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Svensk sammanfattning

Vi kryllar av bakterier. De bor framfor allt 1 var tjocktarm dér de lever péa de delar
av var mat som vi inte kan ta hand om sjdlva. I utbyte omvandlar bakterierna en
del av maten de éter till vitaminer och fettsyror som ar viktiga for oss. Det bor
flera olika arter av bakterier 1 var tarm som éter lite olika saker, eftersom det &r ont
om mat for s méanga har de flesta specialiserat sig for att minska konkurrensen.

Vara tarmbakterier &r viktiga for vér hélsa. Forutom att paverka relativt uppenbara
saker som en irriterad tarm eller Gvervikt, har de ockséd en inverkan pé s skilda
saker som immunforsvaret och blodtrycket. Eftersom var tarmflora ar sé viktig och
lever péd det vi dter vill man forsta exakt vad olika arter dter for att kunna péverka
var tarmflora i en positiv riktning genom kosten. En del av det som finns i maten
som bakterierna far tillgang till 4r kolhydrater vilket &r olika sorters socker, som
ndr de sitter ithop i1 langa kedjor kallas polysackarider. De mest vilkénda
polysackariderna &r nog cellulosa, som bland annat anvénds i papperstillverkning,
och stéirkelse: en sjélvklar del av var kost. Starkelse dr den enda polysackarid i var
mat som vi kan bryta ner sjdlva, men vi dter manga olika sorters polysackarider
dagligen. Det finns vildigt minga andra typer av polysackarider, framst i vixter,
som bestar av ett stort antal olika socker, sa kallad hemicellulosa. Hemicellulosa ar
en typ av kostfiber och &r en av kéllorna till mat for vara tarmbakterier.

En sorts hemicellulosa heter galaktomannan och bestar av langa kedjor av sockret
mannos med sockret galaktos som sticker ut fran denna kedja. Galaktomannan
finns i fron frén vissa baljvéxter, alltsd i bonor och drtor, och anvidnds som
fortjockningsmedel i en del mat, till exempel glass. For att kunna bryta ner
galaktomannan behovs enzymer. Enzymer ir protein som tillverkas av alla levande
celler. Enzymerna utfor olika typer av reaktioner, till exempel att klippa sonder
polysackarider eller bygga ihop DNA. For att kunna bryta ner galaktomannan
behover vara tarmbakterier framfor allt tva olika sorters enzymer: a-galaktosidas,
som klipper bort galaktosen som sticker ut frin mannoskedjan, samt B-mannanas
som klipper sonder sjdlva huvudkedjan.

En vanligt forekommande tarmbakterie som kan bryta ner galaktomannan heter
Bacteroides ovatus. 1 denna bakterie, samt i manga besldktade bakterier, finns det
specifika delar av DNA som innehéller instruktionerna for alla proteiner som krivs
for att bryta ner och anvidnda en viss typ av polysackarid, som till exempel
galaktomannan. Férutom enzymer finns i dessa DNA delar dven proteiner som



haller fast polysackariden vid cellytan samt proteiner som transporterar den
sonderklippta sockerkedjan in i cellen. Det dr enzymerna i denna DNA del som
denna avhandling har fokuserat pa: ett a-galaktosidas och tvé f-mannanas.

a-Galaktosidaset, som framfor allt studerades i Artikel I, kunde ta bort upp till
90% av alla galaktos fran galaktomannan. Detta var foérvanande eftersom alla
liknande enzym som man kénner till bara kan ta bort galaktos som sitter i anden pé
en sockerkedja, medan detta enzym kunde ta bort galaktoser som stack ut mitt i
kedjan. For att forstd hur detta var mojligt gjordes en modell av hur enzymet ser
ut. Andra liknande enzymer har en lang loop som ligger precis bredvid den del av
enzymet klipper galaktos. Denna loop var mycket kortare i a-galaktosidaset fran
Bacteroides ovatus, vilket gjorde att en ldngre sockerkedja fick plats.

I DNA-delen finns tva f-mannanaser. Den ena, mannanas A, studerades i Artikel
II och var mycket bra pé att klippa sonder korta mannoskedjor, men hade svért for
att gora det om det satt galaktos pa kedjan. Om mannanas A fick jobba ihop med
a-galaktosidaset blev den betydligt effektivare. Mannoskedjorna blev framfor allt
nerklippta till mannobios, en molekyl som bestar av tvd mannossocker. Strukturen
av mannanas A, alltsd hur den sdg ut, visade att enzymet formar en klyfta som en
mannoskedja kan ldgga sig i, men dér galaktoser har svart att f4 plats. Ena dnden
av klyftan blockeras av en loop som gor att bara tvd mannossocker far plats. Detta
ar forbryllande eftersom enzymet kan klippa ner galaktomannan till l&ngre
sockerkedjor 4n mannobios, d&ven om den inte foredrar det. Artikel IV forbereder
for en studie som ska ta reda pad hur mannanas A ror pé sig for att se om den
blockerande loopen kan flytta pa sig ndr enzymet binder sockerkedjor.

Det andra B-mannanaset, mannanas B, studerades i Artikel II och III och, till
skillnad frdn mannanas A, klippte mannoskedjan lika bra oavsett om det fanns
galaktos pd den eller inte. Mannanas B hjilpte o-galaktosidaset att bli mer
effektivt, men blev inte sjilv effektivare av att de jobbade ihop. Dessutom visade
det sig att detta enzym sitter pa utsidan av cellen, vilket de andra tva inte gor. I
Artikel III visade strukturen av mannans B att det ocksd hade en klyfta, men att
den var 6ppnare, for att far plats med galaktos, och lingre, vilket gor att enzymet
foredrar langre sockerkedjor.

Detta ger en bild av hur Bacteroides ovatus bryter ner galaktomannan: -
mannanas B klipper galaktomannan till kortare kedjor p& utsidan av cellen. Dessa
kortare kedjor transporteras in i cellen dir a-galaktosidaset tar bort galaktosen
varefter B-mannanas A klipper sonder resten till mannobios som kan anvindas for
energiproduktion. Detta okar forstaelsen for hur en tarmbakterie bryter ner en typ
av kostfiber, vilket bidrar till helhetsbilden for hur vér tarmflora fungerar.
Forhoppningen &r att, genom att ha en detaljerad helhetsbild av var tarmflora, sa
smaningom kunna utveckla dieter och kosttillskott for att hjilpa dem wvars
tarmflora dr ur balans, till exempel pa grund av antibiotika.
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Introduction

The living world around us is made up largely of plant material and in many
organisms largely persists on various forms of plant material, from the grasses that
cows eat to the fruit and vegetables that we humans consume. This is also true for
many bacteria and other microbes, as one of the causes for a rotting log in the
forest or as symbiotic scavengers in the intestinal tracts of larger animals. The
human body is home to a large host of microbes, the majority of which are located
in the intestinal tract: the gut microbiota. These microbes live off the things in our
food that we can not digest ourselves, one such important group of compounds
being various types of carbohydrates. Recently, understanding of the importance
of gut microbiota for our health has increased. Today we know the organisms in
our gut affects several health issues related to diet, like irritable bowel disease and
obesity, but can also influence aspects less intuitively connected to our gut, like
the immune system and blood pressure. Understanding exactly which organisms
live in our gut, how they function and which of them are good for us has become
increasingly important as we realise their impact on our wellbeing. We could then
use this knowledge to develop ways of maintaining a healthy gut flora, especially
in cases where it has been disrupted, such as during treatment with antibiotics.

A major source of nutrients for our gut microbiota is undigested parts of the food
we eat. One way to help maintain a healthy gut flora could thus be through our
diet. Compounds in food we eat that promote a healthy gut flora are called
prebiotics. In the densely populated environment of the gut many bacteria have
specialised to use certain types of nutrients to reduce competition for different
food sources. One such food source is various types of carbohydrates. The main
polymeric carbohydrate humans are capable of digesting is starch, but there are
many other types of polysaccharides present in plants, and as such also in our diet
but not digested by the human body. One example is hemicellulosic
polysaccharides. But if we are to affect our gut microbiota through our diet, we
must first understand what they eat.

We daily consume a large amount of hemicellulosic polysaccharides: they are part
of the plant cell wall or are used as plant storage polysaccharides. One of the many
types of polysaccharide present in our diet are the P-mannans, such as
galactomannans, which are present in our diet as storage polysaccharides in
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legume seeds and as food thickeners in, for example, ice cream. -Mannan
polysaccharides can be utilised as nutrients by some of our gut bacteria.

One of the common human gut bacteria capable of growing on galactomannan
polysaccharides is Bacteroides ovatus. This thesis has aimed to increase the
detailed understanding of galactomannan utilisation in B. ovatus, to further our
knowledge about the human gut microbiota for potential development of new
prebiotics. In addition, by detailed structural and biochemical analysis of the
enzymes involved in the process of galactomannan utilisation an increased
understanding of the fine-tuned specificity of galactomannan acting enzymes in B.
ovatus and similar enzymes has been sought.
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Background

Plant polysaccharides

Polysaccharides are an important part of our diet. They are either directly
processed by our own enzymes and used as an energy source by us, as in the case
of starch, or they are first processed and metabolised by our gut bacteria, in which
case they are usually referred to as dietary fibres [1]. Polysaccharides consist
primarily of sacchride units and these types of molecules are some of the most
abundant in the living world with a wide variety of functions, from energy storage
to structural support and signalling [2]. A prevalent function of polysaccharides is
as a structural part of the plant cell wall [3].

