, 15 minutes) and washed four times
with 50 mL of 10 mM Mg(] solution, once with glycerol (10% v/v) and oncehaglycerol-
sucrose solution (10% v/v, 0.5 M). Cells were resmsled in glycerol-sucrose solution and
stored at —80°C in 100 pL aliquots. All washing atdrage solutions were cooled on ice.
After electroporation, cells were incubated in MR&130°C for 3 hours prior to plating on
MRS1 supplemented with 10 ppm erythromycin. To fyetine insertion of plasmid pME-
1Anox into the NADH-oxidase gene in cells from erythrammyresistant colonies, PCR was
carried out with primers targeting the regions rgmh and downstream of the NADH-
oxidase gene (nox-klon-for and nox-klon-rev, resipety) and the plasmid borne regions
from pME-1 (eryV, and T7, Table 21). PCR product#ammed with primers nox-klon-

for/leryV and nox-klon-rev/T7 were sequenced.

4.1.5.2 Insertional inactivation of the glutathione reductase gene by single crossover
integration

Based on a 771 bp fragment of the glutathione tadecgene fronl. sanfranciscensis
TMW1.53 (Vermeulen et al., 2006, unpublished) prisngshRV1/V2 and gshRR1/R2 were
designed for inverse PCR (Table 21). Chromosoma\DNL. sanfranciscensis was digested
with Pstl, religated, and used as template for inverse RLiReld a product with a size of
about 2.500 bp. For insertional inactivation of tijletathione reductase gene, a 765-bp
fragment of the glutathione reductase gene wasraatavith PCR using primers gshknockV
and gshknockR (Table 21), carryiBgmHI restriction sites. Digestion and ligation inteet
BamHI restriction site of plasmid pME-1 resulted irethon-replicating integration vector
pPME-1AgshR, which was cloned irE. coli DH5a and isolated with the Wizard Plus SV
Minipreps DNA Purification System as recommendedtly supplier. The preparation of
electro competerit. sanfranciscensis cells, and the electroporation was performed atiogr

to chapter 4.1.5.1. PCR with primers targeting régions upstream and downstream of the
glutathione reductase gene (GTDHV and GTDHR, rasgdy) and the plasmid-borne
regions from pME-1 (eryV and T7, Table 21) wereduse verify the insertion of plasmid
pPME-1AgshR into the glutathione reductase gene. To ensumegéescrossover integration of
PME-1AgshR into thegshR gene ofL. sanfranciscensis TMW1.53AgshR, the PCR products
obtained with primers T7/GTDHV and GTDHR/eryV weaeguenced.
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4.1.6 Preparation of crude cellular extracts and dermination of NADH-oxidase,

glutathione reductase or cystathionineg-lyase activity

L. sanfranciscensis cells grown under anaerobic and aerobic conditionsiid-exponential
phase were harvested by centrifugation and afseuplion the crude cellular extract was used
for the assay. NADH-oxidase activity in crude clltuextract was determined at 340 nm
(absorption coefficient 6.22 x 181 cm?) using 0.2 mM NADH, 50 mM HEPES-buffer (pH
7.0), 1 mM dithiothreitol, and limiting amounts tife crude cellular extract. The assay was
carried out at 30°C; 1 U corresponds to the oxalatf 1 pymol NADH per min. Protein
concentrations were measured by the method deddojp8radford (4).

GshR activity in extracts was measured at 25°C ogitoring the oxidation of NADPH in the
reaction mixture (1 ml) at 340 nm. The reaction tomi& contained 640 ul sodium phosphate
buffer (143 mM NaHPQ,, 143 mM NaHPO,, mixture 1:1 + 5 mM EDTA), 120 ul GSSG
(10mM), 100 pl NADPH (1mM) and 100 pl extracts. Theduced GSH-content was
measured by adding 20 pl of reagent B (39.6 mgilbebis-(2-nitrobenzoic acid) in 10 mi
0.5 M sodium phosphate buffer, pH 7.0). After inatin for 30 min in the dark, the
absorbance was measured at 405 nm. Cystathigdysse activity was determined
according to Smacchi et al. (52). Cystathioninem(®l, final concentration) was used as
substrate in the presence of 50 mM KPi buffer (pB)-®LP. The enzyme activity was
determined by quantification of ketobutyrate andmamia produced in the enzymatic

reaction.

4.1.7 Determination of intracellular and extracelldar sulfhydryl levels

Cystein transport bl. sanfranciscensis was determined according to Turner et al. (56)ICel
grown aerobically to mid-exponential phase weresésted by centrifugation, washed twice
in KPM solution (0.1 M KHPO, adjusted to pH 6.5 with J#O, and containing 10 mM
MgSO, x 7 H,0), and suspended in KPM to a OD of 0.5. Portidhs (nl each) of this
suspension were supplemented withyd @f 10 uM L-cysteine and 1@l of 1 M D-glucose,
and the suspension was then incubated at 30°C fiorThe cells were then pelleted, and the
supernatant was removed and put on ice. Fifty riiers of a 10 mM solution of DTNB in
KPM was added to the supernatant, and the absalzl2 nm was measured. The pelleted
cells were washed twice with 1 ml of KPM and resusfed in a solution containing 2@Dof
water, 4ul of 0.5 M EDTA, 10ul of 1 M Tris-HCL (pH 8), 20ul of 10 mM DTNB, and 100

ul of 10% SDS, added successively. This mixture nwesbated at 30°C for one hour, cellular

debris was removed by centrifugation and the alasm of the supernatant was measured at
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412 nm. Assays containing no bacterial cells olLrzysteine served as control. Sulfhydryl
concentrations were calculated based on the abswrbat 412 nm and the molar extinction
coefficient of 5-thio-2-nitrobenzoic acid of 13.6 (mol cm)!, and were corrected to an
optical density of 1.0. The intracellular accumigat of thiols during incubation was

calculated as follows:

([thiol] (cells in KPM-cysteiney [tNION] (cells in kPM without oysteind)X (Cell density)

The decrease in extracellular thiols during incidratvas calculated as follows:

[th|0|] (KPM-cysteine)~™ [th|0|] (cells in KPM - cysteine)

4.1.8 Sequence and expression of a gene coding farCyuC-like protein in L.

sanfranciscensis TMW1.53

A gene coding for a CyuC-like protein was sequen@edh on several rounds of PCR with
primers derived from theyuC of L. reuteri BR11. RNA was isolated from cells d&f.
sanfranciscensis that were grown aerobically (shaking at 220 rpm»® ml of MRS-broth to
an optical density at 595 nm of 0.5. Bacterial <éfl the supernatant were harvested by
centrifugation (15 min, 4500 rpm) and resuspende®imL Tris-HCI buffer (50 mM, pH 7.0)
with 3 mL RNAprotect (Qiagen, Hilden, Germany). Jlaell suspension was used for RNA
isolation with the Qiagen RNeasy Mini kit. DNA wasmoved by incubation with RQ1
RNase-free DNase (Promega, Mannheim, Germany).rBewanscription was performed by
incubation of RNA with random hexamer primers (Ramchexadeoxynucleotides, Promega)
at 70C for 10 minutes. After cooling on ice, AL dNTPs (25 mM), 1uL reverse
transcriptase (200 WiL™, M-MLV-RT, RNase H minus, Promega), i reaction buffer
(supplied with reverse transcriptase) angdl.5RNase free water were added. The sample was
incubated at 2% for 10 minutes, subsequently at@Zor 110 minutes and the reaction was
stopped by heating the sample atG2or 15 minutes. A fragment of the CyuC-like pintef

L. sanfranciscensis was amplified usingrag polymerase and primers cyuC-for3 and cyuC-
rev3 and cDNA as template (Table 21). All PCR neast were also carried out with DNAse-
digested RNA preparations to verify absence of mimsomal DNA.

4.1.9 Determination of the optical density, pH, orgnic acids formed during

fermentation

Samples of 25QI were taken for determination of optical densityo80 nm (ORyonn) USING
a plate absorbance reader (Sunrise, Tecan, Germ3ayples of 1.5 ml were taken for

determination of metabolites during fermentatiome Tconcentration of the fermentation
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substrates and end products were determined by HEels were removed oentrifugation
(14,000 xg for 5 minutes). The concentrationsladtic acid and acetic acid in the supernatant
weredetermined with a polyspher OAKC column (Merck, Datadt,Germany). The flow
rate was 0.4 ml mih the mobile phase consisted BfmM of H,SO, liter!, and the
temperature of the column wa@e°C. The pH was measured with a glass electrodecalh
counts were determined on MRS1-agar. The apprepdiaitionwas plated by using a spiral
plater (UL, KdnigswinterGermany), and plates were incubated at 30°C fdiot8s undea
controlled atmosphere (76%N0% CQ, 4% Q).

4.1.10 Influence of oxidants treatment on growth ihibition determined with a plate

assay

Different MRS-plates compositions (according to rmezhd growth conditions) were covered
with 1 ml of an overnight culture fronL. sanfranciscensis or the cognate mutant
TMW1.53Anox. After the plates dried up, sterile sensi-disc® (Biagnostics, Germany)
supplemented with diamide (final concentration dfl), H,O, (final concentration of 5 mM)
and paraquat (final concentration of 5 M) were eth the middle of the agar-plates. Plates
were incubated at 30°C for 48 h undetontrolled atmosphere (76%,N0% CQ, 4% Q).
The growth inhibition towards the oxidants was noeed as the diameter of growth inhibition

expressed in millimeters.

4.1.11 Determination of the effect of oxidants treaent on growth rates in MRS broth

According to Turner et al. (56) 500 uL of log-phassls were added to 4.5 ml of MRS
supplemented with 0.5 g’Lcysteine or without added cysteine containingezifi®o0 pl of
sterile double-distilled water (ddB) (0 mM paraquat)166 pl of 1 M paraquat (methyl
viologen; Sigma), and 333 pl sferile ddHO (30 mM paraquat) or 500 ul of 1 M paraquat
(90 mM paraquat). The cultures were incubated at 30°C owttrshaking.Growth was
monitored by measuring the optical density at 5®q@Dsgonn).

The influence of diamide treatment on growth rates determined in 10 ml of MRS1 and
MRS2 broth, respectively, and inoculated with ovgnh cultures of Lactobacillus
sanfranciscensis and TMW1.52nox. The strain cultures were incubated at 30°C usthic
conditions in both media, and were supplementetl &imM of diamide during a five hour

time course after they reached an optical densiB@a nm of 0.4.
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4.1.12 Nucleotide accession numbers

The nucleotide sequence of tHeactobacillus sanfranciscensis TMW1.53 glutathione
reductaseshR) and CyuC-like protein genes have been assigneds#meBank accession
numbers DQ866807 and EF422159, respectively. Theesee of the genomic region of nox
has been registered with the DDBJ/EMBL/GenBank luktas under the accession number
AB035801. The nucleotide sequences of thextobacillus sanfranciscensis TMW1.53
predicted MA/F&* transporters of the Nramp family MntH1 and MntH®tgin genes have
been assigned the Gene Bank accession numbers5e®4d0d FJ440570, respectively.
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42 RESULTS

4.2.1 Nucleotide sequence analysis of tHe sanfranciscensis TMW1.53 glutathione

reductase gene

The sequence of a complete open reading frame deggh® encoding a putative glutathione
reductase was obtained by inverse PCR. Sequendgsignmdicated the presence of an
imperfect Shine-Dalgarno sequence (AAGGAG), putativl0 and -35 sequences
corresponding to consensus sequences proposeddmbécilli (38), and a palindromic
sequence downstream from the termination codon AAACA-TGTTTTTA), indicating

that the glutathione reductase gene is expressedn@socistronic MRNA. Southern
hybridization of genomic DNA froniL. sanfranciscensis TMW1.53 with a probe targeting

gshR demonstrated that its chromosome harbours a stoghe of the gene (data not shown).

4.2.2 Analysis of the amino acid sequence comparegith bacterial glutathione

reductases

GshR codes for a 446-amino-acid protein GshR with aipted relative molecular weight M

of 48614 and a predicted pl of 4.79 (see chapt2s72figure 18). Blast searches showed
highest similarities with putative glutathione rethses froniactobacillus plantarum gshR2
(EMBL AL935255; 51% identity and 69% similarity #45 amino acids) anbactococcus
lactis (EMBL AE006318; 33% identity and 54% similarity 487 amino acids). Moreover,
GshR exhibited high similarities to the glutathiomeductases fromCyanobacterium
anabaena (EMBL X89712; 31% identity and 58% similarity in24 amino acids),
Pseudomonas aeruginosa (EMBL X54201; 31% identity and 50% similarity ird4 amino
acids) andcenterococcus faecalis (EMBL AE016830; 29% identity and 55% similarity 436
amino acids), these enzymes were characterized imchdmical level. The glutathione
reductase oE. coli (EMBL M13141) showed 26% identity and 53% simifain 436 amino
acids.

The superfamily flavoprotein pyridine nucleotideduetases share similarities in sequence
and structure (57). The sequences of the glutathf@ductases contain two dinucleotide-
binding motifs (DBM), the first domain is involvenh binding FAD, the second one in
NAD(P)H. The GG doublet is perfectly conserved witthe different glutathione reductases
and appears 5 residues downstream of the DBM. wsf contains also the two redox-

active cysteine-residues (see figure 38). GshR Lofsanfranciscensis contains two
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dinucleotide-binding motifs (DBM) and the GG douftleat are highly conserved in different
glutathione reductases (57). Most glutathione rethas contain the highly conserved
NAD(P)H binding site sequence (GXGYIAx18Rx5R) (34pwever, inL. sanfranciscensis

the first arginine residue in the Rx5R motif isleg@d by histidine. The ATG and GD motifs
that are present in most flavoproteins with twoudirotide-binding domains (57) are also

present in GshR df. sanfranciscensis.

