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Abstract

Arabinoxylan-oligosaccharides ((A)XOS) are prebiotic candidates and stimulate
health-promoting bacteria in the human gut including spp. of Bifidobacterium and
strains of Lactobacillus brevis. (A)XOS can be produced from the polysaccharide
arabinoxylan (AX). AX is found in e.g. cereal bran, a by-product from the production
of flour. AX is mainly composed of a backbone of (3-1,4-linked xylopyranosyl
units (Xylp) decorated with «-1,3 and/or ot-1,2-linked arabinofuranosyl units (Araf).
Production of (A)XOS from cereal bran rich in AX by the environmentally-friendly
extraction method autohydrolysis and enzymatic hydrolysis of AX by endo-f3-
xylanases was found to be a promising method to valorise the bran. Washing
the bran, enzymatic degradation of protein and starch and ethanol precipitation
increased purity of the extracted AX and eliminated by-products formed during
autohydrolysis. Endo-f3-xylanases hydrolyse the linkage between Xylp of the AX
backbone with different specificities. Factors such as solubility and ratio of Araf
to Xylp was found having an impact on the (A)XOS yield between the two main
glycoside hydrolase (GH) families, GH1o and GHii. A higher yield was found with
GHio on soluble AX but with GHir on insoluble AX. GHir was found to be more
hampered by Araf substitutions. To understand the hydrolysis profiles of individual
endo-P-xylanases, the structure-function relationship is vital and it was studied
for two GHi1o and two GHir endo-f3-xylanases. The two GHio endo-{3-xylanases,
RmXynioA and GsXynioA, revealed different tolerance for Araf" substitution at
subsite +2 due to differences in loops surrounding the aglycone subsites. Different
hydrolysis profiles for the two GHir endo-P-xylanases Pentopan derived from
TaXyniiA and NpXynitA was found to be a result of different interactions to
Xylp and steric hindrance to Araf substitutions in subsites -3 and +3. The fine
structure of (A)XOS produced, described in degree of polymerisation and average
degree of Araf substitutions, affects the selectivity of fermentation in the colon. Araf’
substituted xylooligosaccharides (AXOS) selectively stimulate Bifidobacterium while
unsubstituted xylooligosaccharides (XOS) are also fermented by Lactobacillus and
certain other strains of lactic acid bacteria which are interesting probiotic candidates.
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One of them, Weissella sp. strain 92 isolated from fermented food was genome-
sequenced and classified into W/ cibaria by whole-genome phylogeny. The genome
was used to map utilisation of XOS and arabinobiose, as well as production of
lactate and acetate. The utilisation of another potential prebiotic, laminaribiose, was
identified and coupled with upregulation of two 6-phospho--glucosidases, one in
proximity to a phosphotransferase system.
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Populirvetenskaplig
sammanfattning

I minniskans tjocktarm finns tarmfloran, ett ekosystem utav mikroorganismer med
stor paverkan pd minniskans hilsa. De senaste decennierna har forskningen visat att
en vilbalanserad tarmflora ger upphov till bland annat stirkt immunf6rsvar, sinkt
kolesterolhalt samt minskad risk for hjirt- och kirlsjukdomar och cancer. Tarmfloran
har dven linkats till fetma, diabetes, dngest och depression. Till stor del bestar tarmflo-
ran av bakeerier, vilka ofta lite slarvigt beskrivs som onda eller goda. Inom vetenskapen
beskrivs ofta bakterierna som kommensala, probiotiska eller patogena. Kommensala
bakterier varken paverkar eller paverkas av minniskan. Probiotiska bakterier har en
dokumenterad positiv effekt for hilsan, dessa grupper av bakeerier vill vi ska vixa och
frodas inom oss.

Tarmfloran péaverkas av var diet. De kolhydrater som minniskan sjilv inte kan spjil-
ka utan passerar vidare i mag- och tarmsystemet till tjocktarmens bakterier betecknas
fibrer och utgér den frimsta energikillan f6r tarmflorans bakterier. Fibrerna har stor
variation och olika bakterier kan tillgodogéra sig olika fibrer. De fibrer som har bevi-
sats selektivt gynna tillvixten av de probiotiska bakterierna pé ett sadant sitt att det
ger positiva hilsoeffekter f6r manniskan kallas prebiotika. Intag av pro- och/eller pre-
biotika ir en strategi for att modulera tarmfloran pa ett hilsostimulerande sitt. En del
livsmedel innehéller det naturligt, exempelvis finns probiotiska bakterier i yoghurt, fil
och inlagda gronsaker, och prebiotika kan hittas i 16k, jordirtskocka och bonor. Ge-
nom berikning utav livsmedel kan utbudet och tillgingligheten av pro- och prebiotika
oka ytrerligare.

Arabinoxylanoligosackarider, forkortat (A)XOS, ir en grupp av smé fibrer som ir kan-
didater till att klassificerats som prebiotika. De har visats 6ka tillvixten av bakterier
fran Bifidobacterium och Lactobacillus, de tva mest vilstuderade sliktena av probiotis-
ka bakterier. Vid fermentering utav (A)XOS i dessa bakterier produceras kortkedjade

fettsyror vilka ger upphov till flera positiva effekter sisom himmad tillvixt av pa-
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togena bakterier, 6kat upptag av mineraler och minskad férstoppning. (A)XOS ir
uppbyggda av sockerarterna xylos och arabinos; xylosenheter linkade till varandra i
en kedja och enskilda arabinosenheter linkade till enskilda xylosenheter. Finns inga
arabinosenheter, betecknas dessa XOS. Tva egenskaper som paverkar den prebiotiska
effekten 4r hur manga xylosenheter som sitter linkade samt arabinostitheten. (A)XOS
finns endast i mindre mangder i vér diet, i processade produkter baserade pé sid, som
exempelvis 61 och bréd.

(A)XOS kan produceras frin férnyelsebar biomassa innehillandes arabinoxylan i en
miljovinlig process. For framstillning utav (A)XOS bryter man ned fibern arabinox-
ylan till kortare fragment, oligosackarider, med enzymet xylanas. Arabinoxylan hittar
man exempelvis i de klassiska sidesslagen, med hogst koncentration i skalet runt kir-
nan. Vid framstéllning av vanligt mj6l anvinds endast kidrnan, skalresterna separeras
bort och utgér en billig och héllbar killa f6r arabinoxylan. Arabinoxylanet i skalet dr
inte 16sligt i vatten utan sammantvinnat med cellulosa, stirkelse, proteiner, tridgmnet
lignin och andra mindre niringsimnen. Separation och upprening utav arabinoxyla-
net fran ovriga komponenter i skalet dr ndédvindigt innan den enzymatiska nedbryt-
ningen till (A)XOS kan ske. Skalrester fran rig och vete har i den hir avhandlingen
anvints som ett fornyelsebart startmaterial for att producera (A)XOS dir olika proces-
salternativ for isolering studerades. Genom att kombinera tryckkokning, enzymatisk
nedbrytning utav stirkelse och proteiner samt etanolfillning uppnaddes bist resultat
for isolering utav arabinoxylanet med avseende pé utbyte och renhet. Det isolerade
arabinoxylanet anvinds vidare for enzymatisk nedbrytning till (A)XOS.

Det dr vikeigt att vilja ritt xylanas till sin process. Fran vilken killa och vilken typ
av xylanas som anvinds spelar stor roll for vilka produkter, med avseende pa antal
xylosenheter och arabinostithet, som bildas vid nedbrytningen. Aven hur effekrivt
arabinoxylanet kan brytas ned beroende pa egenskaper sisom loslighet och arabino-
stithet paverkas av valet av xylanas. Xylanasets funktion ir en direke f6ljd utav dess
tredimensionella (3D)-struktur, denna information ar dirfér nodvindig for att forstd
vilka produkter som bildas. Xylanaser, liksom andra kolhydrat-nedbrytande enzymer
delas in i familjer baserad pa evolutionirt sliktskap. Fyra xylanaser frin de tva mest
vilstuderade familjerna for arabinoxylan-nedbrytande xylanaser anvindes och jim-
fordes. Generella skillnader i produktprofilen observerades mellan familjerna, samt
mindre skillnader inom familjerna. For tre av de studerade xylanaserna fanns en ex-
perimentellt bestimd 3D-strukeur tillginglig, i det fjirde fallet skapades en modell
av xylanaset genom homologimodellering. Genom datasimuleringar studerades vilka
produkter som skulle kunna bildas fran alla xylanaserna och vilka strukturella delar
som var viktiga fér de olika funktionerna.

Forutom bakterier fran Lactobacillus och Bifidobacterium ir fa tarmbakterier ansedda
som probiotiska eller "goda”. Detta beror snarare pa bristande kunskap an att det



inte finns fler som ir viktiga for minniskans hilsa. Ett forsta steg for att forstd hela
tarmfloran och en méjlighet att hitta individuella bakterier som genom berikning
okar minniskans hilsa dr att studera de enskilda bakterierna. I férlingningen ir det
dock mycket viktigt att dven titta pa hur de individuella bakterierna samspelar med
varandra och minniskans fysiologiska system for att forstd dess mekanismer. Troligtvis
kommer den svart-vita synen pa "onda” och "goda” bakterier suddas ut, flera av de
som idag anses som onda har kanske en viktig roll som vi dr omedvetna om idag.

En mindre vilstuderad bakterie som har probiotisk potential ar Weisse/la stam 92.
Dessa ar mjolksyrabakterier som hittats och isolerats fran fermenterad indisk mat och
som dirfor dven forekommer i var tarmflora. Bakterierna tros vara probiotiska di de
visats kunna vixa pa XOS och producera kortkedjade fettsyror. For att kunna bry-
ta ned och utnyttja fiber behdver bakterien olika protein, dels kolhydrat-nedbrytande
enzymer, men dven transportsystem och metabola enzymer for den specifika sockerar-
ten. Koden for alla proteiner en bakterie kan producera finns i genomet. Genomet for
Weissella stam 92 sekvenserades och diri hittades ett enzym for att byta ned XOS till
xylos, transportproteiner och enzymer for vidare metabolisering av xylos. Aven mot-
svarande proteiner som tyder pa att bakterien dven kan bryta ned andra prebiotika
sasom arabinooligosackarider (AOS) och glukosbaserade korta fibrer. Odlingsf6rsok
visade att bakterien kan vixa pa disackariderna arabinobios och laminaribios. Till-
vixten pa laminaribios, som dr uppbyggd utav glukosenheter, kopplades till uttryck
utav enzymer som byter ned glukosbaserade disackarider. Att bakterien kan vixa pd
flera typer utav fibrer okar dess Gverlevnadschanser i tjocktarmen och gor den mer
intressent ur ett probiotiskt perspektiv. Genomet anvindes ocksa for att klassificera
stammen till en utav tva arter vilket tidigare metoder inte klarat.

Den hir avhandlingen bidrar till 6kad kunskap kring hur xylanasers 3D-struktur pa-
verkar utbyte och produktbildningen vid nedbrytning av arabinoxylan. Dessa studier
mojliggor bittre underbyggda val av xylanas vid (A)XOS framstillning med hinsyn
till startmaterial, process och onskade produkter. Avhandlingen har ocksa bidragit
med 6kad kunskap kring kolhydratsupptag i stam mjolksyrabakterier som har poten-
tial att anvindas som probiotika. Denna avhandling ir en del i utvecklingen av pro-
och prebiotika for framtagning av nya hilsofrimjande produkter.
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1 Introduction

The human gut hosts an ecosystem of microbes, the gut microbiota, which is an in-
tegrated part of the human physiology. The gut microbiota is mainly composed of
bacteria but also archaea, unicellular eukaryotes and viruses, and the number of mi-
crobial cells is of the same magnitude as the number of human cells in the whole body
[1]. These microbes are responsible for beneficial functions that include strengthening
gut integrity, harvesting energy, protecting against pathogens and regulating host im-
munity [2]. In recent years, the understanding of the gut microbiota in human health
has expanded and connections to other systems of the body have been demonstrated,
e.g. influence on stress-related behaviours and activation of neural pathways and the
central nervous system [3], and association with obesity and glucose intolerance [4].
Hence, having a well-functioning gut microbiota is important to stay healthy. The
functionality of the gut microbiota depends upon its composition and activity. Be-
sides disruption of important functions, alterations in the gut microbiota can result
in the production of harmful metabolites and induction of disease.

The importance of the gut microbes has led to the development of strategies to main-
tain a well-balanced gut microbiota and enhance its beneficial effect. Probiotics are
live microorganisms that are beneficial for human health upon ingestion in adequate
amounts [5]. Known probiotic bacteria today are mainly found within the genera
Lactobacillus and Bifidobacterium. These bacteria produce short-chain fatty acids
(SCFAs) and lactate from various oligosaccharides. The SCFAs have several bene-
ficial properties, including creating a hostile environment for pathogens by lowering
the pH, improving mineral adsorption, stimulating the immune system, and being
an energy source in the host glucose, cholesterol and lipid metabolism [6—9]. Lately,
other bacteria from the gut microbiota and fermented food have gained interest as
potential probiotics, one such example is the genus Weissella, a lactic acid producer
isolated from human faeces and fermented food [10].

Prebiotics are compounds that, when eaten, resist the gastric acidity and degrada-
tion by host enzymes, and selectively stimulate the probiotic bacteria, which in turn



improve the health of their host [11]. Well-established prebiotics are mainly differ-
ent types of oligosaccharides. Arabinoxylan-oligosaccharides ((A)XOS) are derived
from the polysaccharide arabinoxylan (AX). (A)XOS are prebiotic candidates, they
have been shown to stimulate Bifidobacterium in general [12], and individual strains
of Lactobacillus, the latter only by xylooligosaccharides (XOS) [13]. Other not so well-
studied lactic acid bacteria, such as a few strains of Weissella sp. (strains 85, 92, 145
and AV1) [14] and strain of Leuconostoc lactis (SHO-47 and SHO-54) [15], have been
shown to utilise XOS and produce SCFAs and lactate.

(A)XOS in the diet is limited, however, production from agricultural side streams con-
taining AX is possible [12]. Cereal bran is rich in AX [16], where the polysaccharide
is present in the cell wall, associated with cellulose, lignin, proteins and other hemi-
celluloses [17]. After isolation of AX, breakdown into oligosaccharides can be done
enzymatically by endo-[3-xylanases which randomly cleave the xylose-based backbone
by hydrolysis. The choice of enzyme for the process is important to obtain a high yield
and desired products [18].

One interesting candidate for hydrolysis of AX is the endo-f3-xylanase RmXynioA
from Rhodothermus marinus. R. marinus are thermophilic bacteria with optimal
growth at 65 °C isolated from shallow-water submarine hot springs northwest of
Iceland which harbours a plethora of glycoside hydrolases for degradation of several
types of carbohydrates, including xylan [19—21]. RmXyn1oA is a thermostable endo-
[3-xylanase efficient in hydrolysing internal glycosidic linkages in the xylan backbone
of AX from various sources, including wheat bran, rye bran and flour, birchwood,
quinoa stalk and Brewer’s spent grain [22—26].

Endo--xylanases belong to class of enzymes called glycoside hydrolases (GHs). GHs
catalyse the breakdown of polysaccharides mainly through hydrolysis. Due to the
complexity of polysaccharides in terms of monosaccharide composition, different
linkages, branching and presence of side groups, the glycoside hydrolases have a broad
range of activities and varied substrate specificities. GHs are classified into famil-
ies based on amino acid sequences [27] where the majority of characterised endo-
[3-xylanases hydrolysing AX can be found within GH family 10 (GH10) and GHi1.
The overall three-dimensional (3D) fold is conserved within each family. However,
activity and substrate specificities are not conserved, the same activity can be found
in different families, and within one family the specificity can vary. These paramet-
ers can be studied by biochemical means, but to fully understand the mechanisms of
substrate binding and hydrolysis, the 3D structure needs to be determined [28].