The plant cell wall

Plant cells are surrounded by a cell wall: a barrier with multiple layers that
provides rigidity, while some layers still being flexible enough to allow for
communication and growth [3]. The primary components of the plant cell wall are
the polysaccharides cellulose, hemicellulose and pectin, various types of proteins
and, in woody material, the phenolic compound lignin [4]. The cell wall is made
up of different layers, the details of which vary dependent on species [5]. During
growth the cells are connected by the pectin rich middle lamella and the primary
cell wall, which contains mostly pectin, cellulose, hemicellulose and some proteins
[4]. After growth a secondary cell wall is developed, primarily present in woody
plant material, that in itself has three layers with different structure [4]. These
layers consist of cellulose, hemicellulose and lignin, with some protein [4]. For all
layers cellulose fibres provide the framework for the wall, connected by a matrix
of hemicellulose and pectin/lignin. The precise structure of this network is
unknown and varies with different species, as reviewed by Shtein et al. [5]. A
current model proposes a matrix with load bearing hotspots of tighter interaction
between cellulose and hemicellulose [6].

Seed cell walls, which also contain polysaccharides, are different since their
primary function is as a source of energy for the growing plant [3]. They are
highly thickened and generally low on cellulose to make them easier to digest [7].
In many seeds and grains, such as wheat and rice, the primary energy storage
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polysaccharide is starch [8,9], but there are also many examples of different
heteroglycans being used as storage polysaccharides, as reviewed by Buckeridge
[10].

Other sources of polysaccharides

Apart from their function in plant cell walls, polysaccharides are widely present
across life [2,11,12]. A common post-translational modification of proteins is
glycosylation: the attachment of a variety of saccharide structures. While mainly
found in eukaryotes, protein glycosylation has also been found in bacteria and
archaea [13]. An example of a group of glycosylated eukaryotic proteins is the
mucins: a large component of the mucus layers in humans [11]. Many unicellular
organisms produce cell walls or other structures surrounding the cell. Gram
positive bacteria contain thick capsules composed of a mesh of peptides and
polysaccharides [12] and many bacteria are capable of making carbohydrate rich
biofilms for adhesion and protection. In some cases these have been implicated in
pathogenicity and resistance to antibiotics [14-16]. Carbohydrate biofilms and cell
walls are also present in other unicellular organisms, such as microalgae [17-19].
Gut bacteria produce a diverse range of extracellular polysaccharides, and genes
encoding for proteins involved in their synthesis are more abundant in several gut
bacteria compared to bacteria from environmental samples such as soil [20].

Cellulose, starch and pectin

Cellulose and starch are probably the most well known polysaccharides and are
composed entirely of glucose [3,21]. Cellulose consists of straight p-1,4-linked
glucose chains. These associate through hydrogen bonding to form microfibrils
that are the backbone of the plant cell wall [22,23]. Cellulose has for a long time
been used extensively for paper and textiles production [22], and is being
developed into various renewable materials to replace fossil fuel-based products
[24-26], and for use in medical applications [27,28].

Starch mainly functions as an energy storage polysaccharide in the plant kingdom.
It is branched and has a backbone of a-1,4-linked glucose units, with the branches
attaching through o-1,6-linkages [9]. Current and potential applications include
production of biofules [29,30], bioplastics and other replacements for oil-based
products [26,31], which causes problematic competition with food production
[30].

The pectin carbohydrates are a group of heterogeneous polysaccharides that are
composed of galacturonic acid units and are mainly found in the primary plant cell
wall and middle lamella [32]. These components of the cell wall also have
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established industrial applications, primarily in food industry to clarify fruit juices
and as gelling agents in jams and similar [33,34]. They have also been investigated
for a variety of pharmaceutical applications [34].

Hemicellulosic polysaccharides

Hemicelluloses are the other major family of heterogeneous polysaccharides in the
plant cell wall, closely related in composition to hemicellulosic polysaccharides
with different functions, such as seed storage polysaccharides [3]. They are overall
structurally similar with B-1,4-linked backbones of xylose, glucose or mannose
units with C1 and C4 in an equatorial conformation [3]. These hemicellulosic
polysaccharides are divided into the subgroups xylan, glucan, xyloglucan and
mannan, depending on the main constituents of their backbones [3]. Apart from
the backbone of oligo- and polysaccharides they may contain substitutions:
attachments to the backbone of other sugars or small molecules, such as acetyl
groups [35,36].

Xylans are made up of a B-(1,4)-linked xylose unit backbone that can be
substituted with several types of a-linked sugar units, such as arabinose and
glucuronic acid, as well as other modifications such as acetylations [37,38].
Xylans are present in large amounts in some cereals (30-50%) [39] and is a major
component of the cell wall of hardwoods (25-35%) [40]. B-(1,3)-linked xylans and
those with a mixed B-(1,3)(1,4)-linked backbone have also been found in algae
[41,42]. Several human gut bacteria have been shown to grow on xylan and xylo-
oligosaccharides [43,44] and they are being investigated for applications in
bioplastics, in drug delivery and for generation of xylitol as a sugar replacement,
as reviewed by Naidu et al. [45].

B-Glucans have a B-(1,3)(1,4)-mixed linkage backbone and are mostly found in
grasses, including grains like wheat and barely, both as part of the cell wall and as
storage polysaccharides [46]. Xyloglucans, on the other hand, consist of a $-(1,4)-
linked glucose unit backbone with a-(1,6)-xylose unit substitutions and are a part
of the primary cell wall of all land plants [47]. Mixed linkage B-glucans are
associated with a number of health benefits and has found application in
immunological stimulation, as well as in anti-cancer and anti-inflammatory
therapy, as reviewed by Bashir and Choi [48]. They promote growth of probiotic
bacteria that are potentially beneficial for our health [49]. Xyloglucans, especially
tamarind seed polysaccharide, are investigated for wvarious drug delivery
applications [50,51].
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B-Mannans

The f-mannans, a group of hemicellulosic polysaccharides, have a backbone of B-
1,4-linked mannose units and are grouped into linear mannans, galactomannans,
glucomannans and galactoglucomannans (GGMs) (Figure 1) [3]. Linear mannans,
galactomannans and glucomannans are mainly used by plants in seeds as energy
storage, while GGMs are primarily part of the plant cell wall [3]. The linear
mannans (Figure 1) are the simplest and can be found in the endosperm of the
ivory palm nut (ivory nut mannan, INM) [52], African oil palm [53] and in coffee
beans [10], as well as in some algae [54,55]. These polysaccharides are relatively
short with a low degree of polymerisation (DP): INM has a DP of 15-20 [52,55].
Due to the linear nature and strong intermolecular interaction of these types of -
mannans they are insoluble in water, despite their relatively low DP [10]. There is
currently little industrial use for linear mannan, it is mostly removed from food
products such as coffee to reduce viscosity [56]. There has been some
investigation into the production of oligosaccharides from African oil palm
mannan for use in promoting a healthy gut flora, with initially positive results
from in vitro growth studies [53].

Glucomannans have a backbone that contain a mix of mannose and -1,4-glucose
units [57] that can be partially acetylated (Figure 1) [58] and/or branched [59]. The
acetylations and branches interfere with intermolecular interaction, making them
viscous, but water soluble [57]. One such polysaccharide is konjac glucomannan
(KKM, from Amorphophallus konjac), with a characterised DP of 4000-5000 [57].
It has been used as a flour in Japan for food stuffs like noodles for a long time [57]
and is also used as an emulsifier and thickener in food [60]. Oligosaccharides
derived from glucomannan have been investigated in relation to potential positive
effects on human health and the growth of beneficial gut bacteria [59,61].

In galactomannan the mannan backbone is decorated with a-1,6-galactose side
chains (Figure 1). Galactomannans are most commonly found as storage
polysaccharides in legume seeds [3,62]. As they are water soluble, but highly
viscous, they have seen wide application as various types of food additives such as
thickeners and stabilisers [63,64], as well as for various pharmaceutical and
industrial applications, as reviewed by Thombare et al. [65]. The two most
commonly used galactomannans in industry are locust bean gum (LBG, from
Ceratonia siliqua) [63] and guar gum (from Cyamopsis tetragonoloba) [64]. LBG
has about 1 galactose unit for every 4 mannose units distributed along the chain in
blocks of more or less galactose substitutions [63] and a DP of about 1500 [62].
Guar gum has a 1:2 galactose:mannose ratio with a more even galactosyl
distribution [64] and a DP of about 900 [62].
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Figure 1 Schematic representation of different mannan polysaccharides, where R1 and Rz denote continuation of the
sacchride chain, showing examples of linear mannan (Man), glucomannan (GluMan), galactomannan (GalMan) and
galactoglucomannan (GGM). The galactomannan and GGM contain acetylations (red). The saccharides are coloured
as follows: mannose is red, glucose is blue and galactose is violet. The saccharide backbone is connected through B-
1,4-linkages, while the galactose substitutions are attached with a-1,6-linkages and the acetylations are attaced on
the O2 of the mannosyl units.