DBM gpp GG
Ec. faecalis - - - MKTYDYI VI GGGSGE ASANRAGVHGANVLLI EGNEI GGTCVNVECVPKKVMAASS 57
E. coli - - MTKHYDYI Al GGGSGE ASI NRAAMYGQKCAL | EAKEL GGTCVNVEGCVPKKVMAHAAQ 58
C. anabaena - - MTFDYDLFVI GAGSGGELAASKRAASYGAKVAI AENDL VGGTCVI RGCVPKKLMVYGSH 58
P. aerugi nosa - - MBFDFDLFVI GAGSGGVRAARFAAGFGARVAVAESRYL GGTCVNVEGCVPKKLLVYGAH 58
L. sanfranci scensi MSNEFEYDVL YLGSGHGTFNGAI PLASKGFKI GVI EDGLI GGTCPNRGCNAKI LLDM TT 60
L. plantarum MINKYDYDVLY! GAGHATFDGAAPL AKTGVRVGVI ESGLI GEGTCPNRGCNAKI TLDEPVK 60
Lc. lactis ----- MFDYI | | GAGPGGELGLAYRLKTKDNKI Gl | ENDKWEBGTCPNYGCDPTKMMVAVWE 55
A . - % * . * * % % % * % .
Ec. faecalis MVEMVERDTAGYG-DVEI KNFSFKQLVENREKY! DFLHGAYNRGLDSNNI ERI HGYATFT 117
E. coli | REAI HMYGPDYGFDTTI NKFNWETLI ASRTAYI DRI HTSYENVLGKNNVDVI KGFARFV 118
C. anabaena FPALFED- AAGYGWQVGKAELNVEHFI TSI DKEVRRLSQLHI SFLEKAGVELI SGRATLV 117
P. aerugi nosa FSEDFEQ ARAYGWNSAGEAQFDWATLI GNKNREI QRLNG YRNLLVNSGVTLLEGHARLL 117
L. sanfranci scensi TQHDVKELQGSGLAG - | PEI NVKDNVEHKDEVI QLLPEAI GNVMMINAG DLI YGKGKLV 118
L. plantarum LTRETARLN- DI LSS- - APTI NWTANVAHKQE! | DPLPAGLTARLEDGGATI | HGHATFK 117
Lc. lactis AKSRVEQLKGQAE SG - ELNI DAKGLKSRKLNI TDPYEKSTFTGLKNAG ETI YGSAAFN 113
.. ) - )
ATGrap DBMnap@)H
Ec. faecalis CGEQTI EVNGTE- YTAPHI LI ATGGRPKKLG PGEEYAL DSNGFFALEEMPKRVWIFVGAGY 176
E. coli DAKTLEVNGET- | TADHI LI ATGGRPSHPDI PGVEYA DSDGFFALPALPERVAWGAGY 177
C. anabaena DNHTVEVGERK- FTADKI LI AVGGRPI KPELPGVEYA TSNEI FHLKTQPKHI Al | GSGY 176
P. aerugi nosa DAHSVEVDGQR- FSAKHI LVATGGWPQVPDI PGKEHAI TSNEAFFLERL PRRVLWGGEGY 176
L. sanfranci scensi DDHSI KVGNKE- YSADKI VI ATGAHYRKL DI SGNEL THDGTDFL SLKNQPERMTVI GSGY 177
L. plantarum DAHTVVVDDQQTI TAEKI VI ATGLKPHRLDI PGTKLAHDSSDFMNLKRLPQSI VI | GAGY 177
Lc. lactis DQGKLEVEGKT- YQAKTYI | ATGSRPRLLDI DGKEFLKTSNDFLALEEFPAQ SFLGSGP 172
. * * ek * . * . . * * . . % *
Ec. faecalis | AAEL AGTLHGL GAETHWAFRHERPL RSFDDM. SEKVVERYQEMGMQ HPNATPAKI EKT 236
E. coli I AVELAGVI NGLGAKTHLFVRKHAPLRSFDPM SETLVEVIMNAEGPQLHTNAI PKAVVKN 237
C. anabaena | GTEFAG MRGLGSQVTQ TRGDKI LKGFDEDI RTEI QEGMTNHG RI | PKNVWTAI EQV 236
P. aerugi nosa | AVEFAS| FNGLGAETTLL YRRDL FLRGFDRSVREHL RDEL GKKGLDLQFNSDI ARI DKQ 236
L. sanfranci scensi | ALEFANI AAASGTKVTVLMHHDVAL RKFYQPFVKVWWLNKLAEL DVKFVTNVNPQSI EKI 237
L. plantarum | GVEFATI ANAAGAQVTVM.HGDQAL RDFYQPFVAQVVDDLTERGVTFI KNANVQAFTKQ 237
Lc. lactis | SLELAQ AKAAGSDVTI | SRKKARVAHFDEEMGQEFI NYLKAQA KFI EDI SVDKVEKV 232
* * + * * . . . * . . .
ATG napE)H
Ec. faecalis AQ\- EYVI TFENGESI TTDAVI FGTGROPNTDQLA.ENTKVALDEKGY- - - - - - - - - - VK 285
E. coli TDG SLTLELEDGRSETVDCLI WAI GREPANDNI NLEAAGVKTNEKGY- - - - ------ 1V 286
C. anabaena PEGLKI SLSGEDQEPI | ADVFLVATGRVPNVDGLA.ENAGVDVVDSSI EGPGYSTIMNAI A 296
P. aerugi nosa ADG SLAATLKDGRVLEADCVFYATGRRPMLDDLGA_ENTAVKLTDKGF- - - - - - - - - - I A 285
L. sanfranci scensi DDD- - LI VKT- NQGDFKADW/LNATGRPANVEG GLDEVGVKYNHQE - - --------- E 283
L. plantarum DDQ- - FQVSYGDHQQLTTDW LDATGRI PNLDG.GA.DRI GVKYDRHGV- - - - - - - - - - - Y 284
Lc. lactis ADG- - FLLTDGTDFEHKTDLVI AGVGROPNSDKLNLEKVGVETDAKA - - - - - - - - - - - K 279
. * . * % . . * - *
GD motif G helix
Ec. faecalis VDKFQNTTONG YAVEDVI G- - KI DLTPVAI AAGRRL SERLFNGQTDLYLDYNLVPTVWWF 343
E. coli VDKYQNTNI EG YAVEDNTG- - AVEL TPVAVAAGRRL SERLFNNKPDEHLDYSNI PTVWF 344
C. anabaena VNEYSQTSQPNI YAVEDVTD- - RLNLTPVAI GEGRAFADSEFG- NNRREFSHETI ATAVF 353
P. aerugi nosa VDEHYQTSEPSI LALGDVI G - RVQLTPVALAEGVAVARRL FKPEEYRPVDYKLI PTAVF 343
L. sanfranci scensi VNDHLQTNI PSI YAAGDVL DKKVGKLTPTAI FES- EYLTDLFSGVTDKSI DYPAVPSAVF 342
L. plantarum VNDHLQTNVPNI YAAGDVLANDL PKVTPAAYFES- KYLMRLFSGQTSAPI DYPVI PSVWF 343
Lc. lactis VNEYLQTSNSKI YAMBDVL SKNQPHL TPVSSFEG- AYLGENLVKDEPQKI AYPAI PTI | F 338
* - - % * * * % -k ok . . . . . - %
Ec. faecalis THPPVATI GLTEKAALEEYGEDQVKI YRSSFTPMYFAL GEYRQKCDWKLI CVGKEEKI VG 403
E. coli SHPPI GTVGLTEPQAREQYCGDDQVKVYKSSFTAMYTAVT THRQPCRVKLVCVGSEEKI VG 404
C. anabaena SNPQASTVGELTEAEARAKL GDDAVTI YRTRFRPMYHSFTCGKQERI MVKLVVDTKTDKVLG 413
P. aerugi nosa SLPNI GTVA.TEEEALS- - AGHKVKI FESRFRPMKL TL TDDQEKTL MKLVVDAHDDRVLG 401
L. sanfranci scensi TTPRI AQVG SVDEDET- - NSNKYTI KDVDLATDWFRMIKNENEGTSKLI YD- NHGVLVG 399
L. plantarum TSPRI AQAGWKI PAAEK- - AG- - LTVSDNDLADYWYYQVSKEPI AASKQVHD- QDGHLVG 398
Lc. lactis

GTAKLAEVGHLAGEG ------- | HTKTLDLSSWYTYKRI NDPLAKLKVALN- EKREI VG 389
* . * L%
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Ec. faecalis LHG G GVDEM.QGFAVAI KMGATKADFDNTVAI HPTGSEEFVTMR- - - - 449
E. coli | HG GFGVDEM. QGFAVALKMGATKKDFDNTVAI HPTAAEEFVTMR- - - - 450
C. anabaena AHWGENAAEI | QGVAI AVKMGATKKDFDATVA HPSSAEEFVTMR- - - - 459
P. aerugi nosa CHWGAEACGEI LQE AVAMKAGATKQAFDETI G HPTAAEEFVTLRTPTR 451
L. sanfranci scensis ATEVSDQAEDSI STI LPAI EYQLTPKQ KHM SLFPTI GSESWBKL- - - - 445
L. plantarum VTEI SDQAEDAVNALLPAI EYQLDREQ DRLI G FPTI GYAAVWHRA- - - - 444
Lc. lactis ASTVSSVADEVI NLI NI LI QQKMTLADVEKM FTYPTVASDLEYFY---- 435

Figure 38.Amino acid sequence of the glutathione reductask. ehnfranciscensis TMW1.53 and
multiple alignment with the glutathione dehydrogess of Enterococcus faecalis, Cyanobacterium
anabaena, Pseudomonas aeruginosa and Escherichia coli as well as the putative glutathione
reductases frorhactobacillus plantarum andLactococcus lactis. The shaded boxes indicate the highly
conserved dinucleotide binding motifs (DBM) for FAlnding and NAD(P)H-binding. Other
conserved sequence motifs in flavoproteins suclz@s ATG:xp, GD and the G helix are also
indicated (57).

4.2.3 Insertional inactivation of the glutathione eductase gene and glutathione
reductase activity of the mutant strain

L. sanfranciscensis TMW1.53 was transformed with the non-replicatingagphid pME-
1AgshR yielding strainL. sanfranciscensis TMW1.53AgshR. Sequencing of the disrupted
glutathione reductase gene ensured that a singsaver integration of pMEADShR into
the chromosomajshR gene of TMW1.53gshR has taken place (see figure 39).

I T T T T 1
0 bp 1000 bp 2000 bp 3000 bp 4000 bp 5000 bp

complete gshR

_’ <_
gshknockV gshknockR
_> 4_
GTDHV T7
_’ 4_
eryv GTDHR
ATG 915 bp T7 3.500 bp eryv 1.150 bp TAA

I I
GTDHV gshknockR gshknockV GTDHR

Figure 39.Integration of pME-AgshR into gshR of L. sanfranciscensis TMW1.53. The location of
primers and the corresponding PCR products thag weed for sequencing of the disrupgstR are
indicated. Sequences derived from the integratiasmid are shaded black. ATG, start codon of
gshR, TAA, stop codon ofishR.

Crude cellular extracts of thegshR-mutant exhibited a glutathione-reductase actioityl4
nmol min* mg* compared to an activity of 45 nmol ritirmg* in the wild type strain,

indicating thaigshR encodes an active glutathione reductase.
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4.2.4 Contribution of the glutathione reductase tothe oxygen tolerance ofL.
sanfranciscensis

The tolerance of.. sanfranciscensis TMW1.53 and itsAgshR mutant towards oxygen and
superoxide radicals was determined in mMMRS mediunich contains 0.5 gt cysteine, and
in MMRS without cysteine. The wild type strain ralied aerobic conditions in either medium

whereas\gshR grew significantly slower in the presence of oxyge

25 ¢ A TB
20 ¢
157

10 ¢

Cell density (ODyqy )

05+

0.0

time (h)

Figure 40. Growth of.. sanfranciscensis TMW1.53 (A, A) andL. sanfranciscensis TMW1.53AgshR
(e, o) at aerobic conditions (black symbols) and anaerobnditions (open symbols). Experiments
were carried out in mMRS without cysteine (panelat in mMMRS containing 0.5 g L cysteine
(panel B). Results are representative for threeprddent experiments.

This difference was not observed in the absencexgfen or in the presence of 0.5 ¢ L
cysteine (see figure 40), indicating that g8BR mutant strain is more sensitive to oxidative
stress because it is unable to maintain a higladetiular levels of thiols. To determine the
sensitivity of L. sanfranciscensis TMW1.53AgshR to the superoxide radicals, the groveth
the mutant strain and.. sanfransicensis TMW1.53 were compared in growtmedium
supplemented with the superoxide-generating pataguaoncentrations ranging from 0
mmol to 49 mmol. Growth df. sanfranciscensis TMW1.53 was unaffected by paraquat, but
paraquat strongly inhibited the growthlafsanfranciscensis TMW1.53AgshR in the absence
of cysteine (Figure 41). When cysteine was addethéomedium, paraquat did not affect

growth of either strain (data not shown).

123



Chapter 4

3.5
30 ¢
2.5
20t
15
107
0.5
0.0

Cell density (ODgy, )

0 4 8 12 16 20 24 O 4 8 12 16 20 24
time (h)
Figure 41. Growth ofL. sanfranciscensis TMW1.53AgshR (Panel A) andL. sanfranciscensis

TMW1.53 (Panel B) in mMRS without addition of cyiske. To the media were added«),(30 (©) or
49 (V) mM paraquat. Results are representative for lependent experiments.

4.2.5 Cysteine and cystine transport by.. sanfranciscensis TMW1.53

To affirm thatcysteine transport complements the protective efiéglutathione reductase
during aerobic growth, cysteine transport by aeraky grown cells ofL. sanfranciscensis
TMW1.53 and TMW1.53gshR was estimated by determination of intra- and esdtalar
thiol levels after incubation in buffer with cystel The intracellular sulfhydryl levels prior to
cystein supplementation were 2.7 + 0.8 and 2.9#énol / unit cell density for the wild type
and mutant strains, respectively, and intracellthasl levels increased by 27 + 5 and 24 £ 6
nmol / unit cell density, respectively, upon adtitiof cysteine to cellular suspensions. A
concomitant decrease of thiol levels in the bulfferl10 £ 7 and 103 + 6 nmol, respectively,
was observed.

L. reuteri BR11 harbors separate transport systems for cyatidecysteine. Cystin transport
is mediated by CyuC and cognate ATP-binding and bmane-spanning proteins (20, 2IL).
sanfranciscensis TMW1.53 harbors an open reading frame coding fd264 amino acid
protein. The predicted gene product is 46% ideh@8&bo similar tocyuC of L. reuteri BR11.
The expression ofyuC in L. sanfranciscensis was verified by amplification of a 637 bp
fragment of cyuC from cDNA library obtained from exponentially gravg cells of L.
sanfranciscensis TMW1.53. Moreover, the genome sequence lof sanfranciscensis

TMW1.1304 is harboring a permease for L-cystinagporttcyB (60).
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4.2.6 Gene arrangement and regulation afox

The nox gene is of 1356 bp length and translateorderes a protein of 452 aa length, with
67% homology to the NOX df. brevis (15). Putative -10 and -35 promoter sequences were
found as TACAAT and as TTGTGT located -41 to -52 ar0 to -75 nt upstream thex
start codon. A palindromic sequence located dowastr of nox could function as a
termination signal, covered by nt 1543-1559 anti5®9-1587 (Accession AB035801). Taken
together, these observations indicate that thegeme ofL. sanfranciscensis is transcribed as
monocistronic unit. A sequence TGTAAACGATTA-CA spamg from nt -27 to nt -40 from
the nox start codon, showed high homology to a varietgrefsequences proven or believed
to be involved in catabolite regulation in Gram{fige bacteria. The positional distribution
of cre’s known to be active has been reported twithén approximately +/- 200 bp of the
translation start site (19). In agreement with,tthenox cre sequence is located between the-
10 region and the probable ribosome binding site.