Structural information on endo-f-xylanases is scarce. For the well-studied GHro,
around four thousand sequences are available in the Carbohydrate-Active EnZyme
(CAZy) database (www.cazy.org), but only 360 are characterised and 45 structure-



determined [29, 30]. Besides the protein structure, the structure of a complex where a
ligand is bound in the active site of the enzyme is valuable. Ligands in complex with
GHio enzymes are often XOS, while arabinoxylooligosaccharides (AXOS) only can
be found in a handful where they are bound in the glycone subsites with the arabinose
substitution at subsite -2 [31-34]. To fully understand the hydrolysis of AX, structural
information including AXOS bound in both the aglycone as well as the glycone part
of the active site is needed. The lack of structure-determined complexes with desired
ligands is due to the elaborative and complex process of protein crystallisation where
the right conditions need to be found and applied. Bioinformatic tools offer a possib-
ility to study enzyme-complexes that are difficult to crystallise. 3D structures can be
modelled by homology modeling and ligand interaction can be studied by docking in-
cluding molecular dynamic simulations. Accuracy is a trade-off in the bioinformatic
approach, however, the flexibility in ligand docking is an advantage.

1.1 Aim of thesis

In light of the promising health-promoting effects of prebiotic oligosaccharides, the
aim of this thesis is to increase the knowledge and understanding about the hydro-
lytic enzymes, GHs, essential for the production of prebiotic oligosaccharides and
utilisation of these in health-promoting bacteria. The first part of the thesis focuses
on revealing structure-function relationships in different GH families as well as indi-
vidual enzymes including RmXyn1oA and commercially available enzymes with the
potential to be effective in producing (A)XOS. The last part of the thesis focuses on
exploring and understand the mechanisms of oligosaccharide utilisation in Weisse/la
Sp. strain 92.

1.2 Scope of thesis

To achieve the above-mentioned aim of the thesis, five studies have been conducted;
one study with the aim to produce different (A)XOS from rye bran including endo-
[3-xylanases from GHio and GHir (Paper I), one review on the current research on
structure-function relationship of endo-(3-xylanases from GHi1o and GHir (Paper II),
one study of RmXyn1ioA with the aim to understand the structural basis of its spe-
cificity (Paper III), one study with the aim to find the structural basis of different
product profiles of endo-B-xylanases from GHio and GHix (Paper IV) and finally,
one study of the genome of Weissella sp. strain 92 in order to find possible mechan-
isms of degradation, uptake and metabolism of oligosaccharides derived from dietary

fibres by this strain (Paper V).






2 Arabinoxylan

Biomass constitute a huge renewable resource with the possibility to substitute fossil
based alternatives of energy and chemicals. Polysaccharides are major components
in plant-based biomass and have either a role in nutrition storage such as starch, or
a structural role like cellulose, hemicelluloses and pectins. Together with lignin and
proteins, these structural polysaccharides forms a recalcitrant matrix in the plant cells
walls allowing the plant to stand up and provide a barrier for environmental factors
and microbial attacks [35].

Hemicellulose is a diverse class of polysaccharides composed of a 3-1,4-linked back-
bone of monosaccharides [35]. The backbone can be decorated with saccharides and
non-saccharide side groups. The dominating type of monosaccharide in the back-
bone determines the type, e.g. xylan, glucan and mannan where the dominating
monosaccharides are xylose, glucose and mannose respectively. Presence of other
monosaccharides, as decorations or in the backbone, adds a prefix to the name,
e.g. arabinoxylan, xyloglucan and galactoglucomannan, where arabinose, xylose and
galactose are decorations in the three hemicelluloses, respectively, and glucose are
present in the backbone of galactoglucomannan.

Xylan is the second most abundant polysaccharide on earth after cellulose, and the
most common hemicellulose [36]. Xylan is found as the main hemicellulose in grasses,
e.g. the cereals wheatand rye, the second most abundant in dicots, e.g. the hardwoods
birch and beech, and in minor amounts in softwoods, e.g. spruce and pine [35].
The main decorations of xylan are the monosaccharides arabinose and/or glucuronic
acid depending on its origin and these are subsequently named arabinoxylan (AX),
glucuronoarabinoxylan and glucuronoxylan. This thesis will cover AX from the cereals
wheat (7riticum spp.) and rye (Secale cereale).



2.1 Structure and occurrence

Cereal AX is made up of a xylan backbone of 1,4-linked 3-p-xylopyranosyl units
(Xylp) to which «-L-arabinofuranosyl units (Araf) are liked through 1,3- and/or
1,2-bonds.  Ferulic acids, linked via ester linkages to Os of Araf, and units of
glucuronopyranosyl and its 4-methyl ether are among those substituents of AX that
has been reported, see Figure 2.1 [37, 38]. The ratio of total Araf and Xylp in AX is
usually expressed as the A/X ratio. Araf O3-linked to Xylp are present in a higher
ratio than O2-linked Araf  or double-substituted Xylp.
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Figure 2.1: Structure of cereal arabinoxylan including some possible substituents (Adapted from Paper II).

Cross-linking in AX occurs by diferulic acid bridges. Linkages to other components in
the cell wall occurs by covalent bonds to lignin and non-covalent bonds to cellulose
and the xylan chain when the A/X ratio is low [39]. These linkages contribute to
the recalcitrance of the cell wall and the water-extractability of AX. Part of the AX
is water-extractable (WE) whereas the other water-unextractable (WU) part needs
pretreatment, e.g. as alkali, to be extracted, this will be more discussed in Chapter 3.

The content and structure of AX in cereals vary with the source, both between species,
but also from different components of the plant [16, 37, 39, 40]. Conditions where the
crop is grown and time of harvest have also effect on content and structure. For rye
and wheat, there is more AX in the bran and it has a lower A/X ratio compared to AX
in the endosperm. The bran itself contains several fractions which have different A/X
ratio. In WE-AX from both rye and wheat bran, it has been suggested that several
polymers or regions of the same polymer display different A/X ratios, presence of
mono- and disubstituted Xylp and substitution patterns [39, 40]. In Paper I and IV,
rye bran and wheat bran was used as raw material, respectively. The AX content was
found to be 21 % for rye bran and 18 % for wheat bran with A/X ratios of 0.47 and
0.57 (Paper I), [41]. These results are in line with previous reports [16, 40, 42—44].



2.2 Applications

Plant-based non-starch polysaccharides are a renewable resource that can be used
for various applications, without competing with food production [36]. The xylan-
derived product with the largest market is xylitol, a low-calorie sweetener associated
with better tooth health used in many products including tooth paste, chewing gums
and diabetic products. Another application is the production of bioethanol. Xylitol
and ethanol can be produced by fermentation which first requires saccharification
of the polysaccharide. Other applications of xylan includes novel, non-fossil based
packaging films, foams, gels and surfactants [36].

Production of putative prebiotic oligosaccharides by enzymatic hydrolysis of AX,
arabinoxylan-oligosaccharides ((A)XOS), is an application which has received great
interest in the last years. (A)XOS are prebiotic candidates associated with an in-
creased gut health by stimulation of the probiotic bacteria from Bifidobacterium [12].
(A)XOS can be produced by extraction and isolation of AX from plant material fol-
lowing enzymatic hydrolysis of AX into shorter fragments. Naturally present (A)XOS
in food items are limited but can be found in e.g. beer and processed cereal-based food
products due to hydrolysis of endo-3-xylanases either present in the cereal, produced
by microorganisms in the food or added to the food product [12].

For the production of cereal flour, only the starch-rich endosperm is used. The re-
maining fractions of the grains, which are rich in AX, are mostly used as animal feed.
However, there is an interest from the industry to convert the AX-rich fractions into
value-added products. Hence, production of (A)XOS constitute an opportunity for
the agricultural industry to valorise their cultivated biomass. The main focus on the
rest of this thesis is on the application of (A)XOS as prebiotic candidates and their
production from wheat and rye bran.

2.3 Enzymatic degradation

AX and other plant cell wall polysaccharides are naturally degraded by microbes by
the aid of enzymes. Enzymatic degradation occurs e.g. in the soil and in the human
gut, the latter described more in details in Chapter s [45, 46]. Enzyme activities for
the complete degradation of AX into monosaccharides are illustrated in Figure 2.2.
The xylan backbone is degraded by endo-B-xylanases (EC 3.2.1.8). Xylp from the
non-reducing end is cleaved by (3-xylosidases (EC 3.2.1.37). Araf are released by
a-L-arabinofuranosidases (EC 3.2.1.55) which are divided into two types; AXH-d3
cleaves the O3-bound Araf" on a double-substituted Xylp and AXH-m cleaves Araf
from monosubstituted Xylp [47]. Any glucuronopyranosyl unit can be cleaved by o-
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Figure 2.2: Enzyme activities required for complete degradation of cereal arabinoxylan to monosaccharides (Adapted
from Paper II).

glucuronidases (EC 3.2.1.139). Acetyl groups are cleaved by acetylxylan esterases (EC
3.1.1.72) and ferulic acids by feruloyl esterases (EC 3.1.1.73).

Degradation of cereal AX by endo-f-xylanases produces (A)XOS (Paper I and IV).
(A)XOS can be divided into two main groups; unsubstituted oligosaccharides, named
xylooligosaccharides (XOS), and Araf substituted xylooligosaccharides, named ara-
binoxylooligosaccharides (AXOS). XOS are abbreviated X,, where n is the number of
Xylp or degree of polymerisation (DP). AXOS are abbreviated based on each unit in
the backbone chain starting from the non-reducing end, where X is an unsubstituted
Xylp, A” is a Xylp substituted with an Araf at position n, A is a Xylp substituted
with a ferulated Araf at position n and A>*3 is a doubly substituted Xylp [48]. Some
examples of (A)XOS are illustrated in Figure 2.3
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3 Production of
arabinoxylan-oligosaccharides

Arabinoxylan-oligosaccharides ((A)XOS) can be produced from renewable resources
rich in arabinoxylan (AX) and subsequently added to food products. The production
can be included within a biorefinery. A biorefinery fractionates biomaterial and refines
the different fractions into marketable chemicals, material, food, feed and energy in
a sustainable way [46, 49]. Today, it is desired that a biorefinery is able to process
several different raw materials, in different processes to obtain several products, as a
comparison to the first biorefineries that could refine one type of raw material into
one product. It is also desired that waste fractions or by-products can be recirculated
and utilised in the biorefinery, e.g. as an energy carrier.

Cereals such as wheat and rye are yearly cultivated in large quantities. The starch-rich
endosperm is used to produce regular flour, leaving the fibre-rich non-endosperm
parts of the cereal unused. This materials are mostly used as animal feed, but there is
a growing interest from the agricultural industry to valorise these fibre-rich fractions.
Prebiotic (A)XOS to be used in food products can be produced from these fractions
due to the high content of AX. Production of (A)XOS in parallel with regular flour
production would generate value-added products from the cultivated cereals, in line
with the biorefinery concept.

3.1 Extraction of arabinoxylan

The first step in a biorefinery is fractionation of the raw material. In a carbohydrate-
rich raw material, the fractionation aims to untangle the material matrix, get access to
its individual components, and separate the material into fractions enriched in starch,
hemicellulose, cellulose or lignin. The extracted fraction will be further refined, often
by enzymes acting on the enriched component and by purification. The main tech-
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niques used for solubilising AX for the production of (A)XOS are extraction using
an alkaline solution followed by neutralisation (chemical), aqueous extraction under
high pressure and high temperature (thermophysical) and aqueous extraction and hy-
drolysis in the presence of high doses of an endo-3-xylanase (enzymatic) [12, 50, 51].

There are advantages and disadvantages with the different methods. Alkali pretreat-
ment is efficient in dissociate lignin from lignocellulose material and solubilise the
hemicellulose fraction [s2]. The alkali breaks ester bonds, both within lignin which is
the mechanism of dissociation, but also between hemicellulose and ferulic acid [51],
which is a disadvantage due to the antioxidant capacity of ferulic acid [12]. Process
conditions are important, severe conditions will increase yield but also remove ara-
binofuranosyl (Araf) substitutions. The process requires a neutralisation step, not
required in other process alternatives, and also a purification step to get rid of the
added salts. These extra processing step will increase the cost of the process. A relat-
ively high arabinose to xylose (A/X) ratio has been observed in the extracted AX from
wheat bran by alkali pretreatment compared to other methods [53].

Autohydrolysis is an environmentally-friendly pretreatment. Under elevated temper-
ature and pressure, hydronium ions are generated from water which release acetic acid
by breaking acetyl groups from hemicellulose [s4]. The acetic acid decreases the pH
and generates more hydronium ions which further break glycosidic bonds leading to
solubilisation of the hemicellulose fraction. Advantage of this method is that no chem-
icals besides water is used. The pretreatment can be used to directly produce (A)XOS
without an additional enzymatic treatment. However, this requires severe conditions
which can produce both monosaccharides, furfural and hydroxymethylfurfural which
are not desired and require purification for their removal [55, 56]. Severe conditions
also removes Araf substitutions and ferulic acid [22, 55, 57].

Enzymatic degradation by high doses of an endo-f-xylanase is also an
environmentally-friendly method as it does not require any chemicals. An-
other advantage is that no by-products are formed and Araf  substitutions and ferulic
acid are not removed. However, depending on the raw material, the yield is relatively
low due to limited access of the endo-f3-xylanase to AX. This has been the case for
rye bran which is the raw material in Paper I [s8] and wheat bran which is used in
Paper IV [53]. Direct enzymatic treatment is more eflicient with endo-3-xylanases
from glycoside hydrolase family 11 (GHir) than from GHio, as they are better at
solubilising AX in the lignocellulosic matrix [59, 60]. GH1o0 endo-[3-xylanases which
are larger in size can only solubilise and degrade a sub-fraction with higher A/X
ratio of the AX which can be solubilised by GHi1. Thus, simultaneous hydrolysis
with the two GH families will not improve the yield. Enzymes are expensive, high
enzyme concentration necessary in this treatment will result in a high production
cost. Another important consideration in a direct enzymatic treatment is inhibitors
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present in the untreated raw material. Wheat and rye contains proteinaceous
inhibitors for endo-B-xylanases from both GHro and GHir originating from both
microbial and fungal sources [61, 62].

In Paper I, a combination of a mild pretreatment of autohydrolysis followed by en-
zymatic hydrolysis of the AX enriched fraction have been applied on rye bran to over-
come the disadvantages of by-product formation in a severe pretreatment, low yield
and inhibition by direct enzymatic treatment of the raw material. Direct autohydro-
lysis resulted in an AX yield of 45 % with a purity of 17 % and an A/X ratio of 0.42
where the AX content was 21 % and A/X ratio 0.47 in the raw material. Before the
enzymatic treatment, improvement of the AX purity was further investigated by dif-
ferent purification steps in the process.

3.2 Purification of arabinoxylan

Purification is an important aspect in a biorefinery and several aspects needs to be
considered. One aspect is the application of the products which determines the level
of purity needed. Another aspect is the raw material and the process which determine
what impurities and by-products are present in the product. Purification adds extra
cost to the process and should therefore be optimised in a cost-effective manner.
Purification steps can be added at different stages during the process which will
influence the process and product. Like all other steps in a process, upscaling from
lab scale, to pilot scale and to full production factory scales needs to be considered.

Enzymatic . Enzymatic Ethanol Endo-B-
Ryebran | 5 rification > Aumhydrdys's>{ puriﬂcation>’ precipitation> xylanase (A)XOS

Soluble fraction »| Enzymatic Ethanol Endo-B- (AXOS
V| purification precipitation xylanase
No treatment X: « Amylase + Amyloglucosidase
Only washing « Amylase + Protease + Amyloglucosidase

Amylase 7) « Amyloglucosidase
Amylase + Protease

Figure 3.1: Process alternatives for extracting and purifying AX from rye bran applied in Paper I.

In Paper I, purification by washing of raw material, enzymatic treatment with amyl-
ase, protease and amyloglucosidase, as well as ethanol precipitation were applied in
different combinations, see Figure 3.1. Direct autohydrolysis resulted in a dark col-
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Table 3.1: Isolation of AX from rye bran by the combination by autohydrolysis and different purification steps, according
to Figure 3.1 (Paper ).