GGM is the most complex of the characterised B-mannan polysaccharides as it
consists of a B-(1,4)-linked backbone of mannose and glucose units with a-(1,6)-
galactosyl substitutions and is often O-acetylated (Figure 1) [66]. It has a DP of
100-150 and is the main hemicellulose in softwoods, where it constitutes up to
25% of the dry weight [66,67]. GGM is also a part of cell walls in some fruits such
as apple and kiwi, although the structures of these are less studied than their
softwood counterparts [68,69]. GGM is being investigated for a range of
applications, such as hydrogels [70], various coatings or composite films [71,72]
and has been indicated to stimulate growth of human gut bacteria as judged by in
vitro growth tests [73].
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Human gut bacteria

Humans are estimated to have about as many bacterial cells as human cells in and
on our bodies [74], the majority of which reside in our large intestine. This
microbial community is called the gut microbiota [75]. The gut microbiota is a
dense microbial environment dominated by bacteria, but to a lesser extent also
includes fungi and other microorganisms [76]. Our bacteria are first introduced at
birth, when we are exposed to the microbial flora of our mothers [77]. This shapes
our gut flora early in life, the composition becoming increasingly affected by our
diet [78,79]. In this symbiotic relationship our gut microbiota have a sheltered,
anaerobic environment with access to nutrients, including carbohydrates [80,81].
In turn they supply us with many essential nutrients, such as short-chain fatty acids
(SCFAs) that provide us with additional energy [80,81], as well as confer many
other benefits, described in more detail below. The human body is incapable of
using most polysaccharides for itself, starch being the major exception [80]. Other
polysaccharides, such as hemicellulosic polysaccharides, are commonly termed
dietary fibre and these are instead transported through our digestive system to be
digested by our gut microbiota [82]. Some polysaccharides, such as cellulose, can
not be extensively utilised by out gut microbiota and requires specialised organs,
present in ruminants such as cows [83]. Apart from dietary fibre some organisms
in the gut microbiota can live off the carbohydrate rich mucosal glycoproteins,
such as mucins, that make up the mucus layer of the intestinal wall [84].
Utilisation of mucus saccharides appears to be especially prevalent during the
suckling period when the amount and variety of dietary fibre is very low [85]. The
microbial environment in the gut is very dense with an assumed fierce competition
for different food sources [78]. This competition may be one reason why many of
the microorganisms are specialised towards certain carbohydrates, with different
organisms having partially overlapping carbohydrate degradation profiles [85-87].
While some bacteria are selfish [88] many are cooperative and improve the growth
of each other [89,90].

Effects of the human microbiome relationship

In recent years it has become increasingly clear that the gut microbiota is
important for many aspects of our health [91]. Apart from generating SCFAs [92]
a healthy gut microbiota provides colonisation resistance against pathogens [93],
thickens the intestinal mucosal layer [94] and increases vessel density in the small
intestine [95]. Dysbiosis, an imbalance in the gut microbiota, has been implicated
in a wide range of negative health effects such as inflammatory bowel disease
[96], high blood pressure [97], obesity [98] and cancer [99,100]. A desire to treat
dysbiosis and promote a healthy gut microbiota has given rise to development of
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probiotics, defined as live microbial cultures that are consumed and confer health
benefits on the host [101,102]. Several probiotic bacteria, for example
Lactobacillus acidophilus, Lactococcus lactis and Bifidobacterium species,
already see extensive use in the food industry for products like yoghurt [103,104].
Other potentially probiotic bacteria are currently under investigation such as
Roseburia and Faecalibacterium prausnitzii [78]. Apart from probiotics there is
also prebiotics, defined as non-digestible food components that have a positive
effect on our gut microbiota and promote growth of beneficial bacteria [101].
Many of these are selective to certain bacteria, due to the specialisation of
different species in the gut [91]. Prebiotic carbohydrates are generally different
types of dietary fibre, including oligosaccharides, which can be a natural part of
our diet or part of food supplements. The B-fructan inulin is a known prebiotic
[105] and many oligo- and polysaccharides, such as resistant starch, galacto-
oligosaccharides, xylo-oligosaccharides and -manno-oligosaccharides have been
shown to have prebiotic potential [43,44,106-108].

Common gut bacteria

The adult human gut is a dense but relatively non-diverse microbial community
[75]. Though there are members of fungi, archea and several different families of
bacteria found in the human gut, this environment is dominated by two bacterial
phyla: Bacteroidetes and Firmicutes [109,110]. Bacteroidetes appears to vary more
between individuals, while Firmicutes vary more over time in the same individual
[111]. Together they make up about two thirds of the adult human gut microbiota
[75]. Of these two phyla the Gram-negative Bacteroidetes, especially the
Bacteroides genus, encodes the most enzymes for utilisation of complex
carbohydrates: sugar chains consisting of at least two sugar types [l,112].
Bacteroides are one of the most abundant genera of the human gut microbiota and
are generally found in animal gastrointestinal tracts [81]. Two prominent members
of this genus are Bacteroides thetaiotaomicron (B. theta) and Bacteroides ovatus.
Both bacteria are able to grow on several types of polysaccharides and together
they can utilise most of the complex carbohydrates in our diet [82,113,114]
(Paper I).

Polysaccharide Utilisation Loci

Degradation of polysaccharides is a complex process, with separate enzymes
usually being required to hydrolyse different specific bonds between different
specific sugar residues. In addition the polysaccharide and its hydrolysis products
need to be bound to the cell surface, transported and often further processed for
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energy production [115]. For this purpose many Bacteroidetes contain gene
clusters termed polysaccharide utilisation loci (PULs). Each PUL encodes for all
the enzymes and proteins required for the complete utilisation, binding and
transport of one specific type of polysaccharide [110,113,115,116]. One of the
most versatile polysaccharide degrading organisms in the human gut is B. theta
with 88 PULs and 246 carbohydrate active enzymes (CAZymes) recorded so far.
Apart from being capable of using several different types of dietary saccharides, it
can also use mucins in the intestinal wall [112-114]. It is the organism where the
first PUL was characterised: the B. theta Starch Utilisation System (Sus) [115,117-
119], which allowed the identification of other PULs based on homology [115].
All identified PULs contain at least one homologue to the outer membrane
proteins SusC, a transporter, and SusD, a sugar binding protein, from Sus in B.
theta [115]. PULs that target highly branched or complex glycans can have two
SusCD pairs [120].

Predicted and characterised PULs have been assembled in the PUL database
(PULDB, http://www.cazy.org/PULDB/) [121] in the carbohydrate active
enzymes database (CAZy) (www.cazy.org) [122]. Some evidence of PUL-like
structures in non-Bacteroidetes has been described, with the proposed name
Carbohydrate Utilisation locus containing TonB-dependent transporters (CUT)
[116]. In Firmicutes, gene clusters encoding carbohydrate utilisation proteins have
been identified that lack SusC and SusD homologues, termed Gram-positive PULs
(GpPULs) [123]. However, generally the genes for polysaccharide processing in
other bacteria tend to be more spread out [124,125].

In contrast to B. theta, B. ovatus is capable of growing on hemicellulose [113]. It
has 112 putative PULs, where six of these were shown to be upregulated when
grown on hemicelluloses: xylan, xyloglucan, galacto- and glucomannan and [-
glucan [113]. Out of these, PULs for xyloglucan [126], xylan [127-129] and j-
glucan [130] utilisation have previously been characterised. However, while it had
been shown that B. ovatus can grow on galactomannan and had cell associated
enzymes with [B-mannanase activity [131], these have only recently been
characterised (Papers I-11I).

The following sections will shortly summarise the proteins typically seen in PULs,
with the exception of the CAZymes, which will be detailed in a later section.

Sugar binding and transport: the SusCD complex

The two universal proteins for all PULs are SusC and SusD. They are both
typically located at the extracellular membrane where SusD binds carbohydrates to
the surface of the cell [118], while SusC transports cleaved products into the
periplasm [117]. SusD is a membrane anchored, mostly a-helical protein with one
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variable B-sheet region responsible for substrate binding, with the remaining
majority of the structure forming a conserved superhelix [120]. SusC is a TonB-
dependent transporter with a 22-stranded B-barrel and a plug domain in the
periplasmic space [132]. The plug domain becomes partially disordered upon
substrate binding, associating with the C-terminal domain of TonB, an inner
membrane protein [132]. TonB initiates a conformational change that opens the
SusC channel, allowing diffusion of the substrate into the periplasmic space [132].
SusC and SusD form a complex (SusCD) with a pedal bin mechanism: SusD is
located on top of the P-barrel of SusC in the extracellular space, like a lid,
primarily interacting with one loop from SusC, like a hinge [133]. The lid (SusD)
opens to expose the carbohydrate binding site and closes upon binding, placing the
sugar chain at SusC for transport across the membrane [133].