4.2.7 Insertional inactivation of the NADH oxidaseggene and Nox activity of the mutant

strain

L. sanfranciscensis TMW1.53 was transformed with the non-replicatinggphid pME-Anox
yielding strain L. sanfranciscensis TMW1.53Anox. Sequencing of the disrupted NADH
oxidase gene ensured that a single crossover attegrof pME-JAnox into the chromosomal
nox gene of TMW1.58nox has taken place. Moreover, by southern hybrichratihe
integration success of the non-replicating plasRME-1Anox into the native NADH oxidase
gene was assured. Crude cellular extracts ofAifex-mutant exhibited a specific NADH
oxidase activity of 0.01 U nmigcompared to an activity of 0.10 U thin the wild type strain,
indicating thatnox encodes an active NADH oxidase. The growth corditiad no effect on
specific NADH-oxidase activity; activities were trsame under aerobic and anaerobic

conditions inL. sanfranciscensis TMW1.53 cultures grown in MRS1.

4.2.8 The effect of aeration on growth in differentmedia compositions

The growth of Lactobacillus sanfranciscensis TMW1.53 and its cognate mutant
TMW1.53Anox in different MRS media compositions were deterrdime static, anaerobic
conditions and compared with the growth velocityaarated cultures (see figure 42). Under
static, anaerobic growth conditions the wild typais (panel A) and the mutant strain (panel
C) exhibited growth only in MRS media supplementath fructose. The final OD after 24
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hours was higher and the growth velocity was irsedain cultures of the wild type strain
compared to the mutant strain in MRS2. In bothirssrathe lag-phase was highly increased in

media without fructose supplementation during theetcourse.

time (h) time (h)

Cell density (OD5g0nm)
Cell density (OD5g0nm)

Cell density (OD5ggnm)
Cell density (OD5g0nm)

time (h) time (h)

Figure 42. Growth otactobacillus sanfranciscensis TMW1.53 (panel A and B) and TMW1.A80x
(panel C and D) under static, anaerobic growth ttimms (panel A and C) and under aerobic (220
rpm) conditions (panel B and D). Depicted is tmeeticourse of the increase of optical density at 590
nM (ODsgonn in mModified MRS medium, MRS1e ; MRS2: 0; MRS3: ¥; MRS4: A; MRS5: m.
Results are representative for three independemriments.

L. sanfranciscensis TMW1.53 was able to grow in all five media compiasis in aerated
cultures, the final OD was higher in MRS1 and MRSbpplemented with a
manganese/magnesium stock solution compared to rhedia without Mn/Mg
supplementation (panel Bl.. sanfranciscensis TMW1.53 showed a manganese dependent
growth response, the final OD and growth velocigsvncreased in media supplemented with
manganeseL. sanfranciscensis TMW1.53 harbors two open reading frames coding for
putative Mif*/F€** transporters of the nramp family. The predictedegproduct ofMntH1

fragment is 86% identical 94% similar to a predictmanganese Nramp protein Bf
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pentosaceus ATCC 25745 andMntH2 fragment is 70% identical 86% similar to a preelict
manganese Nramp protein MntH2 lof plantarum WCSF1. The expression ddntH1 and
MntH2 in L. sanfranciscensis was verified by amplification of a 318 bp fragmeftMntH1
and a 239 bp fragment MntH2 from cDNA library obtained from aerobically, exponially
growing cells ofL. sanfranciscensis TMW1.53 in MRS1. The mutant strain was only able to
grow in MRS supplemented with fructose in aeratdtuces during the time course; in media
lacking fructose, the lag-phase was highly incrégpanel D). Again as shown in panel C,
the final OD was higher in MRS1 supplemented widnganese, and the growth velocity was
increased compared to cultures of the mutant sgnawn in MRS2. Remarkably, the growth
of L. sanfranciscensis TMW1.53Anox under anaerobic conditions was qualitatively
comparable to the growth of the mutant in aeratgaies in all five media compositions.

4.2.9 Determination of intracellular manganese levs in L. sanfranciscensis under static,

anaerobic or aerobic conditions

The intracellular manganese content in cellsLofsanfranciscensis was determined for
different growing conditions and media compositiahan optical density (Qghnn) of 1. The
results are the means * standard deviations froreethndependent experiments. The
manganese levels in cells bf sanfranciscensis were 10.07 + 0.8 uM ritl under aerobic
conditions (220 rpm, shaking) and 12.52 + 0.1 uM mmhder static, anaerobic conditions in
MRS-1, respectively. In MRS-2 broth without suppéerted manganese the contents were 9.4
+ 0.7 pM mi* under aerobic conditions, and 12.05 + 0.1 uM' mhder static, anaerobic

conditions, respectively.

4.2.10 Effect of agitation and aeration on formatio of organic acids during

fermentation

The growth and metabolites formed Hy sanfranciscensis TMW1.53 and mutant
TMW1.53Anox upon growth in MRS1 were determined under anaerobnditions and in
aerated cultures (see figure 4B).sanfranciscensis TMW1.53 grew to cell counts of 1.6 *
0.55 x 168 cfu/ml after 12 h of fermentation, and to cell ntiof 1.85 + 0.49 x Ffocfu/ml
after 24 h of fermentation in aerated cultures. dbgnate mutant TMW1.230x grew to 1.2

+ 0.66 x 18 cfu/ml after 12 h of fermentation, and to cell ntuof 1.5 + 0.65 x Tocfu/ml
after 24 h of fermentation, respectively. Undertistaanaerobic conditions the wild type
formed a fermentation ratio of lactate to acetdtd.@9 during a fermentation time of 12
hours, after 24 hours of fermentation the ratiaeased to 3.81. The formation of acetate

127



Chapter 4

during static, anaerobic fermentation can be erpthby the existence of oxygen in the head-

space of the falcon tubes.
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Figure 43. Formation of organic acids in aeratettuoes (panel A), under anaerobic, statically
conditions (panel B) after 12 hours and 24 hour$eahentation in MRS1. The concentrations of
lactate (black bar) and acetate (grey shaded baarmples of. sanfranciscensis TMW1.53 (wt) and
TMW1.53Anox (nox) are given. Shown are the means + standartiens from five independent
experiments.

The mutant TMW1.58n0x strain showed a fermentation ratio of lactate detate of 1.38
after a 12 hours fermentation time and a ratio.®8 2fter 24 hours of fermentation (panel B).
In contrast to stationary fermentéd sanfranciscensis TMW1.53 cells, the wild type strain
formed almost equimolar amounts of lactate andaseetinder aerobic conditions. Thus,
resulted in a fermentation ratio of 1.19 after b2its of fermentation and ended in a ratio of
lactate to acetate of 1.09 at the end of the tim@se. The ratio of lactate to acetate in
fermentations with TMW1.58nox remained almost unaffected during the fermentdiioe
under different oxygen proportions. Under agitataod aerobic conditions the ratio of lactate
to acetate was 1.70 after 12 hours of fermentatma, resulted in a ratio of 3.05 after 24

hours of fermentation (panel A).

4.2.11 Growth of L. sanfranciscensis TMW1.53 and mutant TMW1.53Anox in MRS

maltose medium supplemented with various fructoseoncentrations in aerated cultures

The growth ofL. sanfranciscensis TMW1.53 and mutant TMW1.2810x in MRS maltose (10

g LY broth with various fructose concentrations urenobic conditions (220 rpm) is shown
in figure 44. Under aerobic conditions the wild ¢yptrain showed an independent growth
response in regard to the availability of fructobe.contrast, growth of the mutant strain

TMW1.53Anox was dependent on the availability of fructose. Timgtant strain showed a
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fructose dependent growth response, the growth ciglowas increased in media
supplemented with different amounts of fructosdt@as of the mutant strain grown in MRS
without fructose reached comparable OD-values atetid of the fermentation when 5 mM

fructose was supplemented after 6 hours of ferntienta

0.8
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Figure 44. Growth ot. sanfranciscensis TMW1.53 (wt) and mutant TMW1.280x (nox) in MRS
maltose (10 g ) with various fructose concentrations under agrabinditions (220 rpm)e , wt in
maltose without fructosé], wt in maltose + fructose (10 mMY, nox in maltose without fructosa;
nox in maltose + fructose (2 mMa&;, nox in maltose + fructose (5 mM), nox in maltose + fructose
(20 mM); O, nox in maltose without fructose, after 6h + fnsg (5 mM). Shown are the means *
standard deviations from three independent expeaitsne

The final OD-values of the mutant strain in medigp@emented with fructose were
comparable to the values of the wild type straithatend of the time course. Moreover, the
mutant strain TMW1.58nox was unable to grow in media without fructose unaerobic
conditions, whereas the wild type strain showedumtbse independent growth response

under aerobic conditions.

4.2.12 Influence of oxidants treatment on growth ihibition of L. sanfranciscensis

TMW1.53 and mutant TMW1.53Anox in a plate assay

To verify the protective role of Nox against oxigat stress inL. sanfranciscensis, the
sensitivities of the wild type strain and the matdMW1.53Anox to oxidants, such as
diamide (thiol-specific oxidant), #D, and paraquat were determined using a disc sahgitiv
assay. The results in table 22 indicated that tbeant strain was more sensitive to diamide

treatment in comparison to the wild type strain &RS-plates without fructose
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supplementation. The influence of diamide treatm@ngrowth inhibition ofLactobacillus
sanfranciscensis TMW1.53Anox (panel A) andL. sanfranciscensis TMW1.53 (panel B) on
MRS-plates supplemented with 10 g maltose as the sole carbon source, could alsedre s
in figure 45. The diameter of inhibition for the tant strain was determined as 35.2 = 0.9
mm and for the wild type strain 13.1 £ 0.5 mm. Heasitivity of the mutant strain towards
H.,O, and paraquat treatment was not so distinct inrashto the wild type strain and the
thiol specific oxidant.

Table 22 Sensitivities olL. sanfranciscensis TMW1.53 and mutant TMW1.2%hox to oxidants.

Zone of inhibition (diameter, mm)

Wild-type Nox mutant
Oxidant MRS1 MRS2 MRS3 MRS4 MRS5 MRS1 MRS2 MRS3 MRS4 MRS5
Diamide 23+0.9 23+1.3 22+1.4 22+15 25%1.3 25+2.4 21+1.5+139 32+2.2 38+2.4
Paraquat 6+0.9 6£1.3 10+1.6 6+0.6 10£1.2 10+£1.7 6+1.0 16+112+1.2 18+2.0
H-O, 42+3.2 43124 43+1.8 44+3.2 47135 43+2.8 42+2.0+312 50+2.1 53+2.5

Shown are the means + standard deviations frone thdependent experiments.

Figure 45. Influence of diamide treatment on growthibition of Lactobacillus sanfranciscensis
TMW1.53Anox (panel A) and.. sanfranciscensis TMW1.53 (panel B) on MRS-plates supplemented
with 10 g L* maltose. Shown are the zones of inhibition after days of incubation at 30°C.

4.2.13 Contribution of the NADH oxidase (Nox) to tk oxygen tolerance ofL.

sanfranciscensis

The growth response towards paraquat and diamideseréfied of the wild type strain and its
cognate mutant TMW1.2810x in MRS broth. Cultures of the mutant strain gromrMRS
supplemented with 90 mM paraquat without addedeaystshowed a slightly more sensitive
growth response in comparison to mutant strainuoegt grown in MRS supplemented with
cysteine. The lag-phase was increased and the lyre@ocity was reduced, resulted in a
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decreased final OD-value (see figure 46). In cattrgrowth of the wild type strain towards
paraguat was unaffected in both media compositidhe. mutant TMW1.58nox showed
also a distinct growth response towards diamid&RS broth, indicated by a decreased
growth rate during a five hour time course. The antstrain showed an increased OD-value
of 0.570 in MRS1 and of 0.406 in MRS2 during thedicourse, in comparison, the wild type
strain showed an increased OD-value of 0.639 in MBR& 0.658 in MRS2. Thus, indicating

that growth of the mutant strain was affected andde in culture fermentations.
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Figure 46. Growth response lofsanfranciscensis TMW1.53 (wt) and mutant TMW1.2810x (nox) in
MRS supplemented with 0.5 g'lcysteine (panel A) and MRS without addition ofteyise (panel B).
To the media were added different amounts of patagu, wt without paraquatf], wt + 30 mM
paraquat;¥, wt + 90 mM paraquaty, nox without paraquaw, nox + 30 mM paraquat], nox + 90
mM paraquat. Results are representative for tm#ependent experiments.

4.2.14 Other enzymes and antioxidative compounds valved in the oxidative stress
response olL. sanfranciscensis

Based on this work using inverse PCR and degenkmmieners of known sequences for
specific genes of interest involved in oxidativeess response from other bacteria, the
genome sequence approachlofsanfranciscensis TMW1.1304 by Vogel et al. (60), and
partial genome sequence bf sanfranciscensis TMW1.53 (40), respectively, a scheme is
proposed for the enzymes included in the detoxiboaof reactive oxygen species and

possible effects of antioxidative compounds iisanfranciscensis.
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H,O, + Fe? wmmmb OH + OH" + Fe3* Mn?*, Cys, GSH, Frc
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Oxidases compounds \
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2H, H20; | \
Internal Mn2*-pool / \
Peroxidases ‘-‘
1
1
1
1
1
.
S-S Protein NADPH, H*
damage
Fructose/
Mannitol
TrxA Donor,, Donor 4
TrxA g

Oxidoreductases 1 NADH oxidase (nox)
2 Superoxide dismutase
3 Thiol peroxidase

Tpr 4 NADH peroxidase

RNRS 5 Ribonucleotide reductases (RNRs)
6 GshR/Glutaredoxin
7 Thioredoxin
8 Thioredoxin reductase
9 Other oxidoreductases

TrxB,, 10 Mannitol dehydrogenase

11 Manganese transporter
12 Cystin-cysteine transporter (thiol)

Figure 47. Insight of involved enzymes to achievedox homeostasis inLactobacillus
sanfranciscensis under oxidative stress conditions (similar to (Rey antioxidant enzymes are

indicated by numbers, a reference is included farymes that were characterized on genetically
and/or biochemical level, the presence of otheymes is deduced from literature data

. NADH oxidase (this work, from chapter 4.2.6; (23, 34, 53))

. Predicted superoxide dismutase (10)

. Thiol peroxidase (60)

NADH peroxidase (this work, see chapter 5.2; (40))
Ribonucleotide reductases (RNRs; this work, septen®.2; (40, 60))

Glutathione reductase/Glutaredoxin (this work, fromapter 4.2.1; (23, 40, 60))
Thioredoxin (this work, see chapter 5.2; (40, 60))

Thioredoxin reductase (this work, see chapter (@@, 60))
Other oxidoreductases (40, 60)

© 0 N o o bk wWwDdRE

10.Mannitol dehydrogenase (this work, chapter 4.2(2&; 40, 60))
11.Manganese transporter (this work, from chaptei84(80))
12.Cystin-cysteine transporter (thiol; this work, cteaapt.2.5; (60))
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The proposed scheme (figure 47) showed not theenalbmpassing response af
sanfranciscensis due to oxidative stress, but focuses on main engyimelved and non-
enzymatic actions inside the cell, respectivelyguercome the toxic effect of reactive oxygen
intermediatesL. sanfranciscensis do not produce typical heme-containing cytochrorues
catalases (60); nonetheless, the organism is walbtad to growth in aerobic environment.
The defence of aerotolerant microorganism to oxyweaicity are enzymes transforming the
intermediates, such as peroxidases, or much simgsier involvement of oxygen in the
metabolism. Several reactive oxygen species caellgemerated during the cellular metabolic
action; oxygen is partially reduced to water legdia the formation of reactive ;pecies,
e.g. superoxide anion radical {}) the hydroxyl radical (OH, and hydrogen peroxide
(H20,). These oxygen intermediates have a high oxidipoigntial and thus are responsible
for cellular oxygen toxicity (8, 14).