Process Mass (%) Arabinoxylan
Yield (%) Content (%) A/X ratio

Raw material 100 100 21 0.47

Extract after ethanol precipitation

Direct autohydrolysis Amylase + AMG! 17 33 41 0.38
Amylase + Protease + AMG 13 33 53 0.34
Washing Amylase + AMG 11 23 45 0.38
Amylase + Protease + AMG 8 25 60 0.30
Amylase AMG 11 26 48 0.39
Amylase + Protease AMG 8 21 58 0.39
Side stream after ethanol precipitation
Washing Amylase + AMG 22 12 11 0.62
Amylase + Protease + AMG 20 10 I1 0.47
Amylase AMG 23 10 9 0.63
Amylase + Protease  AMG 23 11 10 0.52

! AMG - Amyloglucosidase

oured material, possibly because of Maillard reaction between sugar and proteins.
This was reduced when amylase and protease treatment were applied before the auto-
hydrolysis but also when only washing was applied. By applying amylase and protease
treatment after the autohydrolysis, the AX purity was improved compared to when
these enzymatic treatment was applied before autohydrolysis, see Table 3.1. Ethanol
precipitation was applied to purify the AX, by getting rid of e.g. salts and mono-
saccharides. However, ethanol precipitation is not a good purification technique for
an upscaled process, due to the high amounts of ethanol needed. In addition, the
ethanol precipitation decreases the A/X ratio which is a disadvantage. An alternat-
ive purification method should be applied, e.g. membrane filtration, adsorption or a
chromatographic technique [so].

3.3 Enzymatic hydrolysis of isolated arabinoxylan

Hydrolysis of AX by endo-{3-xylanases into (A)XOS is a mild and environmentally-
friendly method. Enzymes in general can offer high efficiency and selectivity. Draw-
backs are a high cost, low stability and low availability of commercial enzymes. The
challenge is to find or develop the right enzyme. The choice of enzyme is highly
dependent of the raw material, the process and the desired product outcome.
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3.3.1 Raw material and process

The raw material and the extraction process affect the performance of endo-3-xylanase
degradation. In case of a direct endo--xylanase treatment, GHir are more efficient
and can hydrolyse AX to a greater extent [59, 60]. This has been ascribed to their
relatively smaller size than GH1o endo-[3-xylanases, which enables them to penetrate
the cell wall matrix and dissociate the AX from the other components.

The A/X ratio has a high impact on the extractability of AX. Fractions of rye bran AX
with an A/X ratio of 0.5 to 0.6 were directly solubilised in water and fractions with an
A/X ratio of 0.3 to 0.5 was water-extracted by autohydrolysis (Paper I). For wheat bran
AX, soluble fractions have shown an A/X ratio of 0.45-0.60 [41], while the insoluble
fraction used in Paper IV had an A/X ratio of 0.42. Insoluble and water-unextractable
(WU) AX have either a lower or a higher A/X ratio than WE-AX [39, 40]. Depending
on which process is applied and which fraction is used, WE-AX or WU-AX, GHio
or GHur is in general better at degrading the substrate as illustrated for rye bran in
Paper I and for wheat bran in Paper IV and [41], see Table 3.2. It can be concluded
that the (A)XOS yield by GHur is negatively associated with the A/X ratio and that
insoluble AX is not hampering the catalytic efficiency. For GHio, there seems to be an
optimum A/X ratio and that WU-AX is a big hindrance for GH1o endo-3-xylanases.

These findings is in line with previous observations [60, 63].

Table 3.2: (A)XOS yields of hydrolysis by the catalytic module (CM) of RmXyn10A from GH10 and Pentopan from GH11
on fractions from rye and wheat bran. The enzymatic treatment of rye bran and wheat bran has been per-
formed with different enzyme loadings and hydrolysis times and should not be directly compared.

Raw material and process A/X ratio (A)XOS yield (%)! Reference
RmXyn10A_CM Pentopan

Rye bran 0.47 Paper I
Soluble fraction after autohydrolysis® 0.30 51 28 Paper I
Soluble fraction after autohydrolysis? 0.39 41 19 Paper I, unpubl. data
Soluble fraction before autohydrolysis*  0.62 IS s Paper I, unpubl. data

Wheat bran 0.57 Paper IV
Soluble fraction after autohydrolysis’ 0.45 37 21 [41]
Insoluble fraction after autohydrolysis®  0.42 19 24 Paper IV

! The (A)XOS yield is calculated based on (A)XOS with available standards: X,-Xg, A3X and A?XX and in the case of
soluble fraction of wheat bran AX after autohydrolysis also XA3XX, XA?XX and A>T3XX.

2 Washing step before autohydrolysis and amylase, amyloglucosidase and protease treatment after hydrolysis followed
by ethanol precipitation after autohydrolysis.

3 Amylase and protease treatment before autohydrolysis and amyloglucosidase treatment followed by ethanol precipit-
ation after autohydrolysis.

4 Amylase treatment before separation of soluble fraction followed by amyloglucosidase treatment and ethanol precip-
itation.

> Amylase and protease treatment before autohydrolysis.

¢ Amylase and protease treatment before autohydrolysis and ethanol precipitation after autohydrolysis.

I5



3.3.2 Product profile

Hydrolysis of AX will generate different product profiles depending on which endo-
[3-xylanase is used. There are general differences in specificity between GH families
and smaller difference between enzymes within one family. Aspects like degree of
polymerisation (DP), average degree of substitution (avDS), type of branching and
presence of ferulic acids and monosaccharides will vary, and these are factors influen-
cing the prebiotic properties of (A)XOS [12, 64, 65]. In this work, three commercially
available endo-P-xylanases, GsXyn1oA from Geobacillus stearothermophilus (GHio),
Pentopan derived from Zhermomyces lanuginosus (GHix), and NpXyn1oA from Neo-
callimastix patriciarum represented by the catalytic module (CM) only (GHir), and
RmXyn1oA_CM, the catalytic module of the in-house GH1o endo-f3-xylanase from
Rhodothermus marinus, were used for hydrolysis of AX. Comparisons will be made
between the two GH families, while difference in specificities within the families are
discussed in Chapter 4.

DP has a large impact on fermentability. (A)XOS with a high DP (> 60) are more
slowly fermented and these prebiotics can therefore reach the distal colon where Bi-
fidobacterium are present [64]. It is important to feed carbohydrates to the bacteria in
the distal part of the colon to avoid proteolytic fermentation resulting in toxic meta-
bolites. On the other hand, short xylooligosaccharides (XOS) are easily fermented
by Lactobacillus which are present in the proximal colon. In addition (A)XOS with
a high DP need to be further hydrolysed by other non-probiotic gut bacteria before
they can be fermented by Lactobacillus or Bifidobacterium. DP can to some extent
be controlled by time and temperature of the enzymatic hydrolysis. Figure 3.2 illus-
trated how some intermediate products are produced and degraded during time of
hydrolysis. After extended incubation, product accumulation of the final products
will occur according to each endo-f3-xylanase’s product profile. In general, GHio
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Figure 3.2: Hydrolysis profiles over time for high concentrations of RmXyn10A_CM from GH10 and Pentopan from
GH11 acting on WE-AX from rye bran (Paper I). (A)XOS products representing > 1.5 % (w/w) of initial AX
has been excluded for a clearer picture.
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Figure 3.3: Distribution of XOS (X, - Xs) in the hydrolysates from two GH10 (bottom two) and two GH11 (top two)
endo--xylanases acting on WU-AX from wheat bran for 28 h (Paper IV). XOS products representing > 0.1
% of initial AX has been excluded for a clearer picture.

endo-3-xylanases accumulate small (A)XOS with a DP of 2 or 3 and GHir some-
what longer, mainly DP 3 and above [66]. This general difference was observed for
the two GHio endo-f3-xylanases RmXyn1oA_CM and GsXyn1oA and the two GHix
endo-B-xylanases Pentopan and NpXyni1A, see Figure 3.3 (Paper I and IV). By com-
paring Figure 3.2 and Figure 3.3, it can be seen that R7Xyn1oA_CM and Pentopan
accumulates similar ratio of end products during hydrolysis of high enzyme loadings,
regardless of the different start material, WE-AX from rye bran and WU-AX from

wheat bran.

Important, for the production of (A)XOS to be used as prebiotic in food products, any
monosaccharides, like xylose and arabinose, are not desired as they are not prebiotic
but widely utilised by the gut bacteria. In this aspect, GHir endo-f3-xylanases are
more suitable due to their general hydrolysis pattern where X, is the smallest product
compared to GH1o endo-f3-xylanases which accumulate xylose.

A desired outcome of hydrolysis of AX is a high amount of arabinoxylooligosacchar-
ides (AXOS), as they selectively stimulates Bifidobacterium. GHio endo-[3-xylanases
are in general better at accepting Araf substitutions in the active site and thus produce
(A)XOS with a higher avDS than GHi1 endo-3-xylanases. The structural basis for
tolerance to Araf substitution in GH1o and GHir endo-3-xylanases are discussed in
Chapter 4.

Besides endo-3-xylanases from GHi1o and GHir which is the subject for this thesis,
candidates from other families are interesting for hydrolysis of AX. In particular, some
endo-3-xylanases from GHjs subfamily 34 have been characterised and showed to be
arabinoxylan-specific. One example is CtXylsA from Ruminiclostridium thermocellum
(former Clostridium thermocellum) which acts only on AX and not unsubstituted xy-
lan [67]. It needs an O3-bound Araf at subsite -1 and thus, produces only significant
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amounts of AXOS. Furthermore, the enzyme does not produce xylose. Combin-
ing GHi1o or GHir endo-3-xylanases with an arabinoxylan-specific endo-[3-xylanases
from GHs can be a strategy to improve the (A)XOS yield by degradation of highly
substituted regions of AX.

3.3.3 Thermostability

Thermostable GHs with activities at high temperatures are an attractive choice for
hydrolysis of pretreated raw material. In the choice of enzyme to use in the produc-
tion of (A)XOS, besides a hydrolytic action resulting in a desired yield and product
profile, the operating conditions need to be considered. Extraction of AX by heat
pretreatments such as autohydrolysis requires elevated temperatures. In a following
enzymatic treatment, it is advantageous to add the enzyme directly without a cool-
ing step to decrease the production time and cost. Depending on the raw material,
enzymatic degradation at elevated temperatures is also advantageous due to better
solubility of substrates and lower viscosity [46]. High-DP oligomers solubilised by
autohydrolysis from oat spelt and birchwood xylan has been shown to precipitate
upon cooling from 8o to 26 °C [68]. Enzymes with a high temperature optimum are
a good choice to use for these application, either at the optimum temperature or at
a sub-optimal temperature, the latter will increase the stability of the enzyme which
can be used for a longer time and a more comprehensive hydrolysis. In addition, ther-
mostable enzymes operating at high temperatures often have higher specific activities
than enzymes operating at lower temperatures, and a lower dose of enzymes can be
applied which lowers the costs [69].

Enzymes are adapted for the environment in which they have evolved, making most
enzymes inactive over 50 °C. One strategy to acquire thermostable enzymes is to isol-
ate organisms in environments where the temperature is naturally high. Thermophilic
organisms harbour genes for thermostable enzymes with high temperature optimum.
Extracellular proteins, exported from the cell to the surrounding environment, are
generally more thermostable than intracellular proteins, reflecting the more fluctuat-
ing environment outside the cell [70]. This has been the case for RmXyn1oA used
in Paper I, III and IV. The source organism, R. marinus, are thermophilic bacteria
isolated from shallow-water submarine hot springs northwest of Iceland. R. marinus
have optimal growth at 65 °C [19], while RmXyn10A is most efficient at 80 °C and is
stable in 70 °C for 24 hours [71].

Another strategy to acquire thermostable enzymes is using forced protein evolution
on mesophilic enzymes, selecting for desired activity and thermostability. This has
been done for several GH1o endo--xylanases, where mutation of a few amino acids
resulted in increased thermostability while the activity remained [34, 72, 73].
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4 Structure-function relations in
endo-[3-xylanases

4.1  Glycoside hydrolases

Glycoside hydrolases (GHs) is a class of enzymes that hydrolyses the glycosidic linkage
between monosaccharide units within carbohydrates. Carbohydrates is a very diverse
class of compounds, they differ in terms of monosaccharide composition, linkages,
branching and presence of side groups. All these factors are reflected in the enzymes
that act on them. Thus, GHs is a diverse class of enzymes.

4.1.1  Mechanism

GHs work either through a retaining or an inverting mechanism. In the retaining
mechanism the configuration of the anomeric carbon is restored after hydrolysis while
in the reverting mechanism the sugar is shifted, from - to (3-configuration or the
reverse. Only retaining GHs will be discussed in this thesis. Retaining GHs have
two amino acid residues vital for hydrolysis, the nucleophile and the acid/base. The
mechanism consist of two steps, see Figure 4.1. In the first step, the nucleophile
performs an attack on the anomeric carbon, releases the aglycone and forms a covalent
glycosyl-enzyme intermediate. This is facilitated by the acid/base, which in this step
acts as an acid and donates a proton to the glycosidic oxygen. In the second step, the
deprotonated acid/base now acts as a base and deprotonates a water molecule which
performs a nucleophilic attack on the intermediate which releases the glycone from
the enzyme [28, 74]. During the two transition states, the glycone saccharide next
to the cleavage adopts a distorted conformation, from chair- to boat- or shewboat-
conformation, to facilitate the nucleophilic attack of the anomeric carbon.
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Figure 4.1: Representation of the chemical reaction of hydrolysis by the retaining mechanism of glycoside hydrolases
(Adapted from Paper II).

4.1.2  Structure

GHs are, like all other enzymes, composed of a chain of 20 amino acids (primary
sequence) which is further folded into a three-dimensional (3D) structure (tertiary
structure) composed partly of highly ordered structures like 3-sheets and oc-helices
(secondary structures). Some protein exist as oligomers where two or more protein
chains together form an ordered structure (quaternary structure). Some proteins con-
tains several domains, where each domain have an independent fold.

The 3D structure, including domain organisation and any oligomerisation, is import-
ant for the functionality of the enzyme. The reaction which the enzyme catalyses takes
part in the active site of the enzyme, which can be a surface, groove, or tunnel on the
outer part of the 3D structure. The active site is build up of amino acids spread along
the primary sequence. The 3D structure enables the amino acids of the active site
to be positioned for the catalysis to take place. The integrity and stability of the 3D
structure is thus of high importance for the functionality of the enzyme.

The overall fold, which is the arrangement of secondary structure relative to each
other in space, are highly conserved in nature. Only seven folds has been reported for
glycoside hydrolases, the most common one being the TIM-barrel fold. The overall
fold of an enzyme is more conserved than the primary sequence. This enables the
prediction of the 3D structure by homology modeling. As catalysis is the result of
interaction between a limited number of amino acids in position, very few mutations
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Figure 4.2: Schematic illustration and nomenclature of the active site in glycoside hydrolases, here exemplified with Xs
in subsites -2 to +3.

in the sequence can have a large effect on the activity and specificity of the reaction.
However, too large change in the sequence, resulting in change in the overall fold will
destroy all activity and likely denature the protein. These mutations are not selected
during evolution. Selected mutations are much more likely in loop regions than in
secondary structure, as these are not as involved in the integrity of the structure.

4.1.3 Active site

The active site of GHs contains several subsites to where the saccharide units of the
substrate bind. The subsites are labelled from -n to +n where n is a positive integer,
with -n towards the non-reducing end and +n towards the reducing end of the polysac-
charide, see Figure 4.2. Cleavage of the glycosidic bond occurs between the saccharide
units bound at the -1 and +1 subsites [75].