Transcriptional regulation and common PUL proteins

PULs encode for a transcriptional regulator commonly located in the periplasmic
space, spanning the inner membrane [134]. In most cases this is a hybrid two
component system (HTCS) or extracytoplasmic function o/anti-c factor type
regulator [113]. The HTCS type is found in plant polysaccharide and non-mucin
O-linked glucosaminoglycan PULs [120]. It binds carbohydrate products from
enzymatic degradation in the periplasm, causing a conformational change that
transmits to the other side of the membrane for transcriptional activation [120].

In addition to a transcriptional regulator and the SusC and SusD homologues there
are usually several other proteins present in a PUL. The number and type of
additional proteins for each PUL varies greatly dependent on the type of
polysaccharide it is aimed at and often share little sequence homology with the
original Sus system [115]. These proteins include additional extracellularly
anchored sugar binding proteins [115], inner membrane transporters [126,129] and
enzymes involved in glycan utilisation such as esterases [135] and phosphatases
[136]. One of the main enzyme groups present in PULs are the glycoside
hydrolases.

Glycoside hydrolases

CAZymes required for hydrolysis of the glycosidic bond are known as glycoside
hydrolases (GHs, EC 3.2.1.-) [137]. This is a large group of enzymes and most of
them are very specialised, cleaving a specific type of linkage at a specific type of
sugar residue [138]. They are present across life for many different purposes:
utilisation of energy reserves, remodelling of the plant cell wall, for lysosomal
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degradation and for signalling and metabolism [2,139-141]. Humans are predicted
to express relatively few GHs (97 identified so far), with only 17 of these proposed
to be involved in nutrient breakdown of starch, sucrose and lactose, a number that
pales in comparison to gut bacteria like B. theta or B. ovatus [142]. The human
GHs not involved in nutrient breakdown are often part of internal carbohydrate
processing. Deficiency in certain GHs is, for example, involved in lysosomal
storage diseases [141,143].

The GHs are divided into families based on their sequence similarity and can be
accessed through the CAZy database, which currently harbours 153 GH families
(www.cazy.org) [122]. These families vary greatly in size and it is not uncommon
for one family to harbour several types of activity (www.cazy.org) [122]. Some
families have been grouped into 17 clans, previously called superfamilies, based
on conserved protein fold, catalytic residues and catalytic mechanism [144-146].
Clan GH-A is the largest, currently with 21 families, and enzymes in this clan
share a (P/a)s-barrel fold [122,146]. Some of the larger families, like GHS5, have
been further classified into subfamilies [147]. The nomenclature for naming GHs
is as follows: the first two letters, in italics, designate the origin species, followed
by three letters referring to the specificity of the catalytic domain, then the family
number and a letter signifying the order in which the enzymes of that family have
been reported [148]. For example, BoMan26A, from Papers II-1V, is the first
GH26 B-mannanase characterised in B. ovatus.

Most GHs have their active site in a cleft, tunnel or pocket, to facilitate substrate
binding [138]. In the cases where the enzyme is oligomeric this cleft or pocket
may be the combination of two or more monomers [124,149,150] (Papers I-III).
GHs may be exo- or endo-acting. An exo-acting enzyme cleaves at the end of a
sugar chain, and will often cleave off monosugars [151], but exo-enzymes that
generate di- or trisaccharides are also known [124,152]. Endo-acting enzymes
instead cleave internally in a saccharide chain and can generate a range of products
[150,153]. Enzymes that are endo-acting or cleave crystalline substrates, such as
endoglucanases active on cellulose, often bind their substrate in a groove or cleft
[150,153] (Paper II and III), while strict exo-acting GHs often have a pocket
shaped active site cleft [124,154]. Some GHs may be processive: upon substrate
binding they perform several consecutive catalytic events before dissociating,
moving along the polysaccharide chain [155]. The number of consecutive catalytic
events before dissociation, the degree of processivity, varies between different
enzymes [155] and may be initiated by an endo- or exo-type hydrolysis [156].
Processive enzymes tend to have their active site in a groove or tunnel [150].
Processivity was first studied in a-amylases [155] and has also been studied for
enzymes like cellobiohydrolases and chitobiohydrolases, which act on insoluble
substrates [157].
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Reaction mechanism

GHs cleave the glycosidic bond with an inverting or retaining mechanism,
reflecting the final configuration of the anomeric carbon [137]. Both mechanisms
commonly use two carboxylic catalytic residues (glutamates or aspartates) [138].
These function as an acid and a base for the inverting mechanism, while for
retaining GHs one residue serves as a nucleophile, while the other functions as a
general acid/base [137,138]. Some GHs use a substrate-assisted mechanism and as
such lacks one of the carboxylates [158-161]. In some cases a cofactor such as
NAD+ or an ascorbic acid can be used [162-164]. Retaining GHs with an
acetamido nucleophile [165] and a retaining GH with a tyrosine as the nucleophile
[166,167] have been observed. The inverting mechanism requires only one step
[137], while the retaining mechanism uses a double displacement mechanism, first
discovered by Koshland [168], that requires two steps (Figure 2). As the GHs
studied in this thesis (Papers I-IV) all use a retaining mechanism it will be
described here. In the first step a nucleophilic attack is performed on the anomeric
carbon, inverting the bond and generating a glycosyl ester intermediate (Figure 2)
[169]. This is facilitated by the acid/base acting as a proton donor that breaks the
glycosidic bond [169]. The leaving group dissociates. A water molecule is
deprotonated by the acid/base and makes a nucleophilic attack on the enzyme-
substrate intermediate, breaking the bond and inverting the anomeric configuration
back to the original one before the carbohydrate dissociates (Figure 2) [137]. If a
nucleophile other than water is used for the final attack, such as a sugar or an
alcohol, it is a transglycosylation reaction [137,170-172]. Transglycosylation in
general has great potential for making new materials and value added products
[173].

Q O 0 O

Figure 2 Schematic representation of the retaining catalytic mechanism of GHs. R represents additional sugar
residues. In transglycosylation the water molecule is replaced with another nucleophile.
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Sugar binding: subsites and CBMs

To confer increased binding and fine-tuned specificity most GHs bind several
sugar units on each side of the catalytic residues [174] (Paper II and III). These
additional binding sites are referred to as subsites, with those on the aglycone side
(the leaving group) denoted with positive numbers and those on the glycone side
(participates in the covalent enzyme-substrate intermediate) instead having
negative numbering (Figure 3) [174]. The point of bond cleavage is between the
monomer units bound in subsite -1 and +1, with numbering increasing as you
move away from it (-2, -1, +1, +2 and so on, Figure 3) [174]. The number and
conformation of these subsites varies greatly between enzymes, but as the
cleavage occurs at the bond of the anomeric carbon of the monosaccharide in -1,
this subsite is generally the most conserved [125,138,175]. Exo-acting enzymes
tend to have only one or two negatively numbered subsites [124,154] (Paper I),
while endo-acting enzymes have a more varied number of subsites [150,153]
(Paper II and III). Endo-enzymes often generate a range of different products due
to binding of the substrate along different positions on the sugar chain [176]
(Paper II and III). Mutagenesis of subsite residues may alter substrate length
preference and product formation [171]. The loops around the active site can have
a large effect on fine-tuned substrate specificity or endo- vs exo-action of the
enzyme [124,177-179] (Papers II and 1IV).

-2 -1 T +1 +2
Glycone Aglycone

Figure 3 An overview of subsite organisation, each subsite in the enzyme represented as half circles. Cleavage,
indicated by the arrow, occurs between the -1 and +1 subsites. A representation of a saccharide chain, containing at
least 4 sugar units, is shown as hexagons situated in different subsites. The glycone and aglycone sides have been
labelled.

Many GHs are modular: apart from the catalytic module, they may contain
modules such as carbohydrate binding modules (CBMs) [180-182]. CBMs are
among the best characterised modules associated with GHs. They assist in binding
and may thereby increase activity of the attached GH [183]. The enzymes studied
in this thesis do not have CBMs, but these modules can be found in similar
enzymes [125,180]. CBMs are currently listed in 33 families in the CAZy database
(www.cazy.org) [122]. They can be a part of GHs with many different fine-tuned
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specificities, both for soluble oligo- or polysaccharides [180,184,185] and for
enzymes that hydrolyse crystalline substrates [182,186]. In the latter case the CBM
does not always bind the same saccharide chain as the catalytic module, something
that could assist in targeting cell walls or other mixed structures of polysaccharide
[187,188]. For soluble substrates the CBM tends to have the same specificity as
the appended catalytic module [183].