The effect of the NADH oxidase (nox) was evaluatethis study, whereas the main function
of the enzyme was the regeneration of the oxidipgddine nucleotide under aerobic
conditions (see figure 42 and 43, respectively)sitenabling the organism to produce acetate
from acetyl-phosphate and the synthesis of an iaddit ATP (22). The genome di.
sanfranciscensis TMW1.1304 is harboring amongst others at leasteehi -lactate
dehydrogenases and three D-lactate dehydrogenkgs i{f was proposed that their key
function is NAD regeneration (60). The occurrence of a superoxidenutase inL.
sanfranciscensis CB1 was postulated by de Angelis et al. (10),altgh an analog sequence
for a SodA gene is missing in the genomelofsanfranciscensis TMW1.1304. All the
peroxidases, e.g. thiol peroxidase, NADH peroxidase a putative thioredoxin reductase as
well as other oxidoreductases were presented igtoef 47 based on homologous sequences
to other microorganism on nucleotide level (40,.60he influence of the glutathione
reductase during the aerobic lifelofsanfranciscensis TMW1.53 was shown in figure 40 and
41, respectively (23). The expression of the pnstethioredoxin, thioredoxin reductase,
glutaredoxin-like NrdH, and the ribonucleotide rethses NrdE and NrdF inside the cells by
the wild type strain of.. sanfranciscensis TMW1.53 under aerobic conditions (shaking 220
rpm) was evaluated according to chapter 4.1.8cBNAs showed a specific PCR amplificate
with primers derived from the gene sequences (kapter 5.2, data not shown); indicating
their expression under aerobic growth conditionshef strain. The transfer of antioxidative
compounds, e.g. manganese, cysteine or cystingtlgione was somehow shown in chapter

4 for L. sanfranciscensis TMW1.53, and on further genetically level for sanfranciscensis
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TMW1.1304 (60). A proposed ability df. sanfranciscensis TMW1.1304 to convert L-
alanine into L-cysteine by using a cysteine desaffa is given on genetically level (60); thus,
participating in maintaining redox homeostasis migithe aerobic life of the strain.
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4.3 DISCUSSION

4.3.1 Influence of the glutathione reductase duringhe aerobic life ofL. sanfranciscensis
TMW1.53

This studyconsidered a potential role of glutathione redwectasthe oxygen tolerance bf
sanfranciscensis. Generally, aerobic growth of lactic acid bacteeguires the presence of
catalase and / or NADH-oxidases to remove hydrqoeoxide (9, 35). Several thiol-active
enzymes additionally contribute to the toleranceaafic acid bacteria to oxygen, including
the thioredoxin-thioredoxin reductase (Trx-TrxR)upte (58, 59), cyst(e)ine uptake and
metabolism (56), and the glutathione-glutathiordiotase system.
Streptococci harbor glutathione reductases thatblenshe cells to create a reducing
environment and which are overexpressed duringoaegrowth (41, 55, 63). Some strains of
Lactococcus lactis accumulate glutathione in response to aerobic tiondi (32). This study
demonstrated thagshR-deficient mutants ofL. sanfranciscensis TMW1.53 exhibited a
decrease tolerance to oxygen and superoxide. Mergdlre insertional deletion ajshR
reducedthe aerobic growth rate df. sanfranciscensis but did not fully eliminate oxygen
tolerance in this strain. Putative thioredoxin,tgtedoxin, and thioredoxin reductase genes
may serve as additional pathways to maintain iethalar redox homeostasis in the absence
of an active glutathione reductase.
Oxygen tolerance . sanfranciscensis TMW1.53AgshR could be restored by addition of
cysteine to the medium, indicating that tisBR mutant strain is more sensitive to oxidative
stress because it is unable to maintain high iethalar levels of thiols. Little is known about
cysteine transport systems in lactic acid bactenaSaccharomyces cerevisiae, several
permeases with broad specificity contribute to eyst transport (12). Bacterial cystine
transport systems exhibit a high specificity forstoye (6, 20, 21)L. sanfranciscensis
internalized cysteine to increase intracellulaolthevels and the rates of cysteine transport as
well as the intracellular thiol levels were gengrah agreement with cysteine transportlin
reuteri (56). Moreover, the strain expressed a gene wvigth homology to CyuC of. reuteri.
Becausel. sanfranciscensis does not exhibit cystathioninelyase activity to liberate thiols
from cystine or cysteine, it remains unclear whetlgstine transport contributes to
intracellular thiol homeostasis or serves nutrilorequirements.
In conclusion, this study demonstrated that GshR.@anfranciscensis plays an important
role to the oxygen tolerance bf sanfranciscensis. It is remarkable thagshR homologues
135



Chapter 4

were furthermore detected in several other spetfiéactobacilli, whereas.. pontis, andL.
reuteri, species that are not capable of growth at aerofmditions (54)are harboring no
gshR homologue, and exhibited no GshR activity. Thustdaacilli differ in their use of thiol-
dependent redox systems, and the contributioneof/éinious thiol compounds to the oxygen

tolerance and aerobic growth of lactobacilli magyer a relevant area of future research.

4.3.2 The influence of changes in fermentation conns on the growth response of
Lactobacillus sanfranciscensis TMW1.53 and mutant TMW1.53Anox

Moreover, the functional characterization of a NADdkidase inL. sanfranciscensis
TMW1.53 was carried out using a Nox-deficient mutaf the wild type strain. Gene
regulation ofnox could be due to catabolite regulation; the cleamblogy between the
sequences upstream of the sanfranciscensis nox gene and the&re consensus sequence
account for a catabolite regulationlinsanfranciscensis. Catabolite regulation afox makes
sense in a way that the use of oxygen as electtoapéor, which is catalyzed by Nox,
represents a link to the central sugar metabolisin sanfranciscensis. The question remains
whether glucose or some kind of oxygen mediatedulagign is the trigger for gene
regulation. However, Oxy-R dependent binding sdssin the gene coding for the NADH
peroxidase oOE. faecalis (47) were not found.

Compared to the aerobic respirationLattococcus lactis, which involves the expression and
regulation of several proteins in the presencevailable heme (42),. sanfranciscensis lacks
the respiratory chain. The growth velocity and rheli#e formation was not enhanced under
respiratory conditions (aerobic, plus 8 UM hemea arenaquinone), done previously in our
lab, thus an activated electron transport chairidcbe excluded irL. sanfranciscensis. The
non-existence of genes essential for respiratorytalbodism could be supposed in
Lactobacillus sanfranciscensis, e.g. cytochrome oxidase, menaquinone biosyntlaesidieme
uptake.

The flavoprotein NADH oxidase df. sanfranciscensis catalyses the direct reduction of ©
H,O by NADH (44). In turn, aerobic growth &f sanfranciscensis in different MRS-media
compositions was found to result in a higher ficall yield and growth rate than anaerobic
growth, suggesting more efficient production of Ad#ing aerobic growth, as also described
by Stolz et al. 1995 (53).. sanfranciscensis has been shown to use the acetate branch
whenever electron-acceptors such as fructose agesxgre available, thereby increasing its
energy and growth yield. The wild type strain cogtdw in all five media-compositions with

an enhanced growth velocity and final OD-value iadm supplemented with manganese
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under aerobic conditions. In aerated cultures,aWeslability of fructose was not a limiting
growth factor, in contrast to higher cell yieldsdultures incubated with manganese. Thus,
indicating the role of Mfi in the detoxification of superoxide by superoxidismutase
(SodA) (10), and also the non-enzymatic detoxiftwabf free radicals (25). For example,
plantarum maintains a remarkably high cytoplasmic conceiatnadf Mn?*, but is essentially
devoid of iron and heme (2), it is suggested thatge portion of Mfi" is ‘free’ in a chemical
relevance and substitutes functionally for iron dmne (25). Thus, the lesser amount of
intracellular manganese in aerobically grown cefl&. sanfranciscensis could count for the
fact, that ‘free’ manganese provides a basis foh@mical quenching agent of radicals. An
enhanced manganese-coupled SodA activity couldbaateen irl. sanfranciscensis CB1,
when the cells were cultivated in the presence.bm@M paraquat (10). The two manganese
transporters MntH1 and MntH2 could be essential fdn®* homeostasis inL.
sanfranciscensis TMW1.53.

The mutant strain TMW1.9%ox showed a fructose-dependent growth response under
aerobic conditions, by lacking an active Nox enzytime strain was unable to use oxygen as
an electron acceptor. In contrast to the wild tgbein, the mutant grew only in MRS
supplemented with fructose, by using the carbohltgdaa an external electron acceptor. The
availability of an external electron acceptor widicide whether ethanol or acetate (+ATP) is
formed. Lucey and Condon assumed that the ethaaotb is no more than a salvage route,
permitting growth when an external electron accejstoot available (37).

The shut-down of the ethanol branch of the phosptodtse pathway in the presence of
oxygen seems to be very common among heteroferthentiactic acid bacteria. Acetyl
phosphate is a key metabolic intermediate in théerbfermentative pathway of.
sanfranciscensis, representing a branching point of the carbon f{@X). The increased
acetate/lactate ratio accumulated during fermeortatif L. sanfranciscensis under aerobic
conditions showed that an electron balance waseaeti by using oxygen as an external
electron acceptor. The mutant strain was unabtedenerate reduced coenzymes in form of
NADH by Nox in aerated cultures, and resulted inlexreased acetate/lactate ratio. The
carbon flux was directed towards the reduced eonduymt ethanol when reduced coenzymes
were regenerated. Some heterofermentative ladtichacteria ferment fructose, using it both
as a growth substrate and as an electron accepdor3@, 48),L. sanfranciscensis used
fructose exclusively as an external electron acrepfhe mutant strain TMW1.3310x

showed that with an increase of fructose concaatrah the medium, the same maximum
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OD value was achieved in comparison to the wilcetggrain at the end of the fermentation.
However, growth was fully impaired in medium withoadded fructose. This study
additionally considered a potential role of NADH igdese fromL. sanfranciscensis to
overcome oxygen toxicity. Generally, aerobic grovathlactic acid bacteria requires the
presence of catalase, superoxid dismutase, andNADH-(per)oxidases to remove reactive
oxygen species (9, 36). Several thiol-active enzyadditionally contribute to the tolerance
of lactic acid bacteria to oxygen, including thetkdoxin-thioredoxin reductase (Trx-TrxR)
couple (58, 59), cyst(e)ine uptake and metaboli&®),(and the glutathione-glutathione
reductase system (23). This study showed that thanh strain TMW1.58nox exhibited a
decrease tolerance to thiol specific oxidativesstrand superoxide. The inhibition of growth
upon diamide treatment on MRS-plates could be redtby supplementation of fructose; in
cultures of the mutant strain, the inhibition ofamiide could be restored by manganese
supplementation. Recently it was shown, th@andida albicans induced several
oxidoreductases after treatment with the thiol @iy agent (30). Moreover, the insertional
deletion of nox reduced slightly the growth rates after treatmerth paraquat in MRS
without added cysteine. The growth deficit could nestored by addition of cysteing.
sanfranciscensis internalized cysteine to increase intracellulaoltfevels; the rate of cysteine
transport, as well as the intracellular thiol levelere generally in agreement with cysteine
transport inL. reuteri (56). Moreover, the strain expressed a gene wigh homology to
CyuC ofL. reuteri (23).

In conclusion, for heterofermentative lactic acigcteria, it has been observed that under
aerobic conditions the growth yield, as well as ATé> yield, was markedly higher than that
under anaerobic conditions. The balance betweemating to attain maximal energy yields
and maintaining redox balance is shifted in fawothe energy gain, whdn sanfranciscensis
transfers the electrons to external electron aocepsuch as fructose or oxygen. The
importance of NADH oxidase is likely to lie in méaming the intracellular redox balance,
thus assuring fast aerobic growth by the consumpbioNADH. The essential function of
Nox is that it allows @to act as a terminal electron acceptor, justilikeore conventional,
but much more complex respiratory systems (42)eréstingly, the fact thatl.
sanfranciscensis exhibits one of the smallest genomes approximately Mb) (11, 60) is
accompanied by a one enzyme minimalistic strategyiniprove energy vyield under
aerobiosis. Several other species of lactobati#ilL. pontis, L. reuteri, L. fermentum andL.

amylovorus are described not being able to grow under aerodmclitions (54). The defense
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of L. sanfranciscensis to oxygen toxicity is the involvement of oxygenthe metabolism by
Nox-activity. Thus, lactobacilli differ in their sponse to oxygen, and their ability to use O

in central carbon flux may prove a relevant arefutafre research.

4.3.3 Insight into the oxidative stress response bf sanfranciscensis

The microorganism is lacking heme and is devoidytbchromes, exceptional is a gene for
cytochrome d ubiquinol oxidase subunit 1 in theagee ofL. sanfranciscensis TMW1.1304
(60). Moreover, the observation of even weak catalactivity is not notable (data not
shown), which has been shown to be associatedandthss of catalases that is independent of
a heme requirement (62). The activity of non-heratalase was found to be widespread
among strains of lactobacilli (13); a non-heme leag& ofLL. plantarum ATCC14431 was
heterologously expressed in several lactobacilit,isas found to be only active In casai;
thus, the result was attributed to the comparatikrmal manganese levels inside both strains,
whereas the other genetically modified LAB exhibite 10- and 100-fold lesser internal
amount of manganese (45). The co-expression ofrexige dismutase and catalase provides
extensive oxidative stress resistancelirrhamnosus; upon addition of 10 mM }D,, the
survival ratio of the recombinant strain was 40@Hbigher than that of the wild type strain
(1). Furthermore, the expression of a recombinaahganese SodA gene in lactobacilli
provides protection against hydrogen peroxide ioxi®); the activity was pronounced In
reuteri compared to the other strains due to the avaitgbdf sufficient manganese ions
inside the cell. The maintenance of high intradafluMn-levels inL. reuteri could be
guaranteed by Mn(ll)/Fe(ll) transporter (Accessiommber: AE014283), and a putative
proton-dependent manganese transporter (Accessimer: AY267207). Both transporters
belong to the MntH or Nramp superfamily, similarttee presented manganese transporters
for L. sanfranciscensis in chapter 4.2.8. An active superoxide dismutase If.
sanfranciscensis CB1 was postulated by de Angelis et al. (10), alth in the genome
approaches no homologous sequence of SodA wasveldserl.. sanfranciscensis TMW1.53
(40) andL. sanfranciscensis TMW1.1304 (60), respectively. A study by Archibatohd
Fridovich (1981) demonstrated that lactic acid eaat which contained high intracellular
levels of Mrf*, were devoid of true superoxide dismutase activ@tgnversely, those which
possessed true SodA activity did not contain higrels of MA". It was proposed that high
Mn?*-levels represents a substitution for SodA acti(@ The determination of intracellular
manganese levels In sanfranciscensis TMW1.53 was shown in chapter 4.2.9, and already

discussed in chapter 4.3.2; thus, the adaptionigh Imtracellular levels of manganese
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resultant from life in manganese rich media (flquiant sources) could lead to an increased
oxygen tolerance ih. sanfranciscensis.