4.1.4 Classification

GHs are classified into different families based on amino acid sequence similarities in
the Carbohydrate Active enZyme (CAZy) database [27, 29, 30], which today covers
165 families. Each family has a conserved overall fold, but a fold can be found in
several families. GH families sharing the same fold, catalytic residues and mechanism
has been grouped into clans and each clan is believed to share a common ancestor.
Some large GH families are further divided into subfamilies in order to improve the
prediction of activities, this has been done for e.g. GHs [76], GH30 [77] and GH43
(78].
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4.2 Endo-B-xylanases

Endo-B-xylanases, activity EC. 3.2.1.8, cleaves internal glycosidic bonds though hy-
drolysis between two xylopyranosyl units (Xylp) within xylan. The activity can be
found in GHs, GHS, GHrio, GHi1, GH30, GH43, GHs1, GH98 and GHi41 [29].
GHjs, GHio and GH30 belongs to clan A, they possess a TIM-barrel fold, uses the re-
taining mechanism and possess two glutamates as catalytic nucleophile and acid/base.
GHur shares the same mechanism and catalytic residues as clan A, however, they have
a [-jelly roll fold and belongs to clan C. GH8 and GH43 uses the inverting mech-
anism and belong to clan M and E respectively. GH98 and GHi4r have not yet
been classified into any clan. GHrio and GHir are well-studied GH families that
are known to act on arabinoxylan (AX), and GH3o subfamily 8 (GH30_8) contains
several structure-determined enzymes acting on glucuronoxylan and glucuronoara-
binoxylan (Paper II). Endo-3-xylanases from the other GH families are less explored.

4.3 GHio

GHio endo-3-xylanases belong to clan A which shares the TIM barrel (a/(3)g fold
consisting of eight alternating &-helices and 3-strands. The eight parallel (3-strands
form a core of a barrel flanked which is flanked by the eight x-helices, see Figure 4.3.
One end of the barrel is wider than the other, the active site is situated at this surface.

Figure 4.3: Typical 3D structure of GH10. Xys1A from Streptomyces halstedii (PDB: TNQ6) [79] illustrating a TIM-barrel
with oc-helices in orange and (3-strands in green (Paper Il).
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//’5 Asn139

Figure 4.4: A typical active site of GH10 endo-3-xylanases, here illustrated by CbXyn10C from Caldicellulosiruptor bescii
(PDB: 50FK) [80]. The amino acid are coloured in accordance with subsite numbering; -2: pink, -1: green,
+1: orange and +3: purple. The catalytic residues are coloured in yellow. Lys50 is also a part of subsite -2,
Trp297 is also a part of subsite -1 and Trp305 is also a part of subsite +1.

4.3.1 Active site

The catalytic nucleophile is situated on (3-strand 7 and the catalytic acid/base on (3-
strand 4. Two glycone subsites are well-conserved (Paper II). Conserved residues in-
teracting with the Xylp in subsite -1 are, according to numbering in C6Xyn1oC from
Caldicellulosiruptor bescii [80], see Figure 4.4, Asni27, Lysso and His87, as well as the
nucleophile Glu248, and Trp3os and Trp91 contributing with stacking interactions
[32, 80-83]. Conserved residues interacting with the Xylp in subsite -2 are Trp297,
Asng7 and Lys40, while Glu46 is semi-conserved. A third subsite is uncommon but
has been observed in GiXyn1oC from Cellvibrio japonicus with a non-conserved tyr-
osine stacking against Xylp in subsite -3 [82]. The same tyrosine is seen in CjXyn1oA
from the same organism, both enzymes produce mainly X3 from X [84].

Substitution of the Xylp at O3 in subsite -2 with an arabinofuranosyl unit (Araf’) has
been seen in several structure-determined complexes and is regarded as a conserved
feature of GHro endo-f3-xylanases [31-34]. In all complexes, the Araf" makes one
hydrogen bond to Glug6. In the crystal complexes of SoXyn1oA from Streptomyces

23



olivaceoviridis and CmXynioB from C. mixtus, the Araf were more rigid if the -3
subsite was occupied by a Xylp, due to sandwiching of the Araf [31, 32]. Substitutions
in subsite -1 are highly unlikely since the hydroxyl groups at position 2 and 3 are
directed towards the interior of the protein and any substitution would clash with the
amino acids of the protein.

The aglycone subsites are less conserved and dominated by aromatic residues. Binding
in this region is also weaker than the glycone region, and not as important for hydro-
lysis [81, 84]. This weaker binding is reflected in fewer structure-determined com-
plexes with xylooligosaccharides (XOS) bound in the aglycone region. Nevertheless,
the aglycone region is interesting since it plays an important role for the product pro-
file. Less conservation in this region provides a broader substrate specificity among the
members of the family. The Xylp in subsite +1 is sandwiched between the conserved
residues Tyr185 and Trp3os, see Figure 4.4 [81, 84, 85]. An addition phenylalanine on
loop Bgaxg next to Trp3os is common but not conserved [31, 82], also seen in intra-
cellular XynA2 from Geobacillus stearothermophilus. The number of aglycone subsite
varies, up to subsite +4 has been captured in structure-determined complexes [80, 84].
In subsite +3, Asn186 is semi-conserved making a hydrogen bond to O2. The length
ofloop (3,017 varies, in case of a long loop, it is bended over the active site and provides
most often one stacking interaction (Tyr256 in Figure 4.4) with the Xylp in subsite +2
or +3 [31, 80, 84, 86, 87]. In the few cases where a subsite +4 is seen in a complex, an
aromatic residue on loop 35 is making stacking interaction with the Xylp (Trp223
in Figure 4.4) [80, 84]. The same residue also provides stacking interaction with the
Xylp in subsite +3 [86, 87].

4.3.2  RmXynioA_CM from Rhodothermus marinus

The structure of the catalytic module (CM) of RmXyn10A from Rhodothermus marinus
was studied in Paper III by homology modeling, molecular dynamics (MD) simula-
tions, docking and a mutational study. Two well-conserved glycone subsites were
identified. However, the aglycone region was not conserved and contained an inter-
esting feature. An o-helix on loop s including Phe7s4 blocks the active site cleft
in the position of subsite +2. This structural feature have only been seen in XynB from
Xanthomonas axonopodis [88], the crystal structure on which the homology model was
based upon. No complex with XOS bound in the aglycone region in XynB is available
despite efforts of docking.

Two possible aglycone binding regions were identified in RmXynioA_CM by MD
simulations, one on each site of the mentioned x-helix on loop B¢, see Figure 4.5.
Both binding regions provide several hydrogen bonds. The first region is similar to
what is seen in other GHro endo-{3-xylanases but the xylan chain is positioned some-
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Figure 4.5: lllustrations of the RmXyn10A_CM aglycone binding region (Paper Ill). First binding region to the left, and
second binding region to the right. The catalytic residues are coloured in yellow and the non-conserved
«-helix on loop Bs s as well as interacting residues are marked in dark grey.

what lower and the Xylp in subsite +2 is tilted. The second region forces the xylan
chain to bend towards loops 3;x; and Bgotg. In the first region, the glycosidic angles
of the xylan chain are closer to what is energetic favourable and the binding energy is
slightly lower than in the second cleft. Mutations in the first cleft also alters the hy-
drolysis profile while the activity is remained suggesting that binding do occur in this
cleft. However, binding in the second cleft cannot be excluded. The second binding
cleft is hypothesised to provide binding of xylan substituted with Araf.

R. marinus are marine bacteria isolated outside Iceland [19]. In the marine en-
vironment, xylans including (-1,3-linkages can be found in seaweeds. Due to
the difficulties during docking of XOS in the aglycone region, curiosity whether
RmXynioA_CM is evolved for another substrate arose. Endo-1,3-3-xylanase activ-
ity is found in GHro, 11 and 26 [29]. Docking of 3-1,3-linked xylooligosaccharides
suggest that the (3-1,3 linkage is not permitted between subsite -1 and -2 due to steric
hindrance (unpubl. data). However, mixed-linked (3-1,4/1,3-linked xylan exist, e.g.
in the red alga Palmaria palmata present in the Atlantic ocean around Iceland [89].
Activity on an extract from P palmata have been observed (unpubl. data). Docking
of various mixed-linked {3-1,4/1,3-xylotetraoses suggested the acceptance of a 3-1,3-
linkage between subsites -1 and +1 as well as +1 and +2, see Figure 4.6. A [3-1,3-linkage
between subsites -1 and +1 changes the position of the Xylp at subsite +2 in such a way
that there is no steric hindrance from the o-helix on loop s and stacking inter-
action from Tyr719 occurs. The Xylp in subsite +2 makes stacking interaction with
Phe7s54 on loop Psots when there is a 3-1,3-linkage between the Xylp in subsites +1
and +2. The activity towards mixed-linked xylan is interesting in order to understand
the structure-function relationship in RmXynioA_CM, and also for future applica-
tions of dietary fibres from marine sources which are much less explored that their
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Figure 4.6: lllustrations of RmXyn10A_CM docked with mixed-linked xylan in subsites -2 to +2, with (3-1,3-linkage
between subsites -1 and +1 (left) and subsites +1 and +2 (right) and the rest being 3-1,4-linkages (unpubl.
data). Catalytic residues are coloured in yellow and interacting residues in grey.

terrestrial counterparts. The first report aiming at producing oligosaccharides for use
in functional foods from Palmaria sp. by endo--xylanases was recently published

[90].

4.3.3 Structural basis for Araf substitutions in the aglycone region

Like the presence and conformation of subsites, Araf" substitution possibilities also
varies in the aglycone region of GHio endo-f3-xylanases. Substitution in subsite +1
is common and in subsite +2 rare, concluded by the combination of product profiles
and structural information, despite the lack of any structure-determined complex with
Araf substitutions in the aglycone subsites [31, 32, 66]. The length of loops 3,0, and
Bsxg differs with different hydrolysis profiles regarding the hydrolysis product XA3X,
see Figure 4.7. SoXyn1ioA do not have extended loops [3;x; and Bgotg and can ac-
commodate an Araf at subsites -2, +I and +2, as both A’X and XA3X is seen as hydro-
lysis products [91]. This is also the case for 7aXyn1oA from Thermoascus aurantiacus
(85, 92]. However, both loops are extended in CmXynioB, which therefore is con-
cluded not to be able to accommodate an Araf at +2 [31]. Another reason CmXynioB
cannot accommodate Araf at +2 is believed to be the strong binding in subsite +3
which prevents conformational change of the Xylp in subsite +2 which would be ne-
cessary [31, 66]. The strong binding of subsite +3 is build up from interactions from
residues of the extended loops (3;x; and Bgotg. Loops 3,0, and Bsxs, thus, play a
dual role in the specificity of GH1o endo-{3-xylanases towards Araf substitutions.

In Paper IV, Araf substitutions were explored in RmXynioA_CM and extracellular
XynA from G. stearothermophilus, hereafter named GsXynioA, by manual docking
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Figure 4.7: Surface representation of catalytic modules of GH10 endo-3-xylanases for comparison of structural elements
affecting to possibility of an Araf substitution in subsite +2, loop 37« in dark grey and loop Bgog in light
grey.

and energy minimisation. GsXyn1oA have previously been structure-determined by
others in complex with X5 in subsite -2 to +3 (PDB: 4PUD). O3-bound Araf were
found possible in subsites -2 and +1 for both enzymes, however difference were ob-
served for subsite +2 and +3, see Figure 4.8. RmXynioA_CM could accommodate
Araf, both O2- and O3-bound, and double-substituted Xylp, in subsite +2 while this
was only possible in subsite +3 of GsXyn10A, see Figure 4.8.

Araf substitution in subsite +1 was seen for both RmXynioA_CM and GsXynioA,
however RmXynioA_CM showed at least two hydrogen bond possibilities. One of
them is from Gln671 on loop 404, a loop which has an unconserved conformation.
This residue is not found in GsXyn10A which only have one hydrogen bonding residue
to the O3-bound Araf’ in subsite +1.

Araf substitution in subsite +2 of RmXyn1oA_CM, which have short loops 3;x; and
g, is assisted by tilting of the Xylp in subsite +2. The conformational change de-
scribed necessary for Araf substitution in subsite +2 of SoXyn1oA [32] which positions
the hydroxyl groups 2 and 3 in parallel to the protein surface, is facilitated by the non-
conserved &-helix on loop B¢0ts by the cost of interactions in this subsite with Xylp.
The affinity of the second binding region of RmXynioA_CM (see Figure 4.5) can at-
tract both Araf substituted and unsubstituted xylan. Among subsites -2 and +2 and
+3 of the first binding region, subsite +2 was found to have the weakest binding of
Xylp, followed by +3. Thus, RmXyn1ioA_CM seems to have evolved to accommodate
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Figure 4.8: Possible Araf substitutions in RmXyn10A_CM (left) and GsXyn10A (right) (Paper IV). Araf are docked into
subsites -2 (yellow), +1 (cyan), +2 (purple) and +3 (green). Araf in O2 position are coloured in dark and
03 position in light. Araf in subsite -2 is positioned at O3. Double substitutions are possible, with minor
conformational change, in subsite +1 and +3 for GsXyn10A and in subsite +1 and +2 for RmXyn10A_CM.
Residues for each enzyme interacting with the docked Araf are coloured in orange.

highly-substituted xylan in the aglycone region while unsubstituted xylan will bind
with low specificity.

Araf substitutions in subsite +2 is not possible in GsXynioA due to major steric
hindrance from loops 3;x; and Bgxs. However, there is space for substitutions in
subsite +3. As a contrast to RmXynioA_CM, subsite +2 was found to bind Xylp the
strongest. Isothermal titration calorimetry have shown that X, preferably occupies
subsite -2 and -1, X; occupies subsite -2 to +1 and X, occupies subsite -2 to +2, sug-
gesting subsite -2 to be stronger than +2 [87]. This enzyme seems to be evolved to
accommodate lightly or non-substituted xylan with high specificity and strong bind-
ing in the aglycone region.

Hydrolysis profiles from RmXynioA_CM and GsXynioA acting on water-
unextractable (WU) AX from wheat bran reveal differences in product forma-
tion which reflect the docking results, see Figure 4.9. The structural informa-
tion of RmXyn1oA_CM and GsXyn1oA suggest possible arabinoxylooligosaccharides
(AXOS) products from hydrolysis of AX. RmXynioA_CM should be able to pro-
duce A3X, XA3X, A2XX, XA2XX, A2t3XX and XA21t3XX. The same products can
be expected by GsXyn1oA except for XA3X, XA2XX and XA**3XX which require
Araf substitution in subsite +2. This is in agreement with the AXOS products that
could be identified by standards; A3X, XA3XX, A2XX, XA?XX and A2H3XX. How-
ever, standards for XA3X and XA?T3XX have not been available. In the analysis by
high-performance anionic exchange chromatography coupled with pulsed amperi-
ometric detection (HPAEC-PAD) of hydrolysate from RmXynioA_CM, there is one
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Figure 4.9: Analysis by HPAEC-PAD of water-unextractable AX from wheat bran hydrolysed by RmXyn10A_CM (top left)
tailored with oc-r-arabinofuranosidases GAbf51A (middle left) or BaAXHd-3 (bottom left) and by GsXyn10A
(top right) tailored with GAbf51A (middle right) or BaAXHd-3 (bottom right) (Paper IV). The chromatograms
are enlarged from 14 min and forward for a better resolution of AXOS products. Products identified by
standards are named, while peak 1 is unidentified.

major unidentified peak (peak 1 in Figure 4.9). Based on the docking results, it is easy
to believe peak 1 to correspond to XA3X, but proper identification, e.g. by NMR,
is necessary before the product is confirmed. There is however, some indications on
its identity. The peak is removed by hydrolysis from GHs1 -L-arabinofuranosidase
CjAbSsIA from C. japonicus which cleaves single O2- or O3-bound Araf with only
minor activity on double substitutions [93]. Peak 1 is also removed by the action of
GH43 o-L-arabinofuranosidase BaAXHd-3 from Bifidobacterium adolescentis which
cleaves O3-bound Araf from double-substituted Xylp [47, 94, 95]. This is contra-
dicting results, but interestingly XA3XX was also cleaved by BsZAXHd-3, producing
arabinose and X, thus revealing another specificity than previously have been de-
scribed. In Paper I, the hydrolysate from rye bran AX treated with RmXynioA_CM
where further treated with a lower concentration of BsAXHd-3. In this case, neither
peak 1, nor XA3XX was hydrolysed by B#AXHd-3, which is in line with the previously
described specificity. Thus, it seems like the concentration plays an important role in
the specificity. One hypothesis is that, at high concentrations B#AXHd-3 can cleave
a single O3-bound Araf’ if there is an additional Xylp in the non-reducing end, like in
the case of XA%X and XA3XX. If the substituted Xylp in subsite +1 would turn face,
the non-reducing terminal Xylp would be positioned similar to the O2-bound Araf’
believed to be necessary for hydrolysis. Contradicting data for the identification of
peak 1 are also found; other groups have reported A3X and XA3X to co-elute or elute
in the reverse order compare to what is seen for A’X and peak 1 in Figure 4.9 during

analysis with HPAEC-PAD [95—97].
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4.4 GHix

GHour belongs to clan C and shares the 3-jelly roll fold which can be described as
a partially closed hand with fingers, thumb and palm [98], see Figure 4.10. The
overall structure consists of two anti-parallel 3-sheets, A and B, and one o-helix
[99]. B-Sheet A makes up the outside of the fingers while 3-Sheet B makes up the
inside of the fingers and the palm. The thumb is composted of a loop between two
[3-strands of (3-sheet B consisting of eleven or twelve residues. The «-helix is situated
next to [3-sheet B on the outside of the thumb. The active site is situated inside the

hand.