Mannan active enzymes

There are several different types of B-mannan polysaccharides, see above, that
require several different enzymes for complete hydrolysis [189]. For GGM, the
most complex type of mannan polysaccharide, 5 different enzymes are required
for complete degradation: the 4 GHs endo-f-1,4-mannanases (EC 3.2.1.78), exo-f3-
1,4-mannosidases (EC 3.2.1.25), exo-a-1,6-galactosidases (EC 3.2.1.22) and exo-
B-1,4-glucosidases (EC 3.2.1.21), as well as acetyl esterases (EC 3.1.1.6) [35]
(Figure 4). p-Mannanases hydrolyse internal B-mannosidic bonds, while f-
mannosidases are exo-acting enzymes that cleave the ends of f-mannan chains
(Figure 4) [189]. Any galactose substitutions may be removed by a-galactosidases
(Figure 4). There are variations among o-galactosidases in the capacity to cleave
substitutions carried by internal mannosyls, versus cleavage of galactosyls carried
by a terminal mannosyl [189]. For glucomannan and GGM, glucose residues are
removed by exo-acting B-glucosidases, in some cases after initial cleavage of the
polysaccharide [35,190]. B-Mannan-acting acetyl esterases remove O-acetylations
from the f-mannan chain (Figure 4) [189,191,192]. a-Galactosidases (Paper I)
and B-mannanases (Papers II-IV) will be covered in greater detail below.

a-galactosidase acetyl esterase
Gal Ai/ Gal
Man—Man—Man—Glu—Man—Man—Man—Man—Glu—Man—Man----

Ac

B-mannosidase B-mannanase

Figure 4 Schematic overview of the primary enzymes required for GGM hydrolysis. The -1,4-linked backbone is
composed of mannosyl (black) and glucosyl (blue) units and is cleaved by endo-B-1,4-Mannanases and exo-3-1,4-
mannosidases. Saccharide chains with a terminal glucosyl unit are cleaved by exo-f-1,4-glucsodiases (not shown).
The substitutions, galactosyl units (violet) and acetylations (red), are removed by exo-a-1,6-galactosidases and acetyl
esterases, respectively.

29



B-Mannanases

B-Mannanases, studied in papers II-1V, generally hydrolyse B-1,4-linkages in
mannan based oligo- and polysaccharides in a random endo-wise fashion [193],
though a few exceptions have been found with mannobiohydrolase activity,
generating mannobiose (M2) [124,194,195]. Precise specificity varies between
enzymes, with differences in tolerance to substitutions and preferred number of
bound sugar units [125,176,196] (Paper II). B-Mannanases are found in both
prokaryotes and eukaryotes and are important for polysaccharide degradation in a
number of environments such as soil and the gut [124,125,181,197]. The B-
mannanases belong to GH families 5, 26, 113 and 134 (www.cazy.org) [122], out
of which all except 134 are a part of clan GH-A [144,198]. GH134 enzymes are
inverting, with a lysozyme like fold and the catalytic residues are an aspartate and
a glutamate [199]. GH-A, the largest of the GH clans, has a (p/a)s-barrel fold
[144,198] and uses a retaining catalytic mechanism with two glutamate catalytic
residues that, in most known cases, are about 5 A apart at the end of strands B4
(acid/base) and B7 (nucleophile) [144,146,189]. In addition a Tyr/His at the end of
strand B6 and a Trp/Phe at the end of strand B8 flanking the nucleophile in GH-A
[200] are conserved in GH26 as Tyr258 and Trp307, respectively, numbered
according to GH26 B-mannanase C from a symbiotic protist of Reticulitermes
speratus (RsMan26C) [175] (Papers II and III). Apart from B-mannanases, clan
GH-A harbours a large number of activities such as B-xyloglucanase [201], B-
galactosidase [200] and B-glucosaminidase [202]. B-Mannanases are currently
being used for reducing the viscosity of coffee extract [56] and are also under
investigation for a number of different applications such as bioethanol production
[203], production of prebiotics and clarification of fruit juices [59,204] and for
addition in detergents [205]. In addition, transglycosylating f-mannanases have
great potential for generating value added products [173].

One of the largest GH families is GHS, which currently has 54 subfamilies with a
wide variety of enzymes such as [-glucanases, licheninases, endo-
glyceroamidases, and B-mannanases (www.cazy.org) [122]. B-Mannanases have
so far been found in subfamilies 7, 8 10, 17, 36 and 55 (www.cazy.org) [122].
Subfamilies 7 and 10 primarily contain f-mannanases of eukaryotic origin, for
example from fungi [125,171] and molluscs [206,207], while bacterial enzymes
dominate in subfamilies 8, 17, 36 and 55 [122,179,208] (www.cazy.org). The GH5
B-mannanases are usually monomeric and in some cases have additional modules,
for example CBMs [187,188,209]. A number of B-mannanase structures have been
determined for this family [125,179,206,207,209-217] which has seven conserved
residues: Arg54, Asnl68, Glul69 (acid/base), His241, Tyr243, Glu276
(nucleophile) and Trp306, numbered according to GHS B-mannanase A from
Trichoderma reesei [216]. Transglycosylation capacity has been detected for
several GH5 B-mannanases [171,206,218-220].

30



GH26 mainly contains B-mannanases, but also contains a few characterised -
xylanases and a [B-glucanase (www.cazy.org) [122]. GH26 B-mannanases are
mainly found in prokaryotes [124,181,195] (Papers II and III), but there are also
some enzymes from this family found in fungi [125,196]. No transglycosylation
has so far been detected for a wild type enzyme in this family [125]. GH26
enzymes may contain several modules, such as CBMs, and are generally
monomeric [125,180,181,221]. Precise specificity of products generated and
preferred substrate length varies between enzymes in this family. So far, most
enzymes in GH26 seem restricted by galactose substitutions [176,196,208,222-
2241, with any exceptions primarily being of fungal origin [225]. Generally, the
activity of GH26 B-mannanases decreases on substrates with higher galactose
content, such as guar gum compared to LBG [176,196,208,222-224]. There have
been a number of structures determined experimentally in this family
[124,125,153,175,177,212,221,226] (Papers II and III). GH26 fB-mannanases
generally have cleft-shaped active sites with seven conserved residues, primarily
located around the -1 subsite [153,175]: His124, His190, Glul91 (acid/base),
Trp196, Tyr258, Glu288 (nucleophile) and Trp307 (RsMan26C numbering) [175].
The main difference compared to the conserved residues in GHS is that the residue
preceding the acid/base is a histidine instead of an asparagine. Of the conserved
residues in GH26 His124, His190 and Trp307 interact with the -1 mannosyl,
His190 interacting with the axial O2 of the sugar unit, helping to confer mannosyl
specificity, as studied by Tsukagoshi et al. [175]. Tyr258 stabilises the
nucleophile, while Trp196 provides stacking interactions with the +1 sugar [175].
In some GH26 B-mannanases the -1 mannose unit has been shown to adopt a By s
boat conformation [227].

Several GH26 mannanases with known structures contain metal binding sites
[124,153,175,212,226] (Paper III). However, most of these are remote from the
active site with a purely structural role and have perhaps therefore not been widely
studied [124,153,175,212]. A small number of thermostable f-mannanases, two
from GH26 and two from GHS5, have so far been shown to have metal binding
sites with zinc (GH26) or calcium (GHS) that significantly impact thermal stability
[226,228-230]. In addition, two B-mannanases that show increased activity in the
presence of various divalent metal ions have been described [231,232]. In Paper
IIT we add to this picture by characterising a GH26 [-mannanase that shows
increased stability in the presence of calcium ions and with a determined calcium
binding site.
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a-Galactosidases

The a-galactosidases cleave a-linked galactosyl units. Examples include a-1,6-
galactosyl linkages in P-mannans [189] (Paper I) and raffinose family
oligosaccharides [233] (Paper I), as well as a-1,2-, a-1,3- and a-1,4-linked
galactosyls in various mammalian glycoproteins [234] and human glycolipids
[235]. They have a wide range of applications, including treatment of Fabrys
disease [141], in processing of food products [236,237] and in the pulp and paper
industry [238]. a-Galactosidases belong to GH families 4, 27, 31, 36, 57, 97 and
110 in the CAZy database (www.cazy.org) [122]. Of these, families GH27, 31 and
36 constitute the three members of clan GH-D (www.cazy.org) [122]. Clan GH-D
enzymes, similarly to GH-A, also have a (B/a)s-barrel fold and use a retaining
mechanism [189], but the catalytic residues are aspartates located at the end of
strand P4 (nucleophile) and in the loop after strand 6 (acid/base) [239,240]. The
majority of characterised enzymes present in GH27 and GH36 are o-1,6-
galactosidases (www.cazy.org) [122], while the enzymes present in GH31 have
more varied activities and include a-glucosidase [239] and a-xylosidase [241]. a-
1,6-Galactosidases can hydrolyse internal galactose substitutions in f-mannans, an
activity mainly found in GH27, or cleave terminal a-1,6-galactosyl linkages,
which is the primary specificity of GH36 enzymes [242,243]. Several a-
galactosidases have been shown to act synergistically with f-mannanases and -
mannosidases in the breakdown of different mannan type substrates [222,244-246]
(Paper II and III). They are found in both eukaryotic and prokaryotic organisms
from a variety of environments, such as soil [243,247] and gut bacteria
[233,248,249] (Paper I). Several a-galactosidases have been shown to be capable
of transglycosylation [172,250-252].