As mentioned in chapter 1, NADH peroxidases orltheyoxidases resume the role of heme-
containing catalases by reducing intracellular leeé H,O,, while also regenerating oxidized
pyridine nucleotide (20, 47). The sequence of daghione peroxidase was derived from
alignments with known sequences from the databasé.fsanfranciscensis TMW1.1304
(60), and a sequence for NADH peroxidase was getetay using inverse PCR technique
(see chapter 5.2 and (40)) lin sanfranciscensis TMW1.53. Both possible enzymes could
have a main impact in detoxification of®} in L. sanfranciscensis as shown in figure 47; the
peroxidases might have exceed importance in maintpiredox homeostasis compared to
GshR (23) due to the absence of a heme-cataldse genome of. sanfranciscensis (60).

The ability to respond to reactive oxygen internages requires mechanism to minimize the
occurrence of thiol oxidation (figure 47); the undhce of the glutathione reductase to the
aerobic life ofL. sanfranciscensis TMW1.53 was presented earlier in this thesis @ee
(23)); the genome of. sanfranciscensis TMW1.1304 contain no homologous genes for
glutamylcysteine synthetasegsfiA) and glutathione synthetas@siiB), indicating that
glutathione has to be imported from the medium.(80fomplete glutathione system for
fermentum was presented by Kullisaar et al. (29); glutathieyathesis, uptake and redox
turnover ability arranged ih. fermentum lead to an increase in tolerance against oxidative
stress of the strain. Glutathione was found to ijpl@yrotection against exposure tgd4 and

is most likely functional as a scavenger of reactixygen intermediates (51). Other studies
revealed that the protective role of reduced dhibaie against cryodamage of the cell
membrane of.. sanfranciscensis is partly due to preventing peroxidation of menmerdatty
acids and protecting Na(+),K(+)-ATPase (64). Mot is proposed that glutathione could
protect certain key metabolic enzymes via S-thiotatagainst cold stress irl.
sanfranciscensis; protein SH groups form mixed disulfides with lamelecular weight thiols.
Another predicted protective mechanism of glutatRicagainst cold stress is its role in
preventing intracellular pH-drog;. sanfranciscensis cells cultivated in broth supplemented
with glutathione showed a significant increase ntracellular pH during the cold-treated
process for 30 days in comparison to cells witlamded glutathione (65). The inactivation of
a gene responsible for glutathione productioh.iplantarum WCFS1 affected survival of the
strain under KO, stress; an overlap between the glutaredoxin aiwdetfoxin system was

postulated fok.. plantarum using DNA-microarrays (51). Extracellular low-molgar weight

140



Chapter 4

thiols, e.g. glutathione, cystine, and cysteinspeetively, were demonstrated to be the major
contributors to changes in the redox potential (Hif)e possible role of changes in thiol
concentrations inside and outside of cells in thec@sses of signal transduction and redox
regulation of cellular functions was discussed txgy@brskii et al. (39). It was proposed that
in tested bacterial cultures lik& coli, glutathione and cysteine may be responsibleffer t
major contribution to the generation of Eh leaps.

Furthermore, on the basis of sequence similaripiutaredoxin-like protein, two thioredoxin
reductases, a putative thioredoxin peroxidase, #mde thioredoxin-like proteins were
identified in the genome df. sanfranciscensis TMW1.1304 (60). Some of these genes were
also found irL. sanfranciscensis TMW1.53 (see chapter 4.2.14 and 5.2); their impaetains

to be evaluated during aerobic conditions, but @ékpression was already shown in broth
fermentations. The overexpression of gene trxBllted in a 3-fold overproduction of
thioredoxin reductase (TR) activity and higher stsice toward diamide and,® in L.
plantarum WCFS1. Disruption of trxB1 resulted in a cognateant strain with decreased TR
activity (2.5-fold) and in a 19% lower growth ratader aerobic conditions compared to the
wild-type (51). Thus, both systems, glutathionetafluione reductase and thioredoxin-
thioredoxin reductase, respectively, are playirguial role in resistance towards oxidative
stress in lactobacilli (see also figure 47). Redersitive amino acid side chains such as
cysteine-thiols that monitor redox signals inclglioxygen, cytoplasmic redox state or the
production of reactive oxygen species are commobaicteria beside other specific sensors
(16). Redox sensors control the processes thatifumio maintain redox homeostasis, usually
at the level of transcription. The OxyR transcoptifactor is a key regulator of the coli
response to oxidative stress (61). The genome approfL. sanfranciscensis TMW1.1304
revealed a redox-sensing transcriptional repregsex) (60), his function during aerobic
conditions or in regeneration of pyridine nucleetideems to be another trigger for
sanfranciscensis to cope environmental stress.

In addition, genes for ribonucleotide reductasedl, nrdH (glutaredoxin-like),nrdg, and
nrdF were observed in the genomelofsanfranciscensis TMW1.53 (this work and (40); the
operon consists of a gene clustedHEF (see chapter 5.2). As mentioned in chapter 4.2.14,
those genes were expressed during aerobic growttheofstrain in fermentation broth.
Staphylococci contain a class Ib NrdEF ribonuctmtieductase (RNR) that is responsible for
the synthesis of deoxyribonucleotide precursorsDiNiA synthesis and repair under aerobic

conditions. The genes encoding RNR are containeghimperon consisting of three genes,
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nrdlEF, whereas many other class Ib RNR operons contafough gene,nrdH, that
determines a thiol redoxin protein named NrdH (#3Yitro, S aureus NrdH was found to be
an efficient reductant of disulfide bonds in low{exular weight substrates. Moreover, its
ability to reduce NrdEF is comparable to that abtldoxin-thioredoxin reductase (43). The
ribonucleotide reductase systemlLofactis was presented by Jordan et al. (24), they showed
that the system consist of an NrdEF-type enzymd, arsmall electron transport protein
NrdH. The NrdEF enzymes use NrdH proteins as @edtansporter in place of thioredoxin
or glutaredoxin used by NrdAB enzymes. The impdcRbBR during the aerobic life of
lactobacilli involved in glutaredoxin-like and tmexloxin-thioredoxin reductase systems may
prove also a relevant area of future research amen-existence of scientific work related to
this phenomenon.

In conclusion, as proposed in figure 47 sanfranciscensis is well adapted to maintain redox-
homeostasis during oxidative stress. The influencesome key enzymes involved in
detoxification of oxygen intermediates were evaddabased on cognate knockout mutants of
L. sanfranciscensis. An almost complete glutathione system is existent sanfranciscensis,
composed of glutathione reductase, peroxidaseganaredoxin-like proteins, only genes for
the synthesis of GSH are missing in the genomé.danfranciscensis. Uptake of thiol
substrates from the environment are accomplisheth wie help of several transporter
systems. Nonetheless, several more factors havéetoelucidated, e.g. peroxidases,
thioredoxin reductase-thioredoxin system, RNR, agdox sensors inside the cells lof

sanfranciscensis to get an overall picture of the oxidative stressponse.
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CONCLUDING REMARKS

The comprehensive aim of this thesis was to find eharacterize metabolic activities of
lactobacilli that are relevant in wheat sourdoughmentations and contribute to the final
bread aroma and volume, respectively. This aspest eutlined in the title of this thesis
“Contribution of thiol- and hydroxycinnamic acidsetabolism of sourdough lactobacilli on
structural and sensorial properties of wheat breddsreover, an insight was given into the
oxidative stress response lafsanfranciscensis; this germ is the predominant microorganism
in type-l-sourdough fermentations. In the earlygghaf evolvement, sourdough contains a lot
of dissolved oxygen; it could be also introducet ithe dough during the kneading. In both
situations, an oxygen tolerant microorganism hasathges in competition as compared to
strictly anaerobic organisms. It should be mentibtieat in all chapters of this thesis focus
was laid onL. sanfranciscensis. Nonetheless, screening approaches in chaptenfaroed
thatL. sanfranciscensis is not capable to generate volatile aroma odofsrimentations with
phenolic compounds. Therefore, other lactobaciravutilized to find enzyme activities able
to generate volatile aroma compounds from hydroxyamic acids.

The importance of gluten proteins for the bakingldgu of wheat flours is explained by their
ability to form high molecular weight aggregateattire stabilised by covalent bonds and
non-covalent interactions between monomers. The afssourdough in wheat baking
improves the sensorial and nutritional quality loé foroducts. Especially proteolytic events
during fermentation are highly relevant for theraeoformation in wheat breads; however, the
amount of the glutenin macropolymer is stronglyuestl during sourdough fermentations.
Lactobacilli from sourdough were characterized wiéspect to their glutathione reductase
(GshR) activity;L. sanfranciscensis, the cognate mutamtgshR, and two strainsL({ reuteri
and L. pontis) that are GshR—negative, respectively, were useelvaluate their impact on
thiol levels during wheat sourdough fermentatidnssanfranciscensis increased thiol levels
in wheat doughs, whereas a decrease of thiols isereed in wheat doughs fermented with
L. sanfranciscensis AgshR. The extracellular accumulation of thiols is pautarly relevant in
wheat doughs. The quality and quantity of gluteatgins in wheat flours is of paramount
importance for wheat bread quality, and the intdemdar disulfide crosslinks of glutenin
subunits to form the glutenin macropolymer are depat on the presence or absence of low
molecular weight sulfhydryl compounds. The direnpact of the glutathione reductaselof

sanfranciscensis on gluten proteins during sourdough fermentatias shown in figure 21.
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The degradation of the glutenin fraction was déwgaby approx. 20% between the wild type
strain ofL. sanfranciscensis and the mutant TMW1.28yshR. Thus, the knockout of a single
enzyme activity resulted in a decreased gluteniwork breakdown during wheat sourdough
fermentations. It should be noted that attentiooukh focus not only on single enzyme
reactions by the sourdough microbiota, but alsammverall screening approach of different
lactobacilli in regard to redox potential during edt sourdough fermentations. Thus, an
overall perception concerning the reductive or akige potential of lactobacilli during
fermentations could lead to the best selectioreohéntation microorganism in respect to the
desired quality parameter.

Crucial results were obtained in respect to thaesdrof ferulic acid during wheat sourdough
fermentations (see figure 24) while performing thealyses for the above mentioned
determinations on thiol levels; thus, resultedhi@ ¢xaminations of chapter 3 “Distribution of
enzyme activities in lactobacilli able to generattatile aroma compounds from hydroxy-
cinnamic acids”. The liberation of ferulic acid thg wheat sourdough fermentations by
sanfranciscensis was the starting point, and led to the followingesiions: Are lactobacilli
able to release bonded ferulic acid in arabinoxgarnng wheat sourdough fermentations? Is
this a strain specific phenomenon? Is the libenatdd ferulic acid during fermentations
achieved by microbial or exogenous enzyme actsities the redox potential in the dough
system the main factor for ferulic acid releasdardusourdough fermentations? What are the
fates of free forms of phenolic acids in fermemias? By using database analysis the
sequencedLactobacillus genomes were examined for putative arabinoxylagratkng
enzymes to identify distinctive features for thetaelism of plant cell wall backbone in
lactobacilli. The cascade for generating volatimnaa compounds by degradation of
arabinoxylan should be composed of the followingyemes: 1. endo-1,8-xylosidase and
xylanase, 2a-L-arabinofuranosidase, 3. cinnamoyl esterase hénglic acid decarboxylase
(see also figure 23)L. brevis TMW1.1326 encoded several proteins with the abild
hydrolyze glycosylated plant secondary metabolité® characterization of the recombinant
a-L-arabinofuranosidase arfiixylosidase, respectively, confirmed active enzymih the
ability to degrade water-soluble wheat arabinoxyla@@innamoyl-esterase activity of
lactobacilli was determined using a plate screerampgroach with ethylferulate as the
substrate; the free form of hydroxycinnamic acigisthe requirement for gaining volatile
aroma compounds during fermentations. The physicdbgests for predicted cinnamoyl

esterase activity could be ensured on a genetidadigkground. Predicted esterases of
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lactobacilli able to hydrolyze esterifies hydroxycamates were heterologously expressed
and characterized. Moreover, the fate of the filmerdted ferulic acid was verified by a PCR-
screening for phenolic acid decarboxylase geneseirected lactobacilli. In fermentation
studies with lactobacilli using mMRS broth suppleteel with ferulic acid and coumaric
acid, respectively, the fermentation supernatargsevanalysed by HPLC to determine the
conversion of the substrates to volatile aroma aamgs, e.g. 4-vinyl-2-methoxyphenol.
Moreover, a combination ok. brevis TMW1.1326 andL. pontis TMW1.1086 showed
capable results related to the generation of aetieena odors. With the culture combination
and wort as the fermentation substrate, almostull 4-vinylguaiacol and 60uM 4-
vinylphenol were accumulated after 120 hours. Tlibe, selection of strains capable of
generating aroma active substances in wheat sogind@umentations and the best choice of
wheat cultivar in respect to phenolic contents doldad to aroma enhancement. A
combination of strains for substrate fermentatisaems to have potential in regard to the
ability to liberate improved aroma doughs.

Finally, an insight of the oxidative stress resmoms Lactobacillus sanfranciscensis was
given; two main enzyme activities NADH oxidase agidtathion reductase, respectively,
were examined irL. sanfranciscensis and their role in maintaining redox homeostasis wa
elucidated. This study demonstrated that GshR. snfranciscensis plays an important role
to the oxygen tolerance bf sanfranciscensis (see chapter 4). An almost complete glutathione
system is existent ih. sanfranciscensis; composed of glutathione reductase, peroxidasg, an
glutaredoxin-like proteins, only genes for the ssis of GSH are missing in the genome of
L. sanfranciscensis. Uptake of thiol substrates from the environmamt accomplished with
the help of several transporter systems. Moredeeheterofermentative lactic acid bacteria,
it has been observed that under aerobic conditimmgrowth yield, as well as the ATP yield,
was markedly higher than that under anaerobic ¢tomdi The balance between attempting to
attain maximal energy yields and maintaining retalance is shifted in favor to the energy
gain, whenL. sanfranciscensis transfers the electrons to external electron aocgsuch as
fructose or oxygen. The importance of NADH oxidésékely to lie also in maintaining the
intracellular redox balance, thus assuring fasbl@ergrowth by the consumption of NADH.
The essential function of Nox is that it allows 0 act as a terminal electron acceptor, just
like in more conventional, but much more complespreatory systemd.. sanfranciscensis is
lacking heme and is devoid of cytochromes, excepti®s a gene for cytochrome d ubiquinol

oxidase subunit 1 in the genomelofsanfranciscensis TMW1.1304. A higher growth yield
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for L. sanfranciscensis under aerobic conditions in medium supplementeith weme and
menagquinone, respectively, could not be seen impanison to normal nutrient broth (data not
shown). Thus, an activation of a respiratory chiaib. sanfranciscensis was not observed.
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5. APPENDIX

5.1 GENERAL MATERIALSAND METHODS

5.1.1 Used equipment in the studies according to apter 2, 3, and 4.

Table 23. Equipment

Equipment Model Supplier
Anaerocult devices Anaerobic jar Merck Millipore
Analytical balance CPA Sartorius, Scaltec unstents
Autoclave 2540 ELV, Varioklav Systec GmbH, H+&blortechnik
Blotting oven MINI 10 MWG Biotech AG
Centrifuge Sigma 1K15, 6-16K Sigma Labortechnik

J-6, J-2 Beckman

Hermle Z383K, Z382K
Bio-Rad Gene pulser
Stereomikroskop

Electroporation system
Fluorescence microscopy

FPLC Biologic HR
Model 2128 Collector
Gel chamber Easy Cast
Gel documentation Herolab
HPLC Ultimate 3000
Incubator Certomat
Heraeus B5042E
Memmert INB
Laminar flow HERA safe
Luminescence Spectrometer LS 50B
Microscope Axiolab
MQ water Euro 25, RS90-4/UF pure
water system
Nanodrop Nanodrop 1000
PCR-Cycler Primus 96 Plus
Mastercycler gradient
Cycler
pH electrode InLab 412
pH device Knick pH 761
Photometer Novaspellq
Pipettes Pipetman

TECAN Spectrafluor
TECAN Sunrise

Plate readers

Power supplies

MPP 2x3000 Power S.