Figure 4.10: Typical 3D structure of GH11. XynA from Thermomyces lanuginosus (PDB: 1YNA) [100] illustrating a 3-jelly
roll with the «-helix in purple and (3-sheet A and B in yellow and red, respectively (Paper II).

4.4.1 Active site

The active site of GHir endo-f3-xylanases consists of a deep and narrow cleft running
along the palm of the hand. In the cleft, there is space for up to six subsites, three
glycone and three aglycone [99]. The catalytic resides are situated in the middle of the
hand, just below the thumb loop. A typical active site with five conserved subsites,
-2 to +3, is illustrated in Figure 4.11 and is dominated by interactions from aromatic
residues. The thumb loop provides hydrogen bonds from two residues, Argr22 and
Pro126 [99], according to numbering in Xyn11A from Trichoderma reesei. The thumb
loops is well conserved and plays an important role during the catalytic cycle. It is
flexible and moves to open and close the active site cleft in the process of substrate
binding, hydrolysis and product release. Conformational changes in the thumb loop
have been observed both within crystal structures and during modeling [101-104].
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Figure 4.11: A typical active site of GH11 endo-3-xylanases, here illustrated by Xyn11A from Trichoderma reesei (PDB:
1XYO) [98]. The amino acids are coloured in accordance with subsite numbering; -2: pink, -1: green, +1:
orange, +2: red and +3: purple. The catalytic residues are coloured in yellow (Paper II).

Due to the narrow cleft and the thumb loop, no Araf substitutions can be accom-
modated in subsite -1 or +1 while substitutions in subsites +2 and -3 seems to be a
common feature among GHir endo-f-xylanases [99, 105]. Only one complex with
an AXOS ligand have been structure-determined, £#Xyn11A encoded from environ-
mental DNA sample in complex with ferulated XA®X in subsite +1 to +3 [105]. The
Araf bound to O3 of Xylp in subsite +2 makes interactions with residues on the thumb
loop, specifically one arginine (Argr22 in Figure 4.11).

4.4.2  Structural basis for Araf substitutions in 7/Xynr11A and NpXynr1iA

Binding of AXOS in GHu endo--xylanases was studied in Paper IV where two
enzymes were explored; 7/Xyn11A from Zhermomyces lanuginosus and NpXyn1iA from
Neocallimastix patriciarum represented by the catalytic module only. Both enzymes
have previously been structure-determined, but without any ligand in the active site
[100, 105]. X4 was docked into the active site of both enzymes by manual docking
and MD, possible Araf" substitutions were subsequently explored by manual docking
and EM, see Figure 4.12.

T/Xyn11A and NpXyn1iA are similar in the proximal subsites and can, in accordance
with the general pattern of GHi1, accommodate Araf in subsites -3 and +2. The active
site cleft of 7/Xyn11A widens in the distal part around subsites -3 and +3 compared
to NpXyniiA. The tighter cleft of NpXyn11A facilitates a hydrogen bond between the
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Figure 4.12: Possible Araf substitutions in TIXyn11A (left) and NpXyn11A (right) (Adapted from Paper IV). Araf are
docked into subsites -3 (blue), +2 (purple) and +3 (green). Araf in O2 position are coloured in dark and O3
position in light. Double substitutions are possible, with minor conformational change, in subsite -3 and
+2 for both enzymes and also in subsite +3 for TIXyn11A. Residues for each enzyme interacting with the
docked Araf are coloured in orange.

Xylp in both -3 and +3 to the protein backbone. Also, an additional water-mediated
hydrogen bond in subsite -3 was identified compared to the complex with 7/Xyn11A.
This results in a stronger binding in subsite -3 and +3 of NpXyn11A which initially
produces more X; than X,.

For both enzymes, O3-bound Araf in subsite +2 is making hydrogen bond to the cor-
responding arginine seen in the structure-determined complex of EnXyn11A, which
corresponds to Argrz2 in 7/Xyn1iA and Hisi46 in NpXyn1iA, see Figure 4.12. In
T/Xyn11A, Tyri8o can make a hydrogen bond with an O2-bound Araf in subsite +2,
while there are several possible interacting residues to an Araf in the same position
in NpXyn1iA. In subsite -3, an O3-bound Araf is mostly solvent exposed while the
Oz2-bound Araf  can make hydrogen bonds to Trpr2 and Asns in 7/Xyn11A and the
corresponding Trp24 and Glnir in NpXynitA. The binding of an Araf in O2 posi-
tion of NpXyn1IA requires some conformational change of the Xylp in subsite -3. The
narrower cleft of NpXyn11A in the aglycone region results in less space for Araf in sub-
site +3 which cannot accommodate any O3-bound Araf unless there is conformation
change in the complex. On the contrary, in 7/Xyn11A, there is space for an O3-
bound Araf in subsite +3 which makes stacking interaction with Phe181 and possible
hydrogen bond with Tyr180o. The two endo-[3-xylanases seems to have been evolved to
degrade AX with different average degree of substitution (avDS) where 7/Xyn11A can
hydrolyse more heavily-substitutes AX than NpXyn11A, and where NpXyniiA shows
higher binding energy for the less substituted substrate.

Hydrolysis of wheat bran WU-AX by the two studied GHir endo-{3-xylanases reflec-
ted the results observed by docking, see Figure 4.13. Pentopan Mono BG, hereafter
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Figure 4.13: Analysis by HPAEC-PAD of water-unextractable AX from wheat bran hydrolysed by Pentopan (top left)
tailored with «-r-arabinofuranosidases GAbf51A (middle left) or BaAXHd-3 (bottom left) and by NpXyn11A
(top right) tailored with GAbf51A (middle right) or BaAXHd-3 (bottom right) (Paper IV). The chromatograms
are enlarged from 14 min and forward for a better resolution of AXOS products. Products identified by
standards are named, while peak 2 and 3 are unidentified.

named Pentopan, is a commercial available variant of 7/Xynr11A used in the biochem-
ical experiments. Connections between the structural studies of 7/Xyn11A and the
biochemical studies of Pentopan should be done with caution as they might not be
identical. The hydrolysates confirm the specificities of Araf substitutions in subsites
-3 and +2 by XA3XX and XA?XX as well as XA?*3XX identified by the increase of
XA?XX after treatment with B2ZAXHd-3. Peaks 2 and 3 in Figure 4.13 are unidenti-
fied. Peak 2 increases after treatment with B2ZAXHd-3, indicating an O2-bound Araf’
in the AXOS. Peak 2 is believed to correspond to XXA2XX, which would be in line
with docking results, where both enzymes can accommodate an O2-bound Araf in
subsites -3 and +3. Peak 3 corresponds to a major AXOS product by Pentopan and
a minor in NpXyniiA. It is assumed to contain an O3-bound Araf since this sub-
stitution is more common in wheat bran AX than O2-bound Araf [106]. Peak 3 is
believed to correspond to XXA3XX as is would reflect the structural difference ob-
served in subsite +3 where NpXyn11A cannot accommodate O3-bound Araf without
structural change. XXA3XX has been reported to elute after XA3XX in HPAEC-PAD
analysis, in line with current result [96]. As mention above, proper identification of
the peaks needs to be done before conclusions are drawn.

4.5 Modularity

The catalytic module of GHs can be accompanied with other domains, both with
other catalytic functions but often with another functionality. Carbohydrate-binding
modules (CBMs) are common for GHs and have the role to bring the substrate and
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active site in proximity for hydrolysis, target the enzyme to specific regions of the
cell wall, and in some cases to disrupt polysaccharide structures [107]. CBMs do this
by binding to a polysaccharide. The polysaccharide is often the same polysaccharide
as the substrate, but CBMs binding to crystalline polysaccharides can accompany
GHs hydrolysing another polysaccharide. Like GHs, CBMs are classified based on
sequence similarity and 85 families can be found in the CAZy database [29]. CBMs are
also classified based on which type of structure they bind: Type A binds to insoluble,
crystalline surfaces of cellulose or chitin, Type B to polysaccharide chains and Type C
to mono- or oligosaccharides.

4.5.1 CBMs of endo-[3-xylanases

Different function of CBMs coupled with endo-[3-xylanases from GHi1o and GHir
have been identified. CBMs from GHi1o have been shown to increase specific activity
and thermostability [108], and they are often interacting with the catalytic domain as
seen for the structure-determined SoXyn1oA [109] and CtXyn1oB from Clostridium
thermocellum [110], but with one exception, (jXyn1oC [82]. In some cases, the
CBMs can interrupt the sequence of the catalytic module as found in GHro endo-f3-
xylanases of the gut bacteria Bacteroides intestinalis and Prevotella bryantii [111]. Sev-
eral CBMs from GHir have been shown to introduce instability and decrease specific
activity of the enzymes [108], indicating another function. The CBM module of GH1x
endo-P-xylanase Nf Xynit from Nonomuraea flexuosa was shown to decrease adsorp-
tion of the enzyme to lignin during hydrolysis of wheat bran, thus improving the
hydrolysis of the raw material by concentrating the enzyme to the substrate [112].

4.5.2  Modularity of RmXyn1ioA

RmXyn1oA is modular enzyme containing five domains, two tandem CBM4 mod-
ules, one domain with unknown function (D3), the catalytic domain and a fifth do-
main with a putative cell-anchoring function (Ds) [113, 114]. The two CBM4 modules
binds to both insoluble and soluble xylan, amorphous cellulose as well as 3-glucan
and to some extent laminarin and lichenan [115]. No increase in activity on birch-
wood, oat spelt or rye AX have been seen for the full-length RmXynioA compared
to RmXyn1oA_CM |24, 116], but decease in activity is seen when any of the two un-
known domains are present. The two CBM4 modules seem to contribute to the sta-
bility of the full-length RmXyn1oA [116]. RmXynioA_CBM4-2 have been structure-
determined by NMR and based on the structure, a homology model was built of
RmXynioA_CBMgy-1 [117]. In Paper III, these structures together with the homo-
logy model of the catalytic module were used in the determination of the solution
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Active site

Figure 4.14: Model of the full-length RmXyn10A illustrating the spatial arrangement of its five domains; CBM4-1 (cyan),
CBM4-2 (yellow), D3 (purple), catalytic module (blue) and D5 (red), where linkers are coloured in black
(Paper 111). CBM4-1, CBM4-2 and the catalytic module are represented by high-resolution structures while
D3, D5 and linker regions are represented by backbone atoms. The right picture is rotated clockwise by
90°around the horizontal axis.

structure of the full-length version by Small-Angle X-ray Scattering (SAXS), see Fig-
ure 4.14. The active site is situated away from the rest of the domains and interaction
with the catalytic domain is only likely for the unknown domain D3. The distance to
the two CBM4 modules might explain why these domains do not contribute to the
activity as they cannot affect the structure of the catalytic module. However, the two
CBM4 modules seems to stabilise the domain organisation of the full-length enzyme.
The functionality of the domain organisation remains to be further explored, but a
hypothesis is that the Ds domain, as previously been described, anchors the enzyme
to the cell surface, D3 facilitates the two CBM4 modules to reach out further from
the cell to bind the substrate, and D3 has a role in bridging the substrate to the active
site of the catalytic module.
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s Stimulation of health-promoting
gut bacteria

The importance of the gut microbiota has led to the development of strategies to
maintain a well-balanced gut microbiota and enhance its beneficial effect. Two ways
to influence the composition and activity of the gut microbiota through diet are con-
sumption of prebiotics and/or probiotics included in food items.

s.1 Probiotics

Direct addition of health-promoting microbes into the gut by ingestion is one strategy
to maintain or modulate the gut microbiota in a health-promoting way. Probiotics
is the term used for health-promoting microorganisms intended for this use. More
strictly, probiotics are defined as live microorganisms that, when administrated in
adequate amounts, confer a health benefit to the host [s]. In order to promote the
health of the host as stated in the definition, safety, functional and technologial aspects
need to be assessed. Important selection criteria suggested for probiotic bacteria aimed
for human consumption are, but not limited to: being of human origin, having a
history of being non-pathogenic and not associated with diseases, being tolerant to
acid and bile salt, being able to adhere to epithelial surfaces and being persistent in
the human gastrointestinal tract, being clinically validated and having documented
health effects including dose-responses, having good sensory properties, being phage
resistant, being viable during processing and being stable in the product and during
storage [118, 119]. The documented health-promoting properties may include effect on
cholesterol metabolism, bioavailability of vitamins and minerals, modulation of the
intestinal epithelial barrier, faccal carcinogen and mutagen level, immune response,
intestinal motility, production of anti-microbial substances and antimicrobial activity
against pathogens.
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Many well-documented probiotics are members of the genera Lactobacillus and Bi-
fidobacterium. Numerous food products containing strains of these genera exist on the
market, e.g. in the form of yoghurt and juices. Lactobacillus spp. have been shown
to protect against pathogenic bacteria, lower the level of serum cholesterol, prolong
induction of colon tumour and to reduce diarrhoea and symptoms of irritable bowel
syndrome, ulcerative colitis, Crohn’s disease and lactose intolerance [120, 121]. Bi-
fidobacterium spp. have been shown to be effective against diarrhoea, ulcerative colitis
and lactose intolerance as well as to lower levels of triglycerides and cholesterol, and
reduce colon carcinogenesis. Other probiotics include strains belonging to Sacchar-
omyces, Lactococcus, Enterococcus, Streptococcus, Pediococcus, Leuconostoc, Bacillus and
Escherichia [122]. A few strains of commensal gut microbial bacteria associated with
improved host functions has also been considered probiotic [s].

Fermented food has a long tradition in human history due to its preservative effect,
long before the understanding about microorganisms arose. Fermented food con-
tains microbial cultures that often are beneficial for human health and is therefore
interesting as a source for exploring new probiotic taxa.

s.2 Prebiotics

Diet in general, and dietary fibres in particular, is one of the main influencers on
both composition and activity of the gut microbiota [123]. Carbohydrates, from host
diet but also in the mucus layer of the intestines, are the major energy source for
the gut microbiota. The human genome harbours less than 20 hydrolytic enzymes
acting on dietary carbohydrates. Besides monosaccharides, humans are only capable
of digesting starch and some disaccharides, including lactose and sucrose [124]. The
rest, collectively termed dietary fibres, will elude enzymatic degradation in the first
part of the gastrointestinal tract and pass on to the microbial community of the in-
testines. 'The microbes in the distal gut have been estimated to contain around 150
times as many genes as in the human genome [125], and together, they can degrade
and utilise a vast array of dietary fibres. Dietary fibre can promote health both by its
physiochemical properties and through fermentation by the gut microbiota. When a
dietary fibre is health-promoting by the fermentation in gut microbes, they are clas-
sified as prebiotics.