An enzyme from family GH36 was characterised in Paper 1. The GH36 family
primarily acts on terminal galactose linkages on oligosaccharide substrates
[233,243,253,254], with one recently characterised gut bacterial enzyme active on
terminal arabinose units [255]. The GH36 a-galactosidase from Paper I is rare
among the characterised GH36 enzymes, since it shows significant activity on
polysaccharide substrates. This family has been divided into four subgroups based
on conserved sequence motifs and phylogenetic analysis [149,233] (Paper I).
GH36 family enzymes from subgroup [ are generally tetrameric with two
conserved motifs: CxxGxxR involved in galactose recognition and GxxLxxxG
related to tetramer formation [149,256,257] (Paper I). The conserved cysteine of
the CxxGxxR motif interacts with the bound galactose in the active site [233].
Members of other subgroups may be monomers or other oligomeric states
[240,254,258]. GH36 enzymes generally contain three domains per monomer: one
N-terminal and one C-terminal domain, both containing mostly B-sheets, and a
central catalytic domain [233]. The tetrameric form is primarily facilitated through
the N- and C-terminal domains, meaning that the largest structural differences
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between enzymes of different oligomeric state are found here [233]. While only
one monomer interacts with the galactose and performs hydrolysis, adjacent
monomers position the substrate and the acid/base [233] (Paper I). It has been
found that a serine and an arginine (S548 and R556, numbered according to a
GH36 a-galactosidase from Flavobacterium sp. TN17) are important for gut living
a-galactosidases [259].

A predicted galactomannan PUL in B. ovatus

B. ovatus was shown to be able to grow on galactomannans already in 1977 by
Salyers et al. [82], as one of few gut bacteria in that study able to do so.
Subsequently both a-galactosidase and B-mannanase activity was found in this
organism, but the sequences or identity of these enzymes were never determined
[131,248,260,261]. Much later, in 2011, a potential galactomannan PUL in B.
ovatus strain ATCC 8483 (in this thesis termed BoManPUL, gene locus
bacova 02087-97) was identified by Martens et al. [113]. BoManPUL contained
three putative GHs, predicted by sequence homology: one GH36 a-galactosidase
(BoGal36A) and two GH26 B-mannanases (BoMan26A and BoMan26B) (Paper
I), further studied in Papers II-IV. BoManPUL also contained a HTCS regulator
that was activated by manno-oligosaccharides [113] and was predicted to encode a
SusC- and a SusD-like as well as a SusE-positioned protein, a symporter, an
isomerase and a mannoglucosyl phosphorylase (Paper I).

GH enzymes with the same specificity present in the same organism may have
differing fine-tuned substrate specificities [124,125,135], something which has
also been seen for some GH enzymes with the same specificity present in the same
PUL [115,129,262]. This raises questions regarding differences between the two
putative B-mannanases, BoMan26A and BoMan26B, of the BoManPUL. In
addition, GH36 a-galactosidases tend to be less active on internal galactosyl
substitutions, raising questions as to the role of BoGal36A in the galactomannan
acting BoManPUL. Papers I-1V focus on the GH enzymes of BoManPUL, to
delineate the differences between the two GH26 f-mannanases and the role of the
GH36 a-galactosidase, resulting in a model of PUL function. The differences
between the two GH26 [-mannanases are analysed in context of similar
Bacteroides PULs and are related to the biochemistry and structure of other
characterised GH26 enzymes.
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Methods

The structure of an enzyme is intimately tied to its function. The orientation and
position of amino acid residues in an active site or binding pocket can shed light
on the nature of ligand interaction, or the cause for a certain fine-tuned specificity.
To understand this structure function relationship both biochemical data on the
nature of the fine-tuned specificity of the enzyme, as well as its three dimensional
structure need to be studied. This section aims to give an overview of some of the
main biochemical and structural methods used in this thesis for this purpose.

Biochemical methods

GHs often have very fine-tuned substrate specificities and the activity often varies
based on length of saccharide, restrictions due to substrate substitutions, different
sugar units in the backbone of the substrate or other glycan modifications
[124,196] (Paper II). The number of subsites and the binding strength of each one
is specific for each enzyme, leading to variations in preferred substrate binding
mode, minimum substrate length and generated products [124,174,175]. This fine-
tuned specificity, products generated and preferred binding mode are all studied
with a range of biochemical methods, some of which are briefly described here.

Measuring activity by determining produced reducing ends

The reducing end of a sugar chain or monosaccharide is the sugar unit with an
unbound anomeric C1 carbon [263]. The unbound anomeric C1 carbon changes
between two cyclic conformations (o and B) through an equilibrium with an open
conformation. While in the open conformation the anomeric C1 carbon can be
oxidised, making it a reducing agent. For most hemicellulosic oligo- or
polysaccharides all but one of the sugar units are blocked in this capacity since C1
is involved in the glycosidic bond [263]. One method to assess the activity and
kinetics of GH hydrolysis on a polysaccharide is to measure the increase in
reducing ends using the 3,5-dinitrosalisylic acid (DNS) assay [264], as was done
in Papers II-IV. The basis for the assay is the reduction of DNS to 3-amino-5-
nitrosalisylic acid, which absorbs light at 540 nm, by the sugar unit reducing ends
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present in solution [265]. The enzyme and a polysaccharide substrate are
incubated together at the desired reaction conditions, in Papers II-IV most
commonly for 15 min at 37°C. A DNS solution containing a strong alkali is added
that, due to its high pH, inactivates the enzyme and stops the reaction. Subsequent
boiling increases the reaction speed of DNS reduction in the presence of strong
alkali by the reducing ends present. The measured absorbance is subtracted by a
blank containing enzyme and substrate before the released reducing ends can be
determined by comparison with a standard curve with DNS, polysaccharide and
known mannose concentrations. This method is difficult to wuse for
oligosaccharides, as the number of reducing ends present in solution before
hydrolysis is very high, and it is mostly used to analyse GH activity on
polysaccharides.

Product profiles and oligosaccharide kinetics

Studying the product profile from GH hydrolysis of different oligo- and
polysaccharides can give valuable information such as the types of substrates that
can be productively bound in the active site cleft and preferred mode of binding.
Through kinetic analysis of oligosaccharide hydrolysis it is also possible to deduce
the number of subsites required for efficient hydrolysis. In Papers I-III product
profiles from a number of f-mannan substrates were analysed and quantified using
high performance anion exchange chromatography with pulsed amperometric
detection (HPAEC-PAD) [266-268]. The identification of products analysed with
this method relies on comparisons with standards of equivalent carbohydrates.
This is problematic when analysing hydrolysis products from endo-acting enzymes
on galactomannans as there are few characterised galactomanno-oligosaccharides
available for use as standards. In paper III this issue was partially solved by
hydrolysing the generated galactomanno-oligosaccharide products with an a-
galactosidase before HPAEC-PAD analysis.

As the DNS assay is not suitable for measuring oligosaccharide hydrolysis the
determination of oligosaccharide kinetics is instead carried out by HPAEC-PAD
analysis. The measurement of standard Michaelis-Menten kinetics using this
method is cumbersome when several different substrates need to be analysed, with
many separate incubations and several optimisation steps usually required. In
addition, there is the risk of secondary hydrolysis of the initial products disturbing
the measurements of kinetic constants. A method was previously developed for
determining catalytic efficiency (kca/Km) based on Michaelis-Menten kinetics, but
with a more limited experimental setup and lower risk of interference from
secondary hydrolysis [269,270]. ke./Km is useful for analysing substrate
preferences of an enzyme and for comparing different enzymes. kea is the turnover
number: the number of substrate molecules converted per unit time and the
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Michaelis constant Ky is the substrate concentration when the initial reaction rate
1S Vmax/2. Thus ke/Kym takes into account both the rate of the reaction and the
strength of enzyme-substrate binding [263]. To determine ke./Km using the
method described by Matsui et al. [269] hydrolysis must be performed at low
enzyme and substrate concentrations such that: [E]<<[S]<<Kwm, quantifying the
decrease in substrate concentration over time. It can then be regarded as a first
order reaction with the rate constant A=(kc./Kwm)[E], resulting in equation 1:

kt = In (%) (1)

where £ is the rate constant, ¢ is time and [Sy] and [S;] are substrate concentrations
at time 0 and t, respectively [269]. This method was used to perform
oligosaccharide kinetics in Papers I and II.

Analysing preferred mode of binding

An endo-acting enzyme hydrolysing a sufficiently long oligosaccharide usually
generates a range of products, meaning that the sugar chain can bind available
subsites in different ways [176]. A variation in product profiles between endo-
acting enzymes [153,176,221] indicates a preferred mode of binding where the
occupation of some subsites is more favourable. The hydrolysis of mannopentaose
(M5) into M2 and mannotriose (M3), for example, could be due to substrate
binding in subsites -2 to +3 or between subsites -3 and +2. This can not be
differentiated by HPAEC-PAD analysis alone. To determine preferred binding
mode a method utilising hydrolysis in the presence of H,'*0 [171,176] was used in
Papers II and III. An oligosaccharide is hydrolysed by the studied enzyme in the
presence of H,'®0, an '*0 is incorporated in the newly generated reducing end and
the leaving group remains unlabelled. The products are analysed with matrix
assisted laser desorption-ionisation time of flight mass spectrometry (MALDI-
TOF MS), a highly sensitive method for precise determination of the mass of
carbohydrates where the relative amounts of labelled and unlabelled saccharide
can be compared [271,272]. The hydrolysate mixture is cocrystallised with a
matrix of 2,5-dihydrobenzoic acid [273] and the ratio of non-labelled and labelled
peaks for the same DP oligosaccharide is determined. As MALDI-TOF MS does
not allow absolute quantification it is coupled with HPAEC-PAD analysis for
determination of preferred mode of binding.
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Structural studies

The preferred substrate binding mode and specificity of a GH is related to its
structure. The overall shape around the active site helps determine fine-tuned
specificity [138] (Paper I-IIT). In GH5 and GH26 B-mannanases the active site is
usually located in a cleft with at least four subsites for oligo- and polysaccharide
binding [189]. The -1 subsite of f-mannanases is highly conserved within families,
providing specific saccharide interactions that directly relate to the type of enzyme
activity [175,189]. Subsites with a stronger binding preference usually interact
with the sugar unit through aromatic stacking interactions or hydrogen bonding
[124,125,189], which in turn affects the product profile and binding mode (Paper
I-I1I). The loops surrounding the active site cleft are often crucial for shaping fine-
tuned specificity [124,179,210] (Paper I-III) and loop flexibility may affect
binding and activity [274,275]. Methods used for studying structure and dynamics
in Papers II-1V are presented here.