Hermle Labortechnik
Bio-Ralobratories
Carl ZeiebH
Bio-Rad Laboratories
Bio-Rad Laboratories
Owl Separation Systems
Herolab
Dionex
B. Braun Biotech
Heraeus Instruments
Memmert GmbH & Co. KG
Heraeus Instruments
Perkin Elmer
Carl Zeiss GmbH
SG Wasserauitieige GmbH

Peglab Biotechnologie Bmb
MWG Biotech AG
Eppendorf AG
Applied Biosystems
Mettler-Toledo
Knick
Pharmacia Biotech
Gilson-Abomed
TECAN GmbH
TECAN GmbH
MWG Biotech AG

Electrophoresis PS EPS3000 Pharmacia Biotech
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Rotary evaporator
Sequencer
SDS-PAGE
Shaking devices

Spiral plater
Stirrer

Thermo block
Ultrasonic bath
Ultra sonification

UV table
Vacuum controler
Water bath

VV2000 Heidolph

Model 377A Applied Biosystems

Mini Protean IlI-System Bio-Rad Laboras
Certomat R B. Braun Biotechrirggonal

Vortex 2 Genie Scientific Industries Inc.
- IUL
IKA Labortechnik
Thermo-Dux GmbH
Bandeliotebmic
Dr. Hielscher GmbH
Bandelin electronic
Herlab GmbH Laborgerate
KNF Neuberger
LAUDA Dr. Wobser GmbH

Techne DRI-Block DB3
Sonorex Super RK 103H
UP 200S
SONOPLUS/SH70G
Herolab UVT 28M

Lauda BD

5.1.2 Expendable materials

Other materials used in the studies according &ptehn 2, 3, and 4.

Table 24. Other materials

Material Type Supplier

Anaerocult C mini, A Merck

Electroporation cuvettes - Biozym Scientific Birh
Filter, sterile Filtropur S 0.2m Sarstedt

HPLC column C18rp 100 x 4.6 mm Phenomenex Ltd.

Polyspher OAKC column
Multi well 96 flat bottom

_1@(1)

Microtiter plates
Nylon membranes

PCR reaction tubes

Petry dishes 92 x 16 mm

Pipet tips ul, 10 ul, 200ul, 1000yl
Reaction tubes 2 ml, 1.5 ml, 20D
Sensi-discs sterile

Tubes, sterile 5 ml, 15 ml, 50 ml
TLC Silica gel TLC 60 WFs54s
VISKING dialysis tubing 20/32

FPLC columns HisTrap HP

Merck
Saeslt
Amersham Biosciences
Sarstedt
Sarstedt
Peqglab
Eppendorf
Becton Dickinson GmbH
Sarstedt
Merck
SERVA
Amersham Biosciences

5.1.3 Kits

Kits used in the studies according to chapter 2n8,4.

Table 25, Commercially available kits

Kit Type Supplier
DIG-DNA Labeling Mixture Southern hybridization Bloe Diagnostics
E.Z.N.A. Bacterial DNA Kit DNA isolation Omega®Tek Inc.

GenomelLalTCS-Quick Start Kit Sequencing

KOD hot start DNA polymerase DNA polymerase
PeqgGold plasmid miniprep kit Plasmid miniprep
PeqgGold gel extraction kit Gel extraction
QIAquick PCR purification kit PCR purification

Beckman Coulter
NovagdID chemicals
REBB Biotechnologie
PEQLBBtechnologie

Qan GmbH
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RNeasy Mini kit RNA isolation Qiagen GmbH
Wizard Plus SV Minipreps DNA  Plasmid isolation Frega

5.1.4 Chemicals

Chemicals used in the studies according to ch&pterand 4.

Table 26. Chemicals

Chemical Purity Supplier

6 X DNA loading dye - Fermentas GmbH
Acetic acid 99-100% Merck

Acetone HPLC grade Carl Roth GmbH
Acetonitril HPLC grade Carl Roth GmbH

Acrylamid-bis solution
Agar

Agarose

Ampicillin sodium salt
Ammonium chloride
Ammonium persulfate
Arabinan

Arabinose

Arrow Tag-polymerase
Arrow Tag-polymerase
Bio-Rad Protein assay
Biotin

Boric acid

Bromphenol blue

BSA

CaCbx 2 HO

Caffeic acid

Calcein

Chloroform

Citric acid

Cobalamine

Coumaric acid
Cyanocobalamine
Cycloheximide
Cystathionine
Cysteine hydrochloride
Diamide

Di-ammonium hydrogen citrate

Dithiothreitol
DMSO

DNA Polymerase
dNTP

DTNB

DTT

EDTA
Erythromycin
Ethanol, denatured

30 % (wiv)

93.3%
>99.5% p.a.
Electrophoresis grade
~ 95%
> 98%

~ 98%

>99.5%
Electrophoresis

fraction V for bio use

p.a.

p.a.
p.a.
p.a.

p.a.

p.a.

p.a.

>99.5% p.a.

high purity
for molecular biology

99% with 1% MEK

SERVA
Difco
Biozym Scientific GmbH
Gerbu Biotechnikn®H
Carl Roth GmbH
SERVA
Megazyme
Sigma-Aldrich
MP Biomedical
Invitrogen
Bio-Rad Lab. GmbH
Sigma-Aldrich
Carl Roth GmbH
Sigma-Aldrich
Merck
Merck
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Merck
Sigma-Aldrich
Carl Roth GmbH
Promega
MP Biomedical, Invitrogen

Sigma-Aldrich

Gerbu Biotechnik GmbH

Sigma-Aldrich

Sigma-Aldrich
Laborbedadrié
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Ethanol, absolute
Ethidium bromide
Ethyl acetate

Ethyl ferulate

FD restriction buffer
FD restriction enzymes
Ferulic acid

Folic acid

Formic acid
Fructose

Glucose

Glycerol

Glycine

GSH

GSSG

H,0,

HCI 37%

HEPES buffer
Imidazole

IPTG

Iron sulfate heptahydrate
Isopropanol
KH.PO,

KoHPO, x 3H,O
Kalium acetate
KCI

Ketobutyrate

KPi buffer

Lactic acid
Lysozyme
2-Mercaptoethanol
Maltose

Meat extract

MES buffer
Methanol

Methyl caffeate
Methyl coumarate
Methyl-tert-butylether
MgCl, x 6 H,O
MgSO, x 7 H,O
MnC|2

MnSQO, x 4 H,O
MTT

NacCl

NADH

NADPH

NaH,PO,

NaHPO,

NaOH

NH4CI

>99.8%
1% in $O
p.a.
98%

99%
p.a.

p.a.
for biochemical use

for biochemical use
99.5% high purity
p.a.

p.a.

for biochemical use

p.a.
p.a.
p.a.
p.a.
p.a.
p.a.
p.a.
p.a.

for biochemical use

HPLC-grade

p.a.
p.a.
p.a.
p.a.
p.a.

p.a.
p.a.
p.a.
p.a.

VWR
Merck
Merck
Sigma-Aldrich
Fermentas GmbH
Fermentas GmbH
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Gerbu Biotechnik Grhb
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Gerbu Biotechnik GmbH
Fluka Chemie Bmb
Scharlau Chemie S.A.
Carl Roth GmbH
Merck
Merck
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
SERVA
Sigma-Aldrich
Merck
Merck
Sigma-Aldrich
Mallinckrodt Baker B.V.
Sigma-Aldrich
Sigma-Aldrich
Oxeno GmbH
Merck
Merck
Merck
Merck
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Merck
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n-Hexane

n-Propanol

Nicotinic acid

Ninhydrin

PAGERulef™ Protein Ladder
Pantothenic acid
Paraffin oil

Paraquat

Peptone from caseine
Phenazine methosulfate
Phosphoric acid
p-Nitrophenol
p-Nitrophenolacetate
p-Nitrophenolbutyrate
p-Nitrophenolcaprylate

p-Nitrophenyl arabinofuranoside

p-Nitrophenyl xylopyranoside
Pyridoxal 5’-phosphate
Primer

1-propanol

Proteinase K

Pyridoxal-HCI

Random hexadeoxynucleotides

Reverse transcriptase
Riboflavin

RNase H minus
RNAprotect

RNAse

RQ1 RNase-free DNase
SDS

Sodium acetate x 3@
Sodium citrate

Sodium gluconate
Sodium phosphate
Sucrose

Sulfuric acid

T4 DNA Ligase

TEMED

Thiamine HCI

Thymine

Tris

Tris base

Tris HCI

Tween 80

Water

Wheat arabinoxylan insoluble
Wheat arabinoxylan soluble
Wort

Xylan

Xylose

p.a.
p.a.
p.a.
p.a.
p.a.

for microbiology

HPLC grade
spec. grade

research grade
p.a.
p.a.
p.a.
p.a.
HPLC-grade

p.a.
p.a.

p.a.
ultra pure

ultra pure
p.a.

molecular biology grade
~ 80%
> 95%

pre-stage beer process

Merck
Merck
Sigma-Aldrich
Merck
Fermentas GmbH
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
MWG-Biotech AG
Carl Roth GmbH
Roche diagnostics
Sigma-Aldrich
Promega
Promega
Sigma-Aldrich
Promega
Qiagen GmbH
Roche diagnostics
Promega
SERVA
Merck
Merck
Merck
Merck
Gerbu Biotechnik GmbH
Merck
Fermentas GmbH
Merck
Sigma-Aldrich
Sigma-Aldrich
MP Biomedicals
ICN Biomedicals GMBH
Merck
Mallinckrodt Baker B.V.
Sigma-Aldrich
Megazyme
Megazyme
Weihenstephaner
Megazyme
Sigma-Aldrich
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Yeast extract for microbiology Merck

5.1.5 Restriction enzymes

All restriction enzymes used in this work were pded by MBI Fermentas GmbH, St. Leon-
Rot, Germany and applied as recommended in manuéat instructions. Sometimes Fast

Digest enzymes were used to reduce the incubatest

5.1.6 Plasmids

As mentioned in chapter 3, heterologously expressfcenzymes was achieved with the help
of plasmid pBADBMyc-His B (Invitrogen). The pBAMyc-HisB plasmid is a pBR322-
derived expression vector designed for regulateskedlependent recombinant protein
expression and purification iB. coli. Optimum levels of soluble, recombinant proteie ar
possible using tharaBAD promoter (Bap) from E. coli. The regulatory protein, AraC, is
provided on the pBADMyc-His vectors allowing regulation ofgkb. In the presence of L-
arabinose, expression fromAB is turned on while the absence of L-arabinose ywes very

low levels of transcription fromdzp.

PBaD ATG MCS myc 6xHis gterm

pBAD/Myc-His
A.B,C
4.1 kb

Figure 48. The figure summarizes the features ®@p®AD/Myc-His vector, for more information see
alsowww.invitrogen.com

The plasmid pME-1 (see chapter 2 and 4) was tram&fo inE. coli DH5a and used for the
construction of the integration vector pMRAgshR and pME-WAnox, respectively. The
plasmid PNG201 was transformed in reuteri BR11 (formerly L. fermentum BR11)
according to Turner et al. (see chapter 4) to alitareuteri BR11AcyuC defective in the L-
cystine binding protein CyuC.
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5.1.7 Media

Lactobacilli listed in chapter 2 and 3 were cultedh in modified MRS (MMRS) medium
according to Stolz et al. (1995).

Table 27. Composition of MMRS-medium

Reagent Quantity
Maltose 10.0g
Fructose 500
Glucose 50¢9
Peptone from casein 1009
Yeast extract 50¢
Meat extract 509
Ko,HPO, x 3H,0 409
KHPOy 2649
NH,CI 3.0¢
L-Cystein-HCI 05¢g
Tween 80 10g

Mg?*-Mn?*-stock solution 1.0 ml
Vitamin-Mix-stock solution 1.0 ml
MQ water ad1.0L
pH 6.2

For agar plates, 1.5% agar was additionally ad@iled.components were dissolved in 800 ml
MQ water; all sugars were dissolved separatelyGa el MQ water. Sugars and the other
components were autoclaved separately, and mixgditer after cooling. Finally, 1 ml sterile
filtrated Mg*-Mn?*-stock solution (MgS®x 7 H0, 100 g/L; and MnS©x 4 H,0, 50 g/L)
and 1 ml vitamin-mix-stock solution (0.2 g/L cobmlae, 0.2 g/L folic acid, 0.2 g/L nicotinic
acid, 0.2 g/L panthotenic acid, 0.2 g/L pyridoxaGiand 0.2 g/L thiamine) were added.

All E. coli strains (e.g. TOP10, DH)» were cultivated using LB broth (peptone from case
10 g/L, yeast extract 5 g/L, NaCl 5 g/L, MQ watdrlalL, pH-value of 7.2) or LB agar plates,

additionally 1.5% agar was supplemented.