The latest definition of prebiotics is "a substrate that is selectively utilised by a host mi-
croorganism conferring a health benefit” [11]. Prebiotics aimed for the gut microflora
must fulfil the following criteria; (1) resist gastric acidity, hydrolysis by mammalian
enzymes and gastrointestinal absorption, (2) be fermented by the intestinal microflora
and (3) selectively stimulate the growth/and or activity of intestinal bacteria associated
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with health and well-being [126]. Like for probiotics, clinical studies including dose-
response assessments are needed to confirm the prebiotic effect. According to the
latest definition, a prebiotic must not be fermented in gut microbiota, but anywhere
in the body, and the term is not limited to carbohydrates. However, most research
is conducted on poly- and oligosaccharides originated from dietary fibre and its ef-
fect on the gut microbiota. Established prebiotics include galactooligosaccharides
(GOS), fructooligosaccharides (FOS) and inulin, while xylooligosaccharides (XOS)
and mannooligosaccharides (MOS) are prebiotic candidates lacking evidence for full
acceptance [11].

Ingestion of prebiotic oligosaccharides increases the proportion of Lactobacillus and
Bifidobacterium in the gut microbiota and its fermentation result in production of
short-chain fatty acids (SCFAs) and lactate. SCFAs, including acetate, propionate and
butyrate, and lactate lower the pH which creates a hostile environment for pathogens
and improves mineral adsorption. They also stimulates the immune system and are
an energy source in the host glucose, cholesterol and lipid metabolism [6—9]. Butyr-
ate is especially beneficial due to its stimulation of the proliferation of normal colon
epithelial cells and prevention of proliferation of colorectal cancer cells [127].

s.2.1 Arabinoxylan-oligosaccharides as prebiotics

Arabinoxylan-oligosaccharides ((A)XOS), including XOS and arabinoxylooligosac-
charides (AXOS), have not yet acquired full acceptance as a prebiotic substrate. How-
ever, there is evidence for its prebiotic properties. According to Broekaert ez al.,
(A)XOS fulfil the three criteria for prebiotics outlined in the previous section. (A)XOS
resist gastric acidity, hydrolysis by mammalian enzymes and gastrointestinal absorp-
tion, they are fermented by the intestinal bacterial, and they have a strong bifidogenic
effect which has been shown by 77 vitro, animal, and human studies [12].

Health benefits associated with (A)XOS are normalisation of stool frequency and con-
sistency by XOS and attenuation of increased levels of blood serum triglycerides, cho-
lesterol and glucose levels during intake of certain diets by both AXOS and XOS [12].
It is speculated that especially AXOS but also XOS exhibit anti-carcinogenic effects
due to stimulation of carbohydrate-degrading bacteria which leads to suppression of
proteolytic fermentation in the distal colon. Fermentation of (A)XOS increases the
concentration of SCFAs and lactate. Production of propionate is linked with pres-
ence of arabinose subsitutions in AXOS. (A)XOS has a butyrogenic effect, butyrate
is produced in the colon upon fermentation of (A)XOS and arabinoxylan (AX) with
simultaneous stimulation of butyrate producers, e.g. Roseburia spp. [127].

The fermentability of (A)XOS is affected by the degree of polymerisation (DP), any

39



substitutions to XOS, and presence of ferulic acid linked to the arabinose unit of
AXOS. Slow fermentation is in general an advantage due to generation of SCFAs
in the distal colon. Poor carbohydrate fermentation in the distal colon leads to pro-
tein fermentation which produces undesired metabolites such as ammonia. Branched
SCFAs are an indicator of proteolytic fermentation since they are produced under
these conditions as by-products. (A)XOS with a DP above 60 was seen to decrease
branched SCFAs in rats. However, larger bifidogenic effect including production of
acetate and butyrate was observed for (A)XOS with a DP below 15 [64]. (A)XOS with
an average DP of 3.1 and 12.1 differed in fermentation rate, however, the production
of SCFAs was similar [65]. Average degree of substitutions (avDS) does not seem to
affect the fermentability unless it exceeds 1.0, in which case the fermentation is limited

(64].

Ferulic acid linked to AXOS has antioxidant properties [12]. However, the ferulic
acid affects the fermentability of these AXOS. Ferulated AXOS are poorly fermen-
ted in vitro compared to non-ferulated AXOS [65]. In a model of the human colon,
ferulated AX induced extracellular feruloyl esterase and endo-[3-xylanase activities re-
leasing ferulic acids and hydrolysing the polysaccharides which enables fermentation
by Bifidobacterium [128]. It is therefore likely that ferulated AXOS are fermented more
in the distal part of the colon.

AX is also fermented by the human microbiota and generating SCFAs [129]. The
time of fermentation of AX is related to the structure of AX including factors like
type of branching and length of branches, as shown by different fermentation rates
of AX from wheat bran, rice, corn and sorghum. The branching pattern affects the
action of degradation and thus the possibility of fermentation [129, 130]. However, the
bifidogenic effect of AX is weak as Bifidobacterium cannot ferment the polysaccharide
unless it is hydrolysed into (A)XOS by other intestinal bacteria. Hence, AX does
not fulfil the prebiotic criteria of selectively stimulating the growth/and or activity of
intestinal bacteria associated with health and well-being.

5.3 Utilisation of AX and (A)XOS by gut bacteria

5.3.1 Degradation of AX

The probiotic bacteria do not degrade the polysaccharide AX, however, other gut
bacteria do. Some species of the gut microbiota are specialised in degrading polysac-
charides, the most well-studied example is Bacteroides thetaiotaomicron which alone
harbours more than 300 genes encoding carbohydrate-degrading enzymes [29, 131].
For degradation of AX, endo-(3-xylanase activity is needed, and this has been found
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in the genera Bacteroides, Prevotella and Roseburia [132, 133].

Bacteroides and Prevotella are Gram-negative bacteria of the phylum Bacteroidetes.
They have been found to utilise AX as well as other polysaccharides by the induction
of polysaccharide utilisation loci (PULSs) [133]. A PUL is a gene cluster including genes
encoding glycoside hydrolases (GHs), the binding protein SusD, the outer membrane
TonB-dependent transporter SusC and regulators [134]. Extracellular GHs degrade
the polysaccharide, SusD binds the oligosaccharides and SusC transports the oligosac-
charides through the outer membrane. In the periplasmic space, the oligosaccharides
are further degraded by GHs to smaller oligosaccharides and monosaccharides which
are transported into the intracellular space.

Roseburia are butyrate-producing Gram-positive bacteria of the phylum Firmicutes.
The xylan utilisation by Roseburia intestinalis has recently been investigated [135]. A
gene cluster including a modular GH family 10 (GH1o) endo-f3-xylanase active on
AX, an ATP-binding cassette (ABC) transporter for (A)XOS and several intracellu-
lar GHs including an o-L-arabinofuranosidase and a (3-xylosidase was identified and
characterised.

s.3.2  Bifidobacterium

Bifidobacterium are Gram-positive bacteria of the phylum Actinobacteria. They are
obligate anaerobes and are present in the distal colon. (A)XOS exhibit strong bifido-
genic effects, however, the utilisation is strain specific, collaboration and avoidance of
competition between strains during degradation of (A)XOS have been suggested [136].
For utilisation of (A)XOS, Bifidobacterium possess ABC transporters for transport of
the oligosaccharides across the cell membrane, internal hydrolytic enzymes including
[3-xylosidases and «-L-arabinofuranosidases from GH43, endo-(3-xylanases, esterases,
and proteins for further metabolisation of D-xylose and L-arabinose [137, 138]. Spe-
cificity to XOS and AXOS with a DP up to 6 but preference for DP 3 to 4 has been
shown for a binding protein associated with an ABC-transporter conserved within
Bifidobacterium [139)].

Bifidobacterium metabolise D-xylose and L-arabinose into acetate, ethanol and lactate
via the phosphoketolase pathway. For hexose sugars, metabolism via the fructose-6-
phosphate shunt, also known as the bifido shunt, occurs which yields more acetate
and ATP but less lactate compared to what is produced by the metabolism in lactic
acid bacteria [140].
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5.3.3 Lactobacillus

Lactobacillus are Gram-positive facultative anaerobic bacteria of the phylum Firmi-
cutes. XOS utilisation has only been seen in a few strains, most prominent for L.
brevis [13, 22, 24, 141] (Paper IV), whereas AXOS utilisation has not been observed.
In the genome of L. brevis ATCC 367, there are genes annotated for utilisation of
XOS including a B-xyloside symporter, 3-xylosidase and metabolising proteins for
the conversion of D-xylose into D-xylulose-5-phosphate (Paper V). The -xylosidase,
LbX from GH43, has been characterised showing highest activity on X, [142].

Lactobacillus can be either homofermentative producing only lactate from carbo-
hydrates, or heterofermentative, as in the case of L. brevis, which additionally can pro-
duce acetate and ethanol. The genome of L. brevis ATCC 367 possesses annotations
of all proteins necessary for the conversion of D-xylose, through the phosphoketolase
pathway as well as the pentose phosphate pathway, into lactate, acetate and ethanol
(Paper V). Utilisation of pentose phosphate pathway produces lactate only.

5.3.4 Cross feeding

The microbial community in the colon cooperates and competes for utilisation of the
nutrients. The degradation products and/or metabolites from one bacterium can be
the substrate for another. As an example, AX can be hydrolysed extracellularly by
Bacteroides or Roseburia into (A)XOS. (A)XOS are fermented by Bifidobacterium and
some lactic acid bacteria producing lactate and acetate. Lactate and acetate are util-
ised by bacteria producing butyrate [127]. These mechanisms are called cross feeding
which is one reason why it is important to study the whole microbial community in
a continuation after studying individual strains. Exchange of nutrients also occurs
between the microbial community and the host, e.g. SCFAs are absorbed into the
blood stream and human intestinal epithelial cells produce glycans which are an im-
portant nutrient source for some microbes. To cover all these aspects, iz vivo animal
and human trials are necessary.

5.4 Weissella cibaria strain 92

To improve classification of probiotic bacteria into new taxa, the genus Weissella is an
interesting candidate. Weissella was first described in 1993. After phylogenetic analysis
of the genus Leuconostoc and some heterofermentative lactobacilli by 16S and 23S
rRNA sequencing [143, 144], a subgroup consisting of Leuconostoc paramesenteroides
and a few species of Lactobacillus was reclassified into the new genus Weissella [145].
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Figure 5.1: Organisation of gene clusters in Weissella cibaria strain 92 involved in regulation, transport, degradation
and metabolism of -xylosides (A), «-r-arabinosides (B) and (-glucosides (C-E) (Paper V). The genes are
annotated to encode the following proteins; xy/B — xylulose kinase, xylA — xylose isomerase, xyIR — putat-
ive ROK family transcriptional regulator, xynT — xyloside transporter, xynB — 3-xylosidase, xy/T — p-xylose
proton symporter, araR — transcriptional repressor of arabinoside utilization operon, GntR family, abfA —
«-1-arabinofuranosidase Il precursor, lacY — lactose permease, araB — ribulokinase, araD — i-ribulose-5-
phosphate-4-epimerase, araA — r-arabinose isomerase, bglF — PTS, B-glucoside-specific ll(A-C) compon-
ent, bglG - B-glucoside bgl antiterminator bgl family, bg/B — 6-phospho-3-glucosidase and /icA-C — PTS,
cellobiose-specific IIA-C component.

Weissella belongs to the phylum Firmicutes, class Bacilli, order Lactobacillales, family
Leuconostocaceae and consists of Gram-positive, obligate heterofermentative bacteria
that produces acetate, lactate and ethanol from fermentation of carbohydrates [10].
Strains of Weissella have been isolated from faeces, saliva, breast milk and vagina of
humans as well as from fermented food.

W. cibaria strain 92 was previously isolated from Indian fermented food [146], and has
shown production of lactate and acetate during fermentation of XOS [14, 22]. Among
lactic acid bacteria, this ability has only been observed in Leuconostoc lactis [15] and a
few strains of the established probiotics Lactobacillus. The XOS utilisation ability of
W. cibaria strain 92 makes it an interesting prebiotic target and studies establishing
the probiotic mechanisms and further investigation of other probiotic features are of
interest. The genome of W/ cibaria strain 92 was sequenced, annotated and analysed
for utilisation of oligosaccharides originating from dietary fibres in Paper V.

The GH43 B-xylosidase, WXyn43, was previously characterised and shows activity
on XOS with a DP up to 4 [147]. WXyn43 is included in a cluster containing
genes annotated to a xylose-responsive transcriptor regulator, a xyloside symporter
and metabolising genes for the conversion of b-xylose to p-xylulose-5-phosphate, see
Figure 5.1 A (Paper V). The gene cluster enables the bacteria to transport XOS over
the cell membrane, hydrolyse it to D-xylose and convert p-xylose to p-xylulose-s-
phosphate which can enter the phosphoketolase pathway.
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Growth of W, cibaria strain 92 on the arabinooligosaccharide (AOS) arabinobiose (A,)
has been detected (Paper V) which is in line with the presence of the previously char-
acterised and structure-determined GH43 t-L-arabinofuranosidase, W Araf43, shown
to hydrolyse both A, and Aj; [148]. The bacteria did not grow on A; indicating a
limitation in the transportation over the cell membrane of AOS with a DP above 2.
W Araf43 is present in a cluster containing genes annotated to a transcriptor regulator,
a lactose permease and three genes for the conversion of L-arabinose to p-xylulose-s-
phosphate, see Figure 5.1 B (Paper V). The gene cluster enables the bacteria to transport
A, over the cell membrane, hydrolyse it to L-arabinose and convert it to D-xylulose-
s-phosphate which can enter the phosphoketolase pathway.

Further screening of substrates for W, cibaria strain 92 detected growth on laminari-
biose, a 3-1,3-linked disaccharide of D-glucosyl units with prebiotic properties [149].
Laminaribiose can be derived from various sources including the brown seaweed
polysaccharide laminarin [150], cereal mixed-linked (3-glucan and microbially pro-
duced polysaccharides [151-153]. Several GHs potentially involved in the utilisation
of laminaribiose were found annotated in the genome, including eight 6-phospho-[3-
glucosidases. Some 6-phospho-[3-glucosidases were clustered with a phosphotrans-
ferase system (PTS), see Figure 5.1 C-E. PTS are common in Lactobacillus for trans-
port of disaccharides of hexose sugars [154]. One 6-phospho-3-glucosidase clustered
with a B-glucoside specific PTS, Figure 5.1 C, was found upregulated during growth
on laminaribiose as only carbohydrate source compared to when glucose was the
only carbohydrate source (Paper V), suggesting this gene cluster to be responsible
for laminaribiose utilisation in W/ cibaria strain 92. What substrate(s) the other 6-
phospho-f3-glucosidases and PTS target is not known, no growth was observed on
either cellobiose (two (3-1,4-linked glucosyl units), nor chitobiose (two (3-1,4-linked
N-acetylglucosylamine units). Possible candidates not tested are the glucose-based
disaccharides sophorose ([3-1,2 linked) and gentiobiose (3-1,6 linked). Besides 6-
phospho-3-glucosidases, 3-xylosidase and «-L-arabinofuranosidase, genes annotated
to other GHs were annotated in the genome of W, cibaria strain 92, see Table s.1.

W, cibaria strain 92 is heterofermentative and possesses all genes necessary for meta-
bolising carbohydrates into lactate, acetate and ethanol through the phosphoketolase
pathway (Paper V). Production of ethanol has only been observed during growth on
hexose sugars (laminaribiose and glucose). Minor amounts of butyrate have been
detected, however, only during fermentation of pentoses (A,, arabinose and xylose).
While grown on partly hydrolysed xylan, W, cibaria strain 92 produced around the
same amounts of lactate and acetate [22]. This can be compared to L. brevis DSMZ
1269 which produced more lactate than acetate on the same material. Compared to
W, cibaria strain 92, L. brevis ATCC 367 were found to harbour two additional meta-
bolic genes in the genome, transketolase and transaldolase, enabling the use of both
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Table 5.1: Glycoside hydrolases annotated within the genome of W. cibaria strain 92 (Paper V).