Structure determination by X-ray crystallography

A common method for high resolution protein structure determination is X-ray
crystallography. Protein crystals are often generated by vapour diffusion
[124,175,276]: a drop of protein solution equilibrates by evaporation against a
reservoir of lower water content that causes an increase in protein concentration in
the drop [277]. This leads to supersaturation of the protein, resulting in either
precipitation or crystallisation [277]. What differentiates conditions that cause
precipitation from those that crystallise varies for each protein and is difficult to
predict, so various screens are utilised to determine optimal crystallisation
conditions. Upon data collection the crystal is mounted in a nylon loop and
exposed to an intense, narrow beam of X-ray radiation, a small portion of which
scatter due to the electrons in the crystal, forming a diffraction pattern [263]. To
reduce radiation damage to the protein crystal caused by the ionising nature of X-
rays [278,279] it is commonly kept in a stream of nitrogen at 100 K [280]. In order
to prevent the formation of ice the protein crystal is typically transferred to a drop
including a cryoprotectant such as polyethylene glycol or glycerol, before
mounting in the loop [281] (Papers II and III).

X-ray diffraction patterns are collected from the protein crystal over a wide range
of angles. The square root of the observed spot intensity can be converted into an
electron density map using a Fourier transform [263]. In Papers II and III initial
processing of the diffraction patterns was performed with the XDS program suite
[282] and CAD from CCP4 [283]. To obtain a complete electron density map the
phase of the diffracted X-rays must be known, something that is not possible to
measure directly. Several methods have been developed to solve this phase
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problem [284-287]. In Papers II and III molecular replacement was used, a
relatively quick and easy method which commonly requires the known structure of
a protein with at least 30% identity (the search model) to the protein of interest
(the target) [287]. The search model is fitted in to the asymmetric unit of the
target, in Papers II and III using the software Phaser [288] in Phenix [289],
allowing the phase information of the search model to be transferred to the target
[287,290]. The initial target phases are estimates based on the search model [291].
Manual editing of the initial target model, generated based on the search model, to
improve its fit to the electron density map increases the accuracy of the estimated
phases upon automated refinement of the model to the data [291]. Several
consecutive rounds of manual editing and automated refinement are usually
required for a high quality structure. In Papers II and III refinement was
performed with Phenix [289] and manual editing with Coot [292].

For many proteins it is often desirable to obtain structures containing a bound
ligand. Generating protein-ligand crystals is mainly achieved in one of two ways:
soaking or co-crystallisation [293]. In co-crystallisation the ligand is included in
the crystallisation conditions [124], which may be necessary if there is not enough
space in the original crystal packing to accommodate it [293]. Soaking involves
adding ligand to an already generated protein crystal, either directly in the
crystallisation drop [227] or by moving the crystal to a new drop containing the
ligand [175,221] (Paper III). The new drop with added ligand can also contain
cryoprotectant and allow different conditions than those used for crystallisation,
which may not be favourable for ligand binding [293]. In Paper III soaking was
used to obtain a ligand bound crystal structure of BoMan26B.

Isotopic labelling and NMR assignment

Enzyme loop flexibility can have a significant impact on GH enzyme activity, as
well as substrate binding and release [275,294,295]. X-ray crystal structures
provide static pictures and the underlying data, including the B-factor, provide
limited information on flexibility in the protein structure. This makes enzyme
flexibility and any impact it may have on function difficult to assess: very flexible
loops may not be visible and regions that are flexible in solution could be
stabilised by crystal contacts. Solution state nuclear magnetic resonance
spectroscopy (NMR) was performed on BoMan26A in Paper 1V, yielding a nearly
complete (about 95%) backbone peak assignment. This will form the basis for
future studies of substrate interactions and protein dynamics.

NMR measures the spinning frequency of nuclear magnetic moments around a
static magnetic field, which arise from the nuclear spin, a quantum mechanical
property described by the spin quantum number /. Isotopes with I = 0, like '*C, are
NMR inactive, whereas those with 7 = Y%, like 'H, '*C and '°N, have favourable
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properties and those with 7> Y4, like "N, are more challenging to study [263]. For
this reason protein NMR requires that samples are isotope labelled with '*C and
'>N. In addition, replacing all "H with *H, except at the backbone amides, improves
the signal by increasing the relaxation time of the adjacent atoms [296,297]. To
produce “H"C'°N-labelled protein in Paper IV the expression strain was grown
and BoMan26A was expressed with *H,0O, ""NH4Cl and "*C-glucose as the sole
sources of these elements. The bacteria initially need to be adapted to growing in
’H,0, which is done through a series of small overnight cultures successively
replacing H,O with *H,O [298] (Paper IV, Angus J Robertson, personal
communication). The backbone amides readily exchange their deuterons to
protons upon exposure to "H,O [299]. To ensure hydrogen exchange at sites buried
in the interior of the protein it can be unfolded using urea, followed by refolding
through slow dialysis with the target storage buffer (Paper IV). The isotopically
labelled protein can then be characterised using multidimensional NMR
experiments, as was done in Paper IV.

The collection of 3D NMR assignment spectra with transverse relaxation-
optimised spectroscopy (TROSY) [300] enables studies of proteins larger than
about 25 kDa [297]. By assigning each peak in the NMR spectra to its
corresponding atom in the protein chain one essentially achieves atomic resolution
[297]. The position of a peak will shift upon interaction of the corresponding atom,
enabling identification of ligand binding sites. Furthermore, NMR assignments
provide a starting point for atomic-resolution studies of protein structure,
dynamics and flexibility [297]. The assignment of BoMan26A with TROSY NMR
(Paper IV) will be used in further studies to elucidate the residues involved in
substrate binding and to characterise loop flexibility around the active site.
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Results and discussion

A limited number of B. ovatus strains are capable of growing on galactomannans
[82]. The previously identified BoManPUL from strain ATCC 8483 [113] was
shown to encode the three GHs, BoGal36A, BoMan26A and BoMan26B, in
Papers I and II. Appended Papers I-IV has focused on understanding the
structure and function of these GHs, their role in B. ovatus galactomannan
utilisation and the relation of BoMan26A and BoMan26B to other GH26 enzymes.
A summary of this work will be presented here.

The GH enzymes of the BoManPUL

Characterisation of P-mannan active GHs from human gut bacteria has been
limited and not previously carried out on enzymes expressed from a PUL
[181,195,208,301,302]. Early studies of B. ovatus galactomannan utilisation
revealed outer membrane associated B-mannanase activity [260], as well as
soluble B-mannanase activity located inside the cell [131] and three assumed
soluble a-galactosidases [248,261]. The identity of the enzymes responsible for the
B. ovatus P-mannanase and o-galactosidase activities was not established.
However, based on cellular location and endo-action on guar gum, the previously
detected outer membrane associated B-mannanase from B. ovatus cultures [260]
could perhaps be BoMan26B from the BoManPUL, characterised in Papers II and
II1. Potential identity of the previously detected a-galactosidases is more difficult
to suggest: BoGal36A (Paper I) is the only characterised a-galactosidase in B.
ovatus, but the CAZy database contains an additional 18 sequences putatively
assigned as a-galactosidases from the same strain (www.cazy.org) [122]. In Paper
I several strains of B. ovatus and Bacteroides xylanisolvens, all containing
homologous PULs to BoManPUL, were shown to be able to grow on
galactomannan (Paper I, Figure 1). The gene organisation of these PULs was
overall similar, but one striking difference was the presence or absence of a gene
coding for a putative GH36 a-galactosidase, resulting in two types of homologous
PULs. Type I contained the putative GH36 a-galactosidase gene (BoManPUL type
I), while type II did not (BoManPUL type II, Paper I, Figure S1). Studies on these
putative mannan PUL variants in Paper II showed that B. ovatus strain ATCC
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8483, containing the type I BoManPUL, was able to grow on both galactomannan
and glucomannan. Strains containing the type II PUL grew more slowly on
galactomannan. In addition, a separate B. ovatus ATCC 8483 PUL (gene locus
bacova _03386-406) was found containing a putative GH26 encoding gene.
However, knockout of this second PUL did not alter the growth of B. ovatus on the
previously tested B-mannans, while a deletion of the BoManPUL abolished or
greatly reduced growth on these polysaccharides (Paper II, Figure 1). Thus the
BoManPUL seems to be the main PUL responsible for the ability of B. ovatus to
grow on f-mannans.