5.1.8 Preparation of electro competenk. coli cells and transformation approach

200 ml LB broth in an Erlenmeyer flask was inocethtl% with an overnight grown pre-
culture ofE. coli. The cells were incubated on a horizontal shakér @/min at 37°C, and
grown to an optical density (OD 58 of 0.5-0.6. Following, the cells were harvested b
centrifugation (4°C, 6000 U/min, 15 minutes) andshed twice with 200 ml sterile, ice-cold
MQ water and once with 30 ml glycerol (10% (viVPubsequently, the washed cells were
resuspended in 1 ml glycerol (10% (v/v)), aliquotedlOOul and deep-frozen in an ethanol

bath (-80°C) or used directly in transformationsngselectroporation. The transformations
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were conducted with a Gene Pulser using appropeiatettes. 10Q electro competent cells
were thawed and mixed together withuP ligation mix, then transferred to pre-cooled
cuvettes. After transformation, 9@ SOC broth (yeast extract 5 g/L, tryptone 20 glaCl
0.6 g/L, potassium chloride 0.2 g/L, magnesium ke 10 mM, magnesium sulphate 10
mM, and glucose 20 mM) was instantly added to #its,cthe cells were incubated at 37°C
and 220 U/min for one hour. Subsequently, the ogse streaked out on LB agar plates
supplemented with ampicillin and incubated aerdhicavernight at 37°C. Grown
transformants were picked with sterile toothpicksl again struck out on LB agar plates
supplemented with ampicillin. The cloning succesasvassured with colony PCR using
specific primer sets (forward primer: derived frane cloned gene; reverse primer: derived
from vector pBADBMyc-His B). Positive clones were incubated in 25 ml IldBoth

supplemented with ampicillin, harvested, and cnyibuced.

5.1.9 Determination of protein concentrations and erformance of SDS-PAGE gels

The Bio-Rad protein assay, based on the methodraéif8rd was used for determining
protein concentrations. One dimensional sodium dgdesulphate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed to evalyabtein size distribution in crude
cellular extracts as well as purified fractionseaffPLC. The 12% polyacrylamide gels were
prepared as follows. The separating gel contain®d &l MQ water, 2.5 ml Tris-HCI (1.5 M,
pH 8.8), 40ul of 25% SDS solution and 4 ml of acrylamide/bis¥80The stacking gel
consisted of 3.05 ml MQ water, 1.25 ml Tris-HCIH®, pH 6.8), 2Qul of 25% SDS solution
and 665 ul of acrylamide/bis 30%. The cross-linking of thelg was started after
supplementation of 5QI ammonium persulfate (APS) 10% and AIRTEMED. After gel
formation, 10ul of sample was mixed with 1@ of denaturating buffer and heated for five

minutes at 94°C.

Table 28. Composition of denaturating and electoogs$is buffer

Denaturating buffer Electrophoresis buffer
Reagent Quantity Reagent Quantity
Tris-HCI 0.5 M pH 6.8 1.0 mi Tris base 9.0g¢g
Glycerol 87% 92@ul Glycine 43.2 g
SDS 25% 70Q SDS 309
2-Mercaptoethanol 400 MQ water 600 ml
Bromphenol blue 400! pH 8.3

MQ water 4.58 ml
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10 ul of denatured protein fractions were applied te tpel cavities; for protein size
determination 1 PAGERulef protein ladder was used. Separation was startéd utfor
15 minutes, and then voltage was increased to 120r \Approx. two hours. Proteins were
visualized by Coomassie staining method. Followitigg gels were immersed in staining
solution (filtrated mixture of 80 ml MQ water, 120 ethanol, 100 ml acetic acid (20%), and
one tablet PhatGBfBlueR) and heated in a microwave for one minutebsgquently, the
gels were gently shaken for at least 10 minutesin®g solution was discarded and a de-
staining solution (40 ml ethanol, 20 ml acetic a(i®0%), 140 ml water) was applied and
heated again in the microwave for approximately oneute. The de-staining solution was
exchanged and the gels were shaken for 3-4 hoiunally; the gels were washed with MQ
water and digitalized by scanning.

5.1.10 PCR and agarose gel electrophoresis

Generally, DNA was amplified with thermo cyclersRIRIUS 96 plus) by using Taq Core
polymerase. Unless stated otherwise, 1.5 mM MJZP2 mM dTNPs, 0.5M primers, water,
and 1.5 U Taqg polymerase were used for PCR. Stdratarditions for PCR were as follows:
Initially, genomic DNA was denatured (94°C/3 mikpllowing, 32 cycles were performed
consisting of a denaturation step (94°C/1 min)rim@r annealing step (melting temperature
of primer minus 3°C/45 seconds), and an elongasimp (72°C, depending on fragment
length — extension rate of the polymerase, 1 khibein PCR’s for cloning or sequencing
purposes were performed with a proof-reading pohase (KOD Hot Start DNA
polymerase). 1.5 mM MgSO4, 0.2 mM of each dNTP, IMBof primers, water, and 0.02
U/ml KOD polymerase was used in PCR. Standard tomdi for PCR were as follows:
Initially, genomic DNA was denatured (94°C/20 sat®)n Following, 32 cycles were
performed consisted of a denaturation step (94°6€¢20nds), a primer annealing step (lowest
primer Tm°C for 15 seconds), and an elongation 6I6AC, depending on fragment length —
extension rate of KOD, 1 kb/15 seconds for targé&00—1000 bp).

Agarose gel electrophoresis was performed to etaltre amplification success. 1-1.5%
agarose gels were prepared with 0.5 x TBE buffer{TBE buffer: 150 g/L Tris, 26.2 g/L
boric acid, 9.0 g/L EDTA, pH-value of 8.9) or 1 YAE buffer (50 x TAE buffer: 0.1 M
EDTA, 1 M acetic acid (100%), 2 M Tris, pH-value&®), respectively. PCR products were
mixed with a loading dye in a ration of 5:1. Sepiara was routinely performed in
electrophoresis chambers (120 x 138 mm) at 90-1Z0r\bne hour. DNA ladders were

applied and served as a control. Gels were stamitd ethidium bromide; the DNA was
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visualized under UV-light (wavelength 320 nm) aithlfly digitalized by gel documentation
system.

5.1.11 Isolation of genomic DNA, plasmids, and puication of PCR products

PCR products obtained in chapter 2, 3, and 4 wendigd using the QIAquick PCR
purification kit; for preparative TAE agarose gélhe isolation was achieved by using the
PeqgGold gel extraction kit. Plasmids were isolatét the help of PegGold plasmid miniprep
kit or Wizard Plus SV Minipreps DNA kit according the manufacturer’s instructions.
Chromosomal DNA of lactobacilli for screening sesliwas isolated using the E.Z.N.A.
bacterial DNA kit. In general, the evaluation ottlsolation success was determined by
analytical agarose gel electrophoresis. Moreovs, dmount of DNA was quantified by

analysis with a Nanodrop 1000 device accordindgp¢onhanufacturer’s instructions.

5.1.12 Digestion and ligation
Restriction enzyme digestions with the appropriatzymes and ligations with T4-DNA

ligase were performed according to the recommeodaf the manufacturer (Fermentas).

5.2 SEQUENCES

The nucleotide sequence of tHeactobacillus sanfranciscensis TMW1.53 glutathione
reductasegshR) and CyuC-like protein genes have been assignedsé#neBank accession
numbers DQ866807 and EF422159, respectively. Theesee of the genomic region radx
has been registered under the accession number58BQ3The nucleotide sequences of the
Lactobacillus sanfranciscensis TMW1.53 predicted Mfi/Fe’* transporters of the nramp
family MntH1 and MntH2 protein genes have beengassi with accession number FJ440569
and FJ440570, respectively. The genes of the Hetgrasly expressed cinnamoyl esterases
of lactobacilli used in chapter 3 possess the Wahg accession numbers: BAG26088 for
Lactobacillus reuteri TMW1.106, BAG27654 forLactobacillus fermentum TMW1.890,
CAD65143.1 forLactobacillus plantarum TMW1.460, ABJ61050 fotactobacillus gasseri
TMW1.1173, AAV43644 forlLactobacillus acidophilus TMW1.697, and ABX27728 for
Lactobacillus helveticus TMW1.1176. The cloned genesladctobacillus brevis TMW1.1326

for a-L-arabinofuranosidase protein afidxylosidase protein possess the accession numbers
YP_796302 and YP_794569, respectively.
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Appendix

Sequence of theystathionine+y-lyaseof Lactobacillus fermentum TMW1.890:

ATGAAGTTTAACACCCAATTAATTCACGGCGGCATTAGCGAAGACCCAACCACCGG&GCGGTTTCGACCCCAA
TTTACCGCTCCTCAACCTTCCGTCAACACGTCCTCGGCGGTGGCCCCAAGTGGGAATACGCGGACCGGCAAC
CCGACCCGGGCCTCCTTGGAACTCTTAATGGCCCAACTAGAAGAAGGGGTTGCTGGCTTCGTTIGCCTCGGG
ATCGGCCGCCATCCACGCCGTCTTTTCCCTCTACTCCTCCGGCGATCACTTCATCATEBEAAGGACGTCTACGG
GGGGACCTTCCGTTTGATCAACAAGGTCCTGAAGCGTTTCGGCCTCGAATTTAGCGI TGTCGACACCCAGGACC
TAGCGGCGGTCGAAGCGGCCGTGCAAGACAACACGGTGGCCATTTACTTTGAXCACCCACCAACCCGCTCTT
GGAGGTTTCAGACATCGAAGCGATTGCTAAGATCGCCAAGAAGCATGGCTTAAGACGGTCATTGATAACACC
TTTGCCACGCCGTATAACCAACGCCCGCTGACCCTGGGCGCCGACATTGTAGTTCACTCTGACCAAGTACCT
GGGCGGTCACTCCGACGTGGTGGGGGGGATTGCCGTTACGAACGACGAGGAAABCCGAACAGTTGGCCTTC
ATCCAAAACTCGATTGGCGCCGTCCTTGGGCCCGACGACTCCTGGCTTCTGATGCGGGATTAAGACCCTCGG
CGCCCGAATGCGGATCCACCATGAAAACACCGCCGCCGTCATTGAACTGTTGGAAAAGEBCCCGCGGGTTGCT
CGGGTACTGTACCCGGGGCTGCCAGATTTCCCGGGACATGATATCGCGGCTAAGCAABGACCACTTCGGCG
CCATGGTGTCCTTTGAACTGCAAACGGGGCTCTCGGCAAAGAAGTTTGTCGAAAGCTGCAGGTGATTACCCT
AGCCGAAAGCCTCGGTGGGATCGAGAGCCTGATTGAAGTGCCGGCGGTGATGACCCAHEGTTCCATTCCGCGT
GAGGTCCGCCTGCAAAACGGGATTAAGGACGAATTGATCCGCTTGTCGGTTGGGACGAAGACGAAGAAGAC
CTCGTGGCAGACTTACAGCAAGCCCTGGACCAATTATAG

MKFNTQLIHGGISEDPTTGAVSTPIYRSSTFRQHVLGGGPKWEYARTGNPTRAALELLMAQLEEGVAGFAFASGSAA
IHAVFSLYSSGDHFIIGKDVYGGTFRLINKVLKRFGLEFTVVDTQDLAAVEA AVQDNTVAIYFETPTNPLLEVSDIEAI
AKIAKKHGLKTVIDNTFATPYNQRPLTLGADIVVHSATKYLGGHSDVVGGIA VTNDEEIAEQLAFIQNSIGAVLGPD
DSWLLMRGIKTLGARMRIHHENTAAVIELLEKDPRVARVLYPGLPDFPGHDIAAK QMDHFGAMVSFELQTGLSAK
KFVESLQVITLAESLGGIESLIEVPAVMTHGSIPREVRLONGIKDELIRLSVGEDEEDLVADLQQALDQL

Sequences df. sanfranciscensis TMW1.53 related to genes involved in the oxidasiuess
response (see also chapter 4.3.8):

Glutaredoxin-like NrdH (accession numbefABK51755)

...MNSITVFTKNNCIQCKMTKRFLEEHNIDFVEKNTSENPEFVTYLKELGFQVVR/VEVEGAESFTGFRPDCLNKLVA
EFA

Thioredoxin (accession number: ABK51756)

...MTIVDFWAPWCGPCKIMDPILDKLEQQFAGKVKFAKVNVDNQQEIAKEYSVY GMPTFVLFKNGKGVEKVTGVY
PIEKLTHYLNRKLEEVENSNG

Thioredoxin reductase(accession numbefABK51757)

MSRKLYDITIGGGPIGMFAGFYAGMRNAKVQIIESLSELGGQVNALYPEKTILDVAGFAGLKGSELINNLQTQLDTM
PEVEQRVGTKVTNVIRKDDHFEIETDQATYETKAVILATGNGSFKPRELRADNVDAVAEKFITYSVRDLKKFANQD
VIVAGGGDSAVDMALMLEPVANHVSLLHRRNEFRGLENMVDKLKASSVEILTP YLIKQLDEIDGRLQVTAKKNEFK
LISS....

Nach Submission vervollstandigt zu:

MSHKLYDITIGGGPIGMFAGFYAGMRNAKVQIIESLSELGGQVNALYPEKTILDVAGFAGLKGSELINNLQTQLDT
MPEVEQRVGTKVTNVIRKDDHFEIETDQATYETKAVILATGNGSFKPRELRADNVDAVAEKFITYSVRDLKKFANQ
DVIVAGGGDSAVDMALMLEPVANHVSLLHRRNEFRGLENMVDKLKASSVEILT PYLIKQLDEIDGRLQVTAKKLKT
DDESTFMADKLVVNYGFISNNKDLESWQIQPALNHHLVEVNSEMETSEPGWSIGDQATYPGKDTLIVTGFGEAPVA
INEIMKRLYPDRRMPIHSTALHK
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Appendix

Ribonucleotide reduction protein Nrdl

MKPLKLIFISNTGNTRNFAENLVNYAQEQNQKNPDYPLLSIEEISEQTDFGETEPYFVSVPTYLSGGDGTGDNVKEV
MTTILGEYLDYHDNAKQCLGIIGSGNKNFNIQYCLTAKRYSKRFNVPFLADFELRGNDKDVQRIYEDMVERTKEVN

Q

Ribonucleotide reduction protein NrdH (rot), NrdE (griin), NrdF (blau)

AAAACT CGT GATCCATAGT CAATGGT GCTTTTAGAAACACACCGT TATCTGAAACAAAACT AAGCGT GTAATTCAATAAGGTATATTCCCAATG
TTTTTCATCATGT TGAACATCTGGATTTTCTGTGTAATAAAAGT TGT TCATGATAGCACGT CCTCAAAAATATTTTTTAGT TTCACACACTATA
TATAGCGTGT TTCTCAAGTGCACACTCCATATATGGTGTGT TTTCATTTGAAAGATTAAGT GT TCGTAGTAAAATCTATT
ATATCGTATAAACAGGAGAT GAAGAT TATGAATTCAATTACAGTATTTACTAAAAACAAT TGTATCCAATGTAAAATGACTAAGCGTTTCCTTG
AGGAACACAACATCGATTTCGTAGAAAAAAACACT TCTGAAAACCCAGAATTTGT TACCTACT TAAAAGAGT TAGGT TTCCAAGT AGT TCCAGT
TGITGAAGT CGAAGGT GCCGAATCATTTACTGGT TTTAGACCT GATTGCCTAAACAAACTAGTAGCAGAATTCGCTTAA
CATTATATTACCTATTATACACAACAAGGAGCACTAGGAAT