Enzyme GH family ~ EC numbering  Gene number(s)  Signal peptide
{3-xylosidase GHy3 3.2.1.37 362 No
«-L-arabinofuranosidase GHays3 3.2.1.5§ 636 No
302, 303, 379,
6-phospho-3-glucosidase GH1 3.2.1.86 461, 905, 1258, No
1261, 1679, 2328

B-glucosidase GHi1 3.2.1.21 197 No
«-xylosidase GH31 3.2.1.177 216 No
{3-galactosidase

(sn%all and large subunit) GHz2 3.2.1.23 1689, 1690 No
[3-galactosidase GHy42 3.2.1.23 469 No
Endoglucanase! GHS 661 Yes
Sucrose-6-phosphate hydrolase GH32 3.2.1.26 1475 No
Neopullulanase GHi1s 3.2.1.135 339 No
Family 13 glycoside hydrolase? GHis 453 No

166 % coverage, 32 % identity to B-glucanase from Bacillus circulans, EC 3.2.1.73 (UniProtKB P19254). 85 % coverage, 27
% identity to endo-glucanase from Bacillus sp. (strain KSM-330), EC 3.2.1.4 (UniProtKB P29o019).

2 97 % coverage, 39 % identity to oligo-1,6-glucosidase from Geobacillus thermoglucosidasius, EC 3.2.1.10 (UniProtKB
P29094).

the phosphoketolase pathway and the pentose phosphate pathway, the latter resulting
in lactose only (Paper V).

W. cibaria strain 92 is a probiotic candidate due to its ability to produce lactate and
acetate by the utilisation of several types of indigestible oligosaccharides such as XOS,
A, and laminaribiose [14, 22], (Paper V). Furthermore, it can survive in the pH present
in the gut and in the presence of bile acid and it possesses some antimicrobial prop-
erties [146]. Several interesting features of W cibaria strain 92 are worth investigate
further; it produces exopolysaccharides (EPS) [146] but type, and hence, any poten-
tially prebiotic properties are unknown, and also, growth on any additional indigest-
ible fibre would improve the probiotic potential. The annotated GHs (Table 5.1) not
assigned to any cellular function could potentially be involved in degradation of oli-
gosaccharides derived from dietary fibres or synthesis and regeneration of EPS.

To gain probiotic status, W, cibaria strain 92 needs further evaluations. First, the
safety of the strain needs to be assessed, despite it already being present in food and
consequently also in the human gastrointestinal tract. Safety concerns within Weisse/la
includes antibiotic resistance which is detected in W/ cibaria strain 92 [146], presence
in clinical samples (including W, cibaria) and classification of the closely related W/
confusa as an opportunistic pathogen [10]. Furthermore, W, cibaria strain 92 needs
to be tested in 7z vivo studies to investigate its behaviour within the gastrointestinal
tract including the gut microbial community in order for any host health effects to be
confirmed.
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6 Bioinformatic methodology

The following section will describe the majority of the methods that has been used
to acquire the data this thesis is based upon. The thesis has had a focus on using
bioinformatics methods, i.e. interpreting biological data by computation software.
However, to make these techniques valuable, they need to be combined with the
more traditional wet-chemistry.

6.1 Structural bioinformatics

Structural bioinformatics deals with prediction and analysis of three-dimensional (3D)
structures of macromolecules, e.g. proteins and DNA.

6.1.1  Protein 3D structure prediction by homology modeling

The gold standard for protein structure determination is X-ray analysis of protein
crystals or nuclear magnetic resonance (NMR). The former technique requires crys-
tallisation of the protein which can be a challenge due to different crystallisation con-
ditions for different proteins, and the crystal structure do not give any information
about the structure in solution. The latter requires a relative small protein and high
protein concentration. Homology modeling (HM) can be used in cases where these
methods cannot be applied. HM requires a template structure which has a sequence
identity above 30 % to the protein to be structure-predicted. The model of the pro-
tein is created based on the template, and thus the quality of the model is closely
connected to the quality of the template and the sequence identity between the two.
In PaperIIl, HM was used to predict the structure of the catalytic module (CM) of
glycoside hydrolase family 1o (GH10) endo-f3-xylanase from Rhodothermus marinus.

The process of HM contains several steps: (1) template recognition and initial align-
ment, (2) alignment correction, (3) backbone generation, (4) loop modeling, (5) side-
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chain modeling, (6) model optimisation and (7) model validation [155]. In this thesis
the software YASARA [156] has been used which inhere a well-developed automatic
HM process [157]. A few important aspects will be mentioned. First, identification of
templates is based on related structures which are identified by Position-Specific Iter-
ated Basic Local Alignment Search Tool (PSI-BLAST) [158] which utilises a position-
specific scoring matrix (PSSM). Compared to the target sequence (which is used in a
normal BLAST-search), the PSSM more accurately represents the evolution of the
structure, i.e. which positions of the sequence that are conserved and can, thus,
identify more distantly related structures. The PSSM is created and used by iteration
of multiple sequence alignments. Second, alignment between target and template
uses several type of information; sequence- and structure-based profile of target and
template based on related structures, structural information in the template and pre-
dicted secondary structure of target [159, 160]. Finally, several templates are used and
several alignments are created for each template, resulting in several created models.
This enables the formation of a hybrid model where the most accurate part of the
individual models are combined.

Validation of homology models is important. Software for validation of homology
models covering different aspects is presented in Table 6.1. An additional validation
parameter is overall RMSD (root mean square deviation) of C* which is a measure-
ments of how similar the backbones of two or more proteins are. A rule of thumb
from the Critical Assessment of protein Structure Prediction (CASP) meetings is that
an overall RMSD of C* should be less than 1 A if the sequence identity between target
and template is over 60 %. A higher C* would imply that the 3D structure is not as
similar as expected base on sequence identity and the choice of template might need
to be reconsidered [161]. The software USCF Chimera [162] was used to calculate
RMSD of C* atoms.

A few aspects of HM by YASARA needs specific attention including cis peptide bonds
and ions. Cis peptide bonds in the template structures are altered to #7ans confirma-
tion. Only a small fraction of the peptide bonds of proteins are in cis conformation.
The cis conformation introduces steric hindrance between adjacent side groups of the
amino acids which is not the case for a #7ans conformation [171]. The majority of the
cis conformation occurs as X-Pro, where X is any amino acid. Importantly, some cis
peptide bonds are conserved. This is especially relevant in the active site of enzymes
where the conformation of the bond will affect the orientation of the side-chains in-
teracting with the ligand and/or the hydrogen bonding network which is important
for the binding. A cis peptide bond was identified in the GH1o endo-f-xylanase
1aXyn1oA from Thermoascus aurantiacus on (3-strand 3 between a conserved histid-
ine and the following residue [33]. The c¢is conformation enables a hydrogen bond
between O3 of the xylopyranosyl unit (Xylp) bound in subsite -1 and the histidine.
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Table 6.1: Validation software for homology models.

Software Description Citation

Verify3D Verify3D evaluates the compatibility of a protein’s 3D structure  [163, 164]
with its amino acid sequence based on comparison with good-
quality structures. Its purpose is to detect wrongly folded models
rather than in principal correct folded models which is in need of
refinement.

PROCHECK PROCHECK checks several stereochemical variables and gener-  [165, 166]
ates the Ramachandran plot which illustrates the dihedral angles
of the protein backbone.

ProSA ProSA (Protein Structure Analysis) indicates overall model quality [167]
based on the deviation of total energy of the structure compared
to an energy distribution derived from random conformations.
Total energy of a structure is calculated using C* potentials of
mean force including distance-based pairs and solvent exposure
of residues.

WHAT_CHECK  WHAT_CHECK checks multiple variables against reference val- [168]
ues and detects error like abnormally short distances and bumps.

ERRAT ERRAT is an algorithm that calculates the error of the protein [169]
regarding non-bonded interactions between different kinds of
atoms and is based on statistics from high-resolution crystal struc-
tures.

ANOLEA ANOLEA (Atomic Non-Local Environmental Assessment) finds [170]
high energy zones by calculating non-local interactions based on
knowledge-based mean force potential at an atomic level.

By reviewing the crystallographic structures available from GHio in the Protein Data
Bank (PDB) [172], the cis peptide bond was found to be conserved in the whole fam-
ily. In RmXynioA_CM these residues corresponds to His617 and Val618.

Ligands including ions present in the main template structure are included in the
model. Except for conserved ions in e.g. active site, the presence of any ions in
the created model needs to be confirmed. For GHio, ions are not common and
the few present ion-binding sites are not conserved. For the homology model of
RmXynioA_CM, the presence of an added ion during the HM was investigated by
molecular dynamics (MD) and the above-mentioned validation tools, as described
below.

6.1.2  Molecular Dynamics
In MD, the conformational change of the protein in a solution is simulated over time

[173]. However, standard MD cannot simulate electron transfers between atoms. The
simulation is based on Newton’s equation, F = m - a, applied to every atom in the
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system. Change in atom positions are simulated by integration of Newton’s equa-
tion which is done stepwise where the forces are assumed to be constant. The time
steps are in femtoseconds. To monitor the simulation, trajectories including atom
positions and velocities are saved at regular intervals. The initial velocities of each
atoms are acquired from a distribution of the temperature of the system. The en-
ergy is calculated based on a force field which includes equations for bonded atoms
(stretching-, bending-, and torsion energies), non-bonding atoms (repulsion, van der
Waals attraction and electrostatic interaction) and parameters describing properties of
different atoms. The force field is a way of approximating atomic- or molecular inter-
actions in a practical way and is thus a simplification of reality. There are numerous
force fields and they have been developed targeting different applications.

In this thesis, MD has been used for several applications. The presence of a calcium
ion in the homology model of RmXynioA_CM was investigated in the force field
YASARA2, which is developed for refinement of homology models by using know-
ledge from already determined structures [157] (Paper III). In the template structure,
there is a calcium ion bound to the surface and thus, it was added to the model of
RmXynioA_CM. However, biochemical data suggests that no ions are bound to the
protein [116]. By refining the homology model with and without the ion, several of
the validation tools reported error in the refined model with the ion but not in the
refined model where the ion had been removed. All software indicated a better quality
without the ion. Furthermore, ERRAT, see Figure 6.1, and WHAT_CHECK found
several abnormally short distances between non-bonding atoms in the ion-binding
residues of the refined model including the ion, while this was not an issue in the
refined model without the ion. Therefore, considering both biochemical and bioin-
formatic data, the ion could be removed from the model.

Stability of a homology model is an important aspect and can be simulated by MD for
a relative long time, up to a microsecond. The stability of RmXyn1oA_CM was simu-
lated for 500 ns as part of the validation of the homology model (Paper III). The force
field AMBERo3 was used, which is developed from quantum mechanical calculations
on short peptides for simulations of protein dynamics [174]. RMSD of C* and root
mean square fluctuation (RMSF) of each residue were monitored to identify any sig-
nificant changes over time, and in that case, which part of the protein is affected. The
GROMACS simulation software [175] was used for the simulations, mainly due to
its speed since the simulations spanned a large time-interval. This type of simulation
of MD was also used to study the impact of a His-tag. For production of proteins,
a His-tag, consisting of six histidine residues, can be added to a protein sequence in
either the N- or C-terminal to simplify the purification using metal-ion afhinity chro-
matography with a HisTrap column. This has been done for RmXynioA_CM in the
C-terminus. It is important that the His-tag do not block the active site or inter-
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Figure 6.1: Error-value generated by ERRAT for each residue in the refined homology model of RmXyn10A_CM including
the calcium ion (upper) and excluding the calcium ion (lower) (Paper Il). The ion-binding residues are Glu589,
Asp593, Glu640 and Glu643. The two lines in each graph indicate the confidence to which it is possible to
reject regions that exceed the error value of the line.

fere with the integrity in such a way that the catalysing capacity is disrupted. MD
simulation of the homology model of RmXynioA_CM was done with and without
the His-tag. The result showed that the RMSD of C* increased, however, to a large
extent due to fluctuations in the His-tag and some loop regions. The RMES graph
showed that the secondary structures were not affected. MD simulations were also
used during docking of ligands in to the active site of several endo-3-xylanases, see
below.

6.1.3 Substrate docking

Docking of oligosaccharides the active site of GHs is a difficult task, due to the manual
preparation where knowledge about the complex is of high importance. Docking
software such as AutoDock [176] and VINA [177] requires a very accurate starting
complex. If the starting complex is not accurate, docking will generate unreasonable
results. Hence, manual docking followed by energy minimisation (EM) and MD
simulations was applied before introduction to docking software. EM is used to find
local energy minimum conformation, i.e. a reasonable starting point for the simu-
lations. In YASARA it is carried out by the steepest descent method and simulating
annealing. Increased success in docking with MD was observed if the atoms of the
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Superposition of the homology model of RmXyn10A_CM with crystal structure of the template in
complex with X; in subsites -3 to -1 followed by deletion of protein part of crystal structure

r{ Manual docking — alteration of amino acid rotamers and of position and glycosidic linkages in (A)XOS J-l

No successful docking, e.g. due to dissociation of _ Successful docking. Complex,, used as a base for

ligand and protein, abnormal conformation of a EM of generated complex docking a longer or substituted (A)XOS. Side-chains

glycosidic linkage, large fluctuations in RMSD C¢ or interacting with the ligand in the successful docking

increasing binding energy during simulation were kept fixed unless they were in contact with the
added residue or observed as flexible.

Analysis of MD by RMSD of C* atoms, energy, and binding energy. Visual analysis of the energy
minimised averaged complex during the last ns of MD - complex,,

Evaluation of complex,, by calculation of binding energy by AutoDock and VINA and illustration of
subsite interactions by LigPlot*

Figure 6.2: Docking scheme for docking of (A)XOS into the active site of RmXyn10A_CM starting from X3 in subsite -3
to -1 following addition of one sugar unit at a time (Paper 1lI).

catalytic residues were not allowed to move during the simulation. In reality, upon
binding, electron transfer between the catalytic residues and the ligand would occur,
but these events are not covered by the force field, instead the simulation results in
dissociation. The results of MD is highly affected by the starting configuration which
in turn is strongly influenced by the bioinformatician’s idea about the how the ligand
is supposed to dock given the structure, available structure-determined complexes,
experience and continuous information obtain from simulations of the protein. To
avoid bias from the bioinformatician, MD simulations must be applied several times
with different start configurations.

During docking of arabinoxylan-oligosaccharides ((A)XOS) into the active site of
RmXynioA_CM (Paper III), manual docking followed by EM, MD simulation us-
ing the AMBEROo3 force field and finally docking by AutoDock and VINA was ap-
plied, see Figure 6.2. Modeling and simulation do not necessarily yield accurate data,
it often adds a layer of insecurity. Therefore, during docking of xylooligosacchar-
ides (XOS) on the endo-P-xylanases 7/Xyn11A from 7hermomyces lanuginosus and
NpXyn1iA from Neocallimastix patriciarum represented by the catalytic module only
(Paper IV), elongation of the xylan chain was applied after the EM step rather than
after MD in order to not induce large change in the protein structure which was
determined by X-ray. To study possible arabinose-substitutions to the XOS docked
in the active site of RmXyn1oA_CM, GsXyn1ioA from Geobacillus stearothermophilus,
T/Xyn11A and NpXyn1iA, only EM was applied to detect if steric hindrance occurred
or not. Increasing modeling generally yields higher insecurity to the output data.
Thus, doing multiple docking on a structure predicted by homology modeling adds
a lot of insecurity and results in hypothesis rather than conclusions. Accordingly, the
simulation results need be complemented with experimental data before conclusions
can be made.
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Figure 6.3: RmXyn10A_CM docked with Xs in two positions illustrating the first and second alternative aglycone binding
clefts (Paper Ill). Mutated residues in the first (green) and second (blue) cleft, mutated residues involved in
arabinose binding in subsite +2.1 (purple) are marked as well as the catalytic residues (yellow).

During docking or XOS in RmXyn1oA_CM (Paper III), two possible binding regions
in the less conserved aglycone part of the active site were identified as several MD
simulations moved the XOS ligand into one of the two regions, see Figure 6.3. To
evaluate the two binding sites, parameters such as binding energy, overall RMSD of
C* to final model and the glycosidic bond angles were assessed as well as comparison
to, by X-ray, structure-determined complex of similar proteins. The glycosidic bond
angles were compared to observations of xylan and X5 bound in the active site of
CjXyn1oA from Cellvibrio japonicus (former Xylanase A from Pseudomonas fluorescens)
after soaking in substrate solution by X-ray [84], arabinoxylan (AX) from rice by X-
ray [178] and xylan predicted by MD [r79]. All parameters suggest a more favourable
or conserved binding in the first region.
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Figure 6.4: Product profiles of wt RmXyn10A_CM and mutants during hydrolysis of AX extracted from rye bran (Paper
).
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To further study the two substrate binding regions in RmXynioA_CM, mutants were
designed to disturb or enhance binding in the regions found to be involved in the
binding, see Figure 6.3 (Paper III). The wild-type (wz) RmXynioA_CM and the
mutants were experimentally produced and their activity tested by the DNS-assay
[180] on birchwood xylan. The hydrolysis profiles were analysed from two time points
during hydrolysis of AX isolated from rye bran (Paper I) by high-performance anionic
exchange chromatography coupled with pulsed amperiometric detection (HPAEC-
PAD), see Figure 6.4. The oligosaccharide products were separated by a CarboPac
PA200 column and identified and quantified by oligosaccharide standards. The res-
ults indicate remained activity but altered product profile during mutations in the first
region while a strong decrease in activity was seen for the mutants of the second bind-
ing region. Due to the low activity, it was not possible to resolve whether the product
profile changed or not. The results indicate substrate binding in the first region, how-
ever, substrate binding in the second region cannot be confirmed nor excluded. The
low activity from the mutations in the second region could, but does not necessarily,
imply disruption of the binding affinity. Instead disruption of the structural integrity
of the protein which destroys the catalytic efficiency may be the case.

6.2 Genomic bioinformatics

In Paper V, the genomes of four Weissella sp. strains were sequenced, assembled and
annotated. A phylogenetic analysis was done to categorise the strains into a species.
The genome of W sp. strain 92 was used to find genes involved in carbohydrate
degradation, uptake and metabolism.

6.2.1 Genome sequencing and assembly

Genomic DNA (gDNA) needs to be fragmented prior to sequencing. Sequenced
fragments are called reads. The reads of a fragmented gDNA is called a pair end
library. After sequencing, the genome is assembled based on overlapping sequences
on the reads. It is rare that the assembly will fully complete the genome, instead a
draft genome is generated which consists of several longer fragments called contigs.
A method to improve the assembly is to create a mate pair library. In the preparation
of a mate pair library, gDNA is fragmented into relatively long fragments of a specific
length. These fragments are circularised by ligation of the ends. The circularised
DNA fragments are further divided into smaller fragments. Some fragments will now
contain the ligation point which is defined as a specific sequence detected during the
assembly. The ligation point provides information that the sequences on each side of
the point is as far apart in the genome as the size of the circularised gDNA fragment.
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Table 6.2: Data from the genome assemblies of Weissella sp. strains (Paper V). The assembly of W. sp. strain 85 is based
only on a paired end library while the other assemblies are based on both a pair end and a mate pair library.

strain 85  strain 92  strain 142  strain AV1

Genome size (Mbp) 2.64 2.49 2.68 2.56
Contigs > 1000 bp 47 18 27 12
Largest contig (bp) 226 575 702 551 931 233 931 688
Lso! 8 2 2 2
L7s? 17 4 4 3

! Minimum number of contigs needed for covering 50 % of the genome size.
2 Minimum number of contigs needed for covering 75 % of the genome size.

In Paper V, both paired end and mate pair libraries were prepared for the sequencing
of the W/ sp. strains prior to assembly with the software SPAdes [181]. However, due
to problems in cultivation of W, sp. strain 85, only a paired end library was prepared
for this strain. This enabled the comparison of assembly with and without the mate
pair library. Table 6.2 shows that the genome assemblies of W sp. strains 92, 142 and
AV1 based on both a paired end and a mate pair library resulted in fewer and longer
contigs compared to the genome assembly of W, sp. strain 85 which was based only
on a paired end library.

The contigs of the assembled genomes of were aligned to the complete genome of
the closely related W, cibaria CHz2 with the software Mauve (Paper V) [182]. The
alignment revealed that the contigs were highly similar in the sequenced genomes in
terms or size and position. A close up of the alignment showed minor gaps between
the contigs. Gaps in the genome positioned in the same place for all four genomes
suggest a common reason for the gaps. Gaps could be due to repetitive fragments in
the gDNA sequence or a low coverage of reads in that area. However, this was not
further explored.

6.2.2 Phylogenetic analysis

W, sp. strains 85, 92, 142 and AVT have previously been classified to the species pair
W. cibarial W, confusa based on 16S rRNA phylogeny [14]. However, the two species
cannot be separated by only 16S rRNA due to high similarity. Instead, the species
have been separated based on a combination of different biochemical properties in-
cluding DNA:DNA hybridisation, whole-cell protein patters, ribotyping patterns,
interpeptide bridge formation and utilisation of L-arabinose [183]. In Paper V, after
genome sequencing, several analyses were conducted in order to categorise the W/
sp. strains into a species based on whole-genome phylogeny. Genomic data from all
genome-sequenced strains of W, cibaria and W, confusa and one representative gen-
ome from all other genome-sequenced species of Weissella were downloaded from the
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Figure 6.5: Phylogenetic tree of the genus Weissella based on 106 genes, constructed by the maximum likelihood ap-
proach (Paper V). The tree has a midpoint root and Lactobacillus plantarum WCFS1 as outgroup. The scales
represent the genetic distance as number of substitutions divided by length of the sequences. The numbers
adjacent to each branch node are the bootstrap support values expressed as percentages.

" The amino acid sequence of the 106 analysed genes of W. cibaria CMS2 were identical to the correspond-
ing genes in W. cibaria CMS3, W. cibaria CMU and W. cibaria KACC 11862.
2The 106 analysed genes of W. sp. strain 142 were identical to W. sp. strains 85 and AV1.

National Centre for Biotechnology Information (NCBI) Genome database [184] and
used in the analysis. The analysis included multiple sequence alignment of highly
conserved genes of the entire Weissella genus, see in Figure 6.5, similarity of bidirec-
tional gene pairs within W, cibaria and W, confusa, and comparison of core genome
sizes of different groups within Weisse/la. All analyses supported the categorisation of
the strains into the species W, cibaria.

Analysis of genes involved in the interpeptide bridge formation of the peptidoglycan
layer as well as utilisation of L-arabinose was done since the original separation of
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W, cibaria and W, confusa also was based on these specific traits. The genomes, both
sequences in this work and the downloaded from NCBI, were added to the Rapid
Annotation using Subsystem Technology (RAST) server [185] for annotation. The
server categorise annotated genes into subsystem based on cellular functions. The
annotation and categorisation is not always accurate. BLAST [186] has been used as
a complement to the annotation from RAST during comparison of strains.

Composition of peptidoglycan has previously been an important aspect in the classi-
fication of Gram-positive bacteria, including Weisse/la and is conducted by biochem-
ical means [145, 183, 187]. Non-ribosomal peptidyl transferases that use aminoacyl-
tRNA as donor substrates catalyse the interpeptide bridge formation in the pep-
tidoglycan layer [188]. Genomic analysis cannot conclude the sequence of the in-
terpeptide bridge due to lack of characterised enzymes, however, the different set of
genes for its synthesis between strains of W, cibaria and W, confusa suggests a different
composition between the two species. W, sp. strains 85, 92, 142 and AV1 showed the
same set of genes as found within the species W, cibaria.

Utilisation of L-arabinose for W/ sp. strains 85, 92, 142 and AVT has been observed [14].
An vr-arabinose utilising cluster was found within the genomes of all strains belonging
to W, cibaria including the four sequenced in this work. However, corresponding
genes could not be found in any of the sequenced genomes of strains of W, confusa. By
combining several phylogenetic analyses based on whole genomes and gene analysis
connected to specific traits, substantial evidence for the classification of the W sp.
strains 85, 92, 142 and AV1 into W, cibaria has been gathered.

6.2.3 Annotation

Exploring possible oligosaccharide utilisation in W cibaria strain 92 has been the
main aim in Paper V. Identification of genes involved in oligosaccharide degradation,
transport and metabolism was based on annotation from the RAST server. The main
focus has been on the glycoside hydrolases. GHs were sometimes annotated to both

GH family and activity (EC number) but in some cases the annotation was poor. In
those cases BLAST was used.

Growth data for W, cibaria strain 92 has shown growth on XOS (X, - Xy) [14], ar-
abinobiose (A,) and laminaribiose (Paper V). Gene clusters for utilisation of XOS
and arabinooligosaccharides (AOS) were identified in the genome including genes
for degradation, transport and metabolism (Figure 5.1 A and B on p. 43). The GHs
[3-xylosidase and o-L-arabinofuranosidase were previously characterised [147, 148],
supporting the mechanism for utilising XOS and A, to the identified clusters.
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For laminaribiose, the mechanism for utilisation was unclear. Eight 6-phospho-[3-
glucosidases and one 3-glucosidase were found annotated in the genome of W, cibaria
strain 92. Based on the annotation, all could potentially hydrolyse laminaribiose or
phosphated laminaribiose. Several phosphotransferase systems (PTS) which phos-
phorylate and transport disaccharides over the cell membrane were also annotated.
Reverse transcriptase quantitative PCR (RT-qPCR) was performed after growth on
glucose and laminaribiose as the sole carbohydrate source with primers designed for
the putative laminaribiose degrading-enzymes. The result showed upregulation of
two genes annotated to 6-phospho-3-glucosidases during growth on laminaribiose
compared to glucose. One of the upregulated genes clustered with two genes an-
notated to a 3-glucosidic-specific PTS and an antiterminator (Figure 5.1C on p. 43).
Interestingly, two PTS clustered with 6-phospho-[3-glucosidases were annotated as
cellobiose-specific. However, growth studies on cellobiose as sole carbohydrate source
in different concentrations during both microaerobic and anaerobic conditions did
not yield any growth. Whether the right condition for growth on cellobiose has not
been applied or over-annotation of the cellobiose-specific PTS is the case, is still un-
known. According to Abou Hachem ez 4/., annotation of PTS in Lactobacillus is poor
due to low sequence conservation and lack of experimental data [154]. The confusing
results highlight the importance of combining bioinformatic data with biochemistry
before any conclusion is made.
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7 Concluding Remarks

The prebiotic candidates arabinoxylan-oligosaccharides ((A)XOS) can be produced
from rye and wheat bran by a process involving washing, autohydrolysis, removal of
starch and protein by enzymatic degradation, ethanol precipitation and hydrolysis by
endo-3-xylanases. Both insoluble and soluble arabinoxylan (AX) can be hydrolysed
into (A)XOS by endo-f-xylanases from glycoside hydrolase family 10 (GH1o) and
GHir. From insoluble AX, GHir endo-3-xylanases perform the highest yield, while
GHio endo-f-xylanases perform the highest yield on soluble AX.

General differences in specificity between GHro and GHir endo-f3-xylanases were
observed; production of shorter (A)XOS by GHio (accumulating mainly DP 2) than
GHir (accumulating mainly DP 2-4), a higher tolerance for arabinofuranosyl (Araf)
substitutions by GHro, as well as a higher accessibility to insoluble AX for GHi.
This suggests the use of a GH1o endo--xylanase for hydrolysis of water-extractable
AX with a higher A/X ratio, and a GHi1 endo-3-xylanase for hydrolysis of water-
unextractable AX and AX with a lower A/X ratio. However, a drawback with GHio
endo-P-xylanases is the accumulation of xylose which requires removal by a purifica-
tion step.

The homology model of the catalytic module (CM) of thermostable GH1o endo-f3-
xylanase RmXyn1oA revealed unconserved structures in the aglycone region of the

active site resulting in unspecific binding of unsubstituted xylan and tolerance for
highly substituted AX.

Docking studies and comparison with structural data and product profiles from GHio
endo-B-xylanases identified loops 3, and g being involved in the specificity to-
wards accepting Araf substitutions at subsite +2 for GHro in general and also an «-
helix on loop P& for RmXynioA_CM in particular. In contrast to RmXynioA_CM,
GsXyn1oA was found not to accommodate any Araf at subsite +2 due to steric
hindrance from loops 3, and Bgotg, however, the affinity for the xylopyranosyl
unit (Xylp) was stronger in this subsite due to interaction form the above-mentioned
loops.
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While diversity within GH1o was mainly found in the aglycone subsites, the distal
subsites on both side of the active site were found to be involved in different substrate
specificities within GHir. Subsites -3 and +3 were structurally different in the two
studied enzymes Pentopan derived from 7zXyn11A and NpXyniiA. More interactions
between the protein and Xylp and less space for Araf” substitutions were observed in
NpXyn11A compared to 7zXyn1tA. This results in relatively more X; than X, and less
AXOS than XOS during hydrolysis with NpXyn11A compared to with hydrolysis with
Pentopan.

The lactic acid bacteria Weissella sp. strains 85, 92, 142 and AVI, isolated from Indian
fermented foods, belongs to the species W, cibaria.

W. cibaria strain 92 can degrade X,-X;, A, and laminaribiose by the action of
[3-xylosidase, o-L-arabinofuranosidase and 6-phospho-p-glucosidases, respectively.
Clusters including genes for transportation, degradation and conversion into the cent-
ral metabolism for the oligosaccharides have been identified in the genome, as well as
metabolic routes for production of the short-chain fatty acid acetate and lactate.

7.1 Future Perspectives

Production of (A)XOS from cereal bran rich in AX was demonstrated on a lab scale.
The next step is to further scale up the process to a pilot scale and study how that affects
the yield and purity of the (A)XOS as well as practical aspects in the process and the
economy. One step to investigate further in an upscaled process is the purification.
Ethanol precipitation is not suitable in a larger scale due to practical aspect and safety
reason related to the use of large volumes of ethanol.

To further explore the mechanism behind the specificity of various endo-3-xylanases,
protein-ligand structures are crucial. For GH1o endo-f3-xylanases, much of the sub-
strate specificity diversity is due to differences in the aglycone region, while most
structure-determined complexes include a ligand in the glycone region. Accumula-
tion of more structural data by both X-ray of crystals and bioinformatic techniques are
important for an overall analysis of structure-function relationships within different
GH family which will facilitate the choice of enzyme for different applications.

Weissella cibaria strain 92 possesses probiotic features. However, today no strains of
Weissella are Generally Regarded as Safe (GRAS) by The U.S. Food and Drug Admin-
istration (FDA) which is necessary for the probiotic status, nor have they gained the
status Qualified Presumption of Safety (QPS) by the European Food Safety Authority
(EFSA) [189]. For Weissella, safety evaluation is necessary on a strain level to validate
if these bacteria are safe for human consumption, despite their presence in food.

60



Despite extensive research on prebiotics and probiotics, the possibilities of making
health claims on products containing these is very limited. Within the European
Union, EFSA must approve any health claim to be made on food products or food
supplements. To date, among prebiotics, only native chicory inulin from a specific
producer can claim that it contributes to normal bowel function by increasing stool
frequency [190], and among probiotics, only Propinibacterium freudenreichii from one
producer can make health claims due to its high production of Vitamin B, [191]. All
other applications regarding health claims on prebiotics and probiotics has not been
approved based on a lack of establishment between cause and effect, and thus, the
terms "probiotics’ or ’prebiotics’ are not allowed to be used. It is therefore important to
continue the research, especially human and animal trials, in order to firmly establish
the health effects of prebiotics and probiotics.
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