ATGTCGCTAAAAGACCAAACT GATGT TAGT TATTATAGAT TAAATAACGAGAT CAACAT CCCATCAAAAGAT GGAAAAATTAGACTAGAAAAAG
ATAAAGAAGCCCTAGATGCTTTTATTAAAGAAAACGT GATTCCTAATACCGTAAAGT TTGATTCTTTAAAGGATCGT TTGGATTACTTAACTAA
AAATAACTACATTGAAGCTAGCTTTTTAGAAAAGTATCCTTTTTCATTTATTGAAAAACT TTACCAATACTTAGAGGATCAACATTTTACCTTT
AAATCATTTATGGCTGCCTATAAATTTTATGCACAATATGCCTTAAAAACAAAT GATGGTAATCAATATCTTGAAAGATACATTGATCGGACTG
CAATGAACGCCCTCTTTTTAGCTGACGGT GATCAAGAAT TAGCAATGCGT TTAGCTGATGAAT TAAT TCACCAACGT TTCCAACCAGCTACGCC
AACTTTCTTAAACGCTGGAAAAAAACGCECGT GGAGAATTAATTTCATGT TTCT TAATCCAAACTACT GATGATATGAATAGTATCGGAAGAACC
ATTAATTCGGCCTTACAACT CTCTAAAATTGGT GGAGGT GTAGGAATTAACCT TTCTAACCT TCGT GCTGCT GGAGATCCAATTAAGCACATTC
AAGGCGCTGCTAGT GGAGT AATGCCAGT CATGAAACT GT TAGAAGACAGT TTTACCTACT CAAAT CAAT TAGGCCAACGT CAAGGT GCTGGT GT
TGITTATCTTAGIGTCTTTCATCCTGATATTATTGACTTTCTTTCAGT TAAAAAAGAAAAT GCTGATGAAAAAATTCGAGT TAATACCTTATCT
TTAGGACTAACCGT TCCTGATAAGT TTTATGAACT TGCTAAAAATGATCAAGATATGTATCTCTTTAGCCCT TATGATGT GGAAAAAGAATATG
GAGTTCCATTCTCTTACGT TGACATCACTAAAGAATATGACAATTTAGT TGCTAACGAAAACAT CCGCAAGAAAAAAAT GAAGGCTCGTGATTT
AGAAACCGAAAT CGGTAAATTACAACAAGAAT CCGGT TATCCTTACATCATGAACAT TGATACT GCTAACCGGGAAAAACCAGT TGCCGGTAAA
ATTGTCATGAGTAACTTGTGT TCTGAAAT TATGCAAGT GCAAACCCCAT CAATCATTAATGACT TGCAACAGT ATGACCAATTAGGGACT GATA
TTTCATGTAACCTAGGT TCAACAAACGT CGT TAATTTGATGAAATCAGATGATTTTGGT GAATCTGT TAACACAAT GGT GCGTGCCTTAACCTA
CGTGACCGATGAAAGTAAAATTGATGT TGT TCCTTCAATTAGAAGAGGAAATGATTTAAGCCAT TCGATTGGACT TGGTGCCATGGGTCTTCAC
TCATTTCTCGCTTTAAATCATATGTATTACGGT TCGCCTGAATCAATCGAATTTACTGGTGT TTACTTTATGCTCTTGAACTACTGGACTCTAG
TTGCATCTAACAAGAT TGCTAAAGAACGCGGTAAGT CATTCCATAACT TTGAAAACAGT AAATATGCAGATGGTACTTATTTTGATAAGTACAC
CGCCAAAGAT TGGEGEGT CCCCAAT CAGAAAAAGT TAAGGACCT CTTCAAGGGTACCT TTGT GCCTTCT GAAAAAGACT GGGAAGAGCT TAAGAAG
TCAGITATGACTTATGGT TTATATCATCAAAACCGGATGGCAGT TGCTCCTAATGGT TCAACAGCCTACAT TGGT GACGCTACCGCAAGTATTG
CCCCAATCGT TAGT CGAATTGAAGAACGACAAGATGCTAAAATTGGAACAATTTTTTATCCCGT TCCTTACCTTTCAAACGATACCCTTCCATA
TTATGAATCAGCTTATGATATTGATATGCGTAAAGAAAT CGATAT CTTTGCT GAAGCCCAAAAACACGT TGATCAAAGT TTAAGTATGACCCTC
TTCATGCGT TCTACCATTCCTGAAGGGAT GTACGAAT GGAAAAAT GGT CGT GATCCAAAGAT GTCAACACGT GATTTAACAATCTTAAGAAATT
ATGCTTACCATAAAGCCATTAAATCAATTTACTACGT TAGAACT TTCACTGATAACAACGACACAGT TGGTGCTAACGAATGT CAAAGCTGT GT
CATTTAG

GAGGATTATATCA

ATGAATATGAACGAAATTTTAACGGGTAAGT TAAAGGGT AATTACAAAGCCAT TAACT GGAAT CGAGT TGATGACGATGT TGATGAAGCAACCT
GGCACAAACTTACAGAACAATTTTGGT TAGATACCCGAGTACCAGT TTCTAACGATTTAAAAGAT TGGCGTGAACT TGATGACGATCACAAATG
GCTCGTTGGACATGTCTTTGGTGGATTAACTTTATTAGATACCCT TCAATCTCAAGAT GGAATGGCATCATTAAGAGCAGATGCACATACTCAA
CATGAAGT TGCGGTATTAAACAATATTCAATTCATGGAATCAGT CCATGCTAAAAGCTATTCTACAATCTTTTCAACTTTAAACACTCCTAAAG
AAATCAATGAAATTTTTGACTGGAGT GAT TCTGAAGAAT TTTTACAAAGCAAAACCAAAAGAATTTATAACCT TTATCATAATGATGAACACCC
ATTAAAAAAGAAAATTTCAAGTGTATTTCTAGAAACCTTTCTCTTTTACTCTGGATTCTTCACCCCACTTTGGTATCTAGGTCATAATAAATTG
ACCAATGTGGCTGAAATCATCAAGT TAATTAT TCGGGATGAATCAGT TCACGGTACCTATGT TGGT TACAAATTTCAGATTCAATTTAATCAAT
TAAGT CCTAATGAACAAGCTGAACT TAAAGAT TGGATGTATAACT TCCTTTATGACT TATACGAAAACGAGGT TAATTACACCCATCTTTTATA
TGATAAAACTGGT TTAACAGATAAAGT GCTTACT TTCATCCGT TACAATGCCAATAAAGCT TTAATGAACT TGGGT CAAGACCCAATGT TTCCA
GATACTGCTGAAGATGT TAACCCCGT TGTGATGAACGGAAT TTCAACTTCAACAGT TAATCATGACT TCTTCTCAGAAGT TGGAAATGGT TATC
GTCTTGGTAATGT TGAAGCAATGT CAGATGATGATTATCTATTTGGT TCTTGGGAAGATAAACACAAAAATAAATAA
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ATTTTAAATAGTAAAAGAGCCACT TCAATGAAGTGECTCTTTTTTTAAACTATTTTTCACTATATTTCTTAAAATTAGT TTTAATAAAATCAGC
TGGAATGITTTTTAAATCAACTGCGITAATC

NADH peroxidase

ATGAAAGTAGCAGTTGTAGGTTCATCACACGGTGGTTTTGAAACTGTAAGAGGAGTATTACACGATTTTCCCAA
TGCTGAGATTGATTGGTATGAAAAGGGCGATTTTGTTTCTTTATTATCATGIGGAATTGAATTGTATCTTCAAGG
AGTCGTTAAGGATGTTAATTCCGTTAGTTATGCAACAATTGGTGGAATGGAACCAAAGGGCGTTCATGTTTATA
TTAATTCTGAAGTGACTAGCATTGACCCAGAACAACATTCAATTAAGGTTGTTGATGTTAATAACGGTGAAGA
AACTGAAAGTAAATATGATAAGTTAGTTCTTTCGTTAGGAGCGGTTCCTTTTGAACTACCTGTGCCAGGAAAAG
ATTTAAAGAATATTTATGCTATGCGTGGATGTGACTGGGAAATTCTTTTAAAGAAAGCTGAAGTTGACCCTGAT
ATTAATAATGTCTCAGTCATTGGTTCAGGTTATATTGGAATTGAAGCCGCCGATCATTTGCAAAGGCCGGTAA
GAAAGTTACTATTATTGATCAAAATCCAACTATTTTAGGAACTTATTTAGATT CAGAATTTACAGATATCTTAA
CTAAAACGCTTGAAGATCACGGTATTCAATCCGTTAAAGAATTTATTGGTAAT GATGAAAATAAAGTAACCAG
TTTGGTAACGACAACTGGTGAAACTATTCCTACTGATTTAGTGATTGAAGCTGAAGGAATTTGTCCAGCAACTG
AATGGTTGAAAGATACTGTTAAACTTGATAGCCAAGGCTTAATTATGACTGAT GAATATCAAGAAACTAGTCA
ACCAGATATTTTTGCCGTTGGTGATGCCACTAAAATTGAGTTTGCCCCAACTGGAACCAAAAATTAATTGCGC
TTGCACCAAATGCTCGTCGACAAGGTCGTTCAGCTGCTTATAATTTAAATGAAAACGTCGCAAAACAACTGCT
GTCTCTGGATCATCTGCACTTCATGTCTATAATTACAAGTTTGCTTCAACTGGATTAAAAGATGTTACCGCTAA
AAAAATGGGTATTGACGTTGAATCAGTATTTTTAACTGATGATAAAGTACCA GCTTTTGTACCAGCTTCAAACA
ATGCAAAAGTATACTTCAAATTAACTTTTGATCCGCGTACTCGTGAAGTTTTAGGGGCTCAAATTATGTCTAAA
CAAGATGTAACGGCTAATATCAATGCAATTTCGCTAGCAATCCAAAAACACATGACAGTTGATGAATTGGCTT
ATGCTGATTTCTTCTTCCAACCAGGCTTTGACCGTCCTTGGAACGTTATGAATATTGAGCACAAAAAGCACAA
GATAA
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6. ABBREVIATIONS

a4VG
4VP
A.

A

aa
approx.
APS
ara-2
expressed)
Asp
ATP
AX

B.

bp
BSA
BspA
C.

C
cDNA
cfu
CO;
DFT
DTNB
DTT
CgL
DBM
DMSO
DNA
dNTP
E.
E.C.
EDTA
EF
e.g.
FA
FAD
FAN
Fe

FD
FPLC

4-vinylguiacol

4-vinylphenol

Aspergillus

arabinose

amino acids

approximately

Ammonium persulfate
a-L-arabinofuranosidase (heterologous

aspartic acid
Adenosine-5'-triphosphate
arabinoxylan

Bacillus

base pairs

bovine serum albumine

basic surface protein
Clostridium

carbon

copy DNA

colony forming unit

carbon dioxide

dehydro-ferulic acid-tyrosine
5,5'-dithiobis-(2-nitrobenzoic acid)
Dithiothreitol
cystathioning-lyase
dinucleotide-binding motifs
dimethyl sulfoxide

desoxyribo nucleic acid

desoxy nucleotide triphosphate
Escherichia

Enzyme Commission
Ethylenediaminetetraacetic acid
ethyl ferulate

for example

ferulic acid

Flavin adenine dinucleotide
free amino nitrogen

iron

fast digest

fast protein liquid chromatography
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FSI Forschungsstelle 1 Garching

GC/MS Gas chromatography—mass spectrometry

Gln glutamine

Gly glycine

GMP glutenin macropolymer

GS glutenin subunits

GSH glutathione (reduced)

GshR glutathione reductase

GSSG glutathione (oxidized)

H.0 water

H,0, hydrogen peroxide

HCL hydrochloric acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesutfoni
acid

HFA hydroferulic acid

His histidine

HMW high molecular weight

HPLC high performance liquid chromatography

IPTG IsopropyB-D-thiogalacto pyranoside

L. Lactobacillus

LAB Lactic acid bacteria

LB lysogeny broth

LMW low molecular weight

MAP mucus adhesion protein

MES 2-N-morpholino)ethanesulfonic acid

Mg magnesium

MRS de Man, Rogosa and Sharpe

mMRS modified MRS medium

Mn manganese

MTBE Methyl-tert-butylether

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

Mw molecular weight

N> nitrogen

NAD Nicotinamide adenine dinucleotide

NADH Nicotinamide adenine dinucleotide (rediice

NADPH Nicotinamide adenine dinucleotide phospha

NCBI National Center for Biotechnology Infortizan

n.d. not detected

No. Number

Nox NADH oxidase

NSP non-starch polysaccharides

nt nucleotide

O, oxygen

oD optical density

PAGE polyacrylamide gel electrophoresis

p-CA coumaric acid

PCR polymerase chain reaction

PDA phenolic acid decarboxylase

PDC para-coumaric acid decarboxylase

165



PLP
PMS
p-NPA orp-NP-C2
p-NP-ara
p-NP-C4
p-NP-C8
p-NP-xyl
RAPD
RNA
SDS

Ser
SOC
SOD

TA

TAE
TBE
TEMED
TLC

m
TMW
TPC
Tris

Trx

TrxR

Tyr

U

uv

v

W.
WE-AX
WU-AX
X

xyl-1

Table 29. One letter code for nucleotides

ATP

TTP

GTP

CTP

AIC

AlG

AT

GIC

CIT

GIT

AICIT

AIGIT

z|o|T|x|<|n|g|n|Z|0|0|H|>

AIT/G/IC

pyridoxal 5'-phosphate

phenazine methosulfate
para-nitrophenyl acetate
para-nitrophenyl arabinofuranoside
para-nitrophenyl butyrate
para-nitrophenyl caprylate
para-nitrophenyl xylopyranoside
random amplification of polymorphic DNA
Ribonucleic acid

sodium dodecyl sulphate

serine

super optimal broth + glucose
superoxide dismutase

dough yield

Tris-acetate-EDTA
Tris-borate-EDTA
Tetramethylethylenediamine

Thin layer chromatography

melting temperature

Technische Mikrobiologie Weihenstephan
Total plate count
Tris-(hydroxymethyl-) aminomethane
thioredoxin

thioredoxin reductase

tyrosine

Units

ultraviolet

Volume

Weissella

water extractable arabinoxylan
water unextractable arabinoxylan
xylose

xylosidase (heterologous expressed)
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Table 30. One letter code for amino acids

alanine

cysteine

aspartic acid

glutamic acid

phenylalanine

glycine

histidine

isoleucine

lysine

leucine

methionine

asparagine

proline

glutamine

arginine

serine

threonine

valine

tryptophan

tyrosine

X< Z|<|H|»n|JO|T|Z|IZ|7|X|T|T|O|MMT|O|>

any amino acid

Table 31. Units of measurements

ul, ml, | microliter, milliliter, liter

nm, um, mm, cm nanometer, micrometer, millimeter, ceptan
nmol, umol nanomol, micromol

uM, mM, M micromolar, millimolar, molar

ppm parts per million

S, min, h second, minute(s), hour

mbar, bar millibar, 100.000 Pascal

ug, mg, g microgramme, milligramme, gramme
U Unit

rpm rounds per minute

°C, °P degree Celsius, degree Plato

kv kilo Volt

uF micro Farad

g gravitational acceleration

kDa kilo Dalton

% percentage
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