PULs typically encode several GH enzymes, some of which are attached to the
outer membrane and some which are periplasmic, for different stages of
polysaccharide processing [115,116,126,303]. The three GH enzymes encoded by
BoManPUL also have differences in their cellular localisation: BoMan26B is
anchored to the extracellular membrane, while BoMan26A and BoGal36A are
periplasmic (Paper II, Figure 2). The differences in cellular location hint towards
an order of processing f-mannan substrates of the GH enzymes encoded by the
BoManPUL where the outer membrane BoMan26B would make the initial
substrate attack, creating products further processed by BoMan26A and
BoGal36A. Further biochemical characterisation of the enzymes made it possible
to suggest this model, as explained in the following sections.

An odd GH36 a-galactosidase: BoGal36A

The presence of an a-galactosidase appears to be important for growth on
galactomannan. Strains of B. ovatus containing the type II PUL, that lacks an a-
galactosidase encoding gene, grew more poorly on galactomannan than those
strains with type I PULs (Paper I, Figure 1). Bacteroides fragilis contains a
known gene cluster encoding enzymes active on mannans [195,304] and a putative
PUL encoding for a GH26 f-mannanase (predicted in PULDB,
http://www.cazy.org/PULDB/ [121]) but B. fragilis did not grow at all in the
presence of galactomannan (Paper I, Figure 1). The type I PULs contain a
putative o-galactosidase gene, exemplified by the presence of the BoGal36A gene
in the BoManPUL. However, BoGal36A is part of the GH36 family, enzymes
which in several cases have been shown to hydrolyse internal galactose
substitutions poorly [233,242,253,254] (Paper I). By contrast, several GH27 a-
galactosidases have previously been shown to efficiently hydrolyse internal
galactose substitutions and to act synergistically with B-mannanases [222,243].

Biochemical characterisation

BoGal36A belongs to GH36 subgroup I. The enzyme is a tetramer in solution, as
determined by SEC analysis, and contains the two sequence motifs typical for this

42



subgroup (Paper I, Figure 2). However, BoGal36A efficiently hydrolyses internal
galactose substitutions from galactomanno-oligo- and polysaccharides (Paper I).
Upon hydrolysis of guar gum galactomannan, 90% of galactose substitutions were
released, causing aggregation of the remaining polysaccharide backbone (Paper I,
Figure 4). While low activity on galactomannan polysaccharides has previously
been reported for some GH36 a-galactosidases [242,301,305], BoGal36A is the
first enzyme in this family where hydrolysis of internal galactosyl side-groups is
efficient and which causes guar gum aggregation. The specific activity of
BoGal36A is higher for galactomanno-oligosaccharides than polysaccharides
(Paper I) and the enzyme is located in the periplasm (Paper II). This indicates
that BoGal36A is unlikely to perform the initial attack on galactomannans.

Figure 5 The homology model of BoGal36A (red) superposed with AgaA (blue), as well as the other determined
GH36 subgroup | structures (semi-transparent), PDB IDs: 3MI6 (grey), 2XN2 (pink), 4FNQ (light blue) and 2YFO
(purple). Stachyose (blue) present in the AgaA active site cleft is shown in stick representation. The P-loop is labelled
and coloured green, while the equivalent loop in BoGal36A is marked with an arrow and coloured orange, for clarity.
Conserved residues in the -1 subsite are shown in stick representation, the catalytic residues are labelled (underlined,
BoGal36A numbering). Residues in the P-loop relevant for substrate interaction are shown in stick represenation and
labelled (AgaA numbering).

Homology model

In previously determined structures of GH36 subgroup I enzymes the active site is
located in a deep pocket (Figure 5) [149,301,306]. The -1 subsite is located
entirely in one monomer, while the positive subsites also involve two adjacent
monomers [149,301,306]. A homology model of BoGal36A was made in Paper I
with a GH36 o-galactosidase from Geobacillus stearothermophilus (AgaA, PDB
ID 4FNU) [306] and overlaid with all determined GH36 subgroup I structures
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[149,301,306] using PyMOL [307] (Figure 5). The -1 subsite binds the galactose
unit and contains the catalytic residues. It is conserved for all compared structures,
in line with the outcome of the sequence alignment in Paper I, Figure 2. In AgaA
a loop adjacent to the active site (the P-loop), present on a different monomer than
the active site, provides hydrophobic stacking to the sugar unit in +1 through
Phe56 and hydrogen bonds to the sugar unit in +2 through Asp53 and Arg65
[306]. This P-loop restricts the space around the active site, likely reducing the
ability to accommodate internal galactose residues. In all currently determined
GH36 subgroup I crystal structures the backbone conformation of the P-loop is
conserved [149,301,306] (Figure 5). The three residues involved in binding
positive subsites are also conserved in all structures except the subgroup I GH36
from Lactobacillus brevis (PDB ID 3MI6, determined by the Northeast Structural
Genomics Consortium). It would be interesting to see what effect the lack of these
conserved P-loop residues has on substrate binding, however biochemical data for
this enzyme is currently not available. Uniquely for subgroup I, BoGal36A lacks
the P-loop, causing the area around the -1 subsite to be more open. This lack of the
P-loop probably enables the accommodation of internal galactose units seen in the
biochemical characterisation (Figure 5) (Paper I, Figure 6).

Differences in fine-tuned substrate specificity of BoMan26A and
BoMan26B

None of the three previously characterised gut bacterial f-mannanases are known
to be expressed from a PUL [181,195,208]. For one of them the gene BF(0771
codes for the GH26 B-mannanase from Bacteroides fragilis (BfMan26) and is part
of a small gene cluster suggested to be involved in f-mannan utilisation [195,304].
This gene cluster flanks a putative PUL that also contains a gene putatively
encoding for a GH26 enzyme (Paper I). The two other characterised gut bacterial
B-mannanases, from Bifidobacterium adolescentis and Bifidobacterium animalis
subspecies lactis, are not part of known gene clusters for f-mannan utilisation and
contain mannan-binding CBMs [181,208]. Neither BoMan26A nor BoMan26B
contain CBMs, something that is generally the case in GHs expressed from PULs,
which may be because they are co-expressed with polysaccharide binding proteins
[115,116,126] (Paper II). BoMan26A and BoMan26B generally hydrolyse [-
mannan substrates longer than DP2, but were not active on 6°,6*-a-D-galactosyl-
mannopentaose (G2MS5) (Papers II and III). Based on manno-oligosaccharide
kinetics BoMan26A requires at least 4 subsites for efficient hydrolysis, while
BoMan26B requires at least 6 subsites (Paper II, Table 2). kea/Km for BoMan26A
on oligosaccharides was similar to what has been seen previously for other GH26
B-mannanases [124,153,221], but was in comparison very low for BoMan26B on
mannohexaose (M6) (Paper II, Table 2). No activity could be detected for
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BoMan26B on M5 and lower manno-oligosaccharides, indicating that BoMan26B
prefers longer substrates (Paper 11, Table 2).

The specific activity of BoMan26A on LBG galactomannan was about three times
that of BoMan26B (Papers II and III), both of which were in the same range as
other GH26 enzymes (Table 1). Neither enzyme hydrolysed non-mannose based
polysaccharides and had very low activity on the insoluble B-mannan INM (Paper
II, Table 1). One of the most drastic differences between BoMan26A and
BoMan26B was a major decrease in specific activity on guar gum compared to
LBG for BoMan26A, while it remained relatively unchanged for BoMan26B
(Paper II, Table 1). The decrease in activity for BoMan26A on guar gum
compared to LBG, where guar gum has a higher level of galactose substitution,
indicates a restriction by the galactosyl side-groups carried by mannans. Despite
the higher level of galactose substitution in guar gum compared to LBG the
specific activity for BoMan26B remained very similar, indicating little or no
restriction by galactose substitutions for this enzyme (Paper 11, Table 1).

Table 1 Specific activity (kat/mol) and enzyme kinetic parameters on LBG and guar gum for GH26 B-mannanases.

LBG LBG LBG Guar Guar Guar
LBG Kwm Kecat Kcat/Km Guar Kwm Kcat Kcat/Km
Enzyme References  kat/mol gL s sgL!  kat/mol gL’ s s'gL™!
BoMan26A Paper Il 301 0.8
BoMan26B Papers Il 100 11 250 23 86 13 122 9.5
and Il
CjMan26A [153] 2167 8.5 2904 342
CjMan26C [124] 233
CMan26A- [176,221] 376 1.8 137 76 84 16 137 9
50K
PaMan26A [308] 5.5 83 15
RsMan26C [223] 5.2 833 160 28 490 17
BsMan26A [212] 4.5 5.5 1.2
BCman [226] 10 61 6.1
BaMan26A- [181] 176 21 444 20.8 14
53K
TrMan26A [218] 06 240 400
AnMan26A [222] 264 149
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The kea/Km for BoMan26B on LBG was similar to some characterised GH26 f3-
mannanases (Table 1) [181,226,308], yet is in the lower range of all enzymes
compared in Table 1. On guar gum the ke./Km for BoMan26B was halved,
compared to LBG (Paper III, Table 1). There have been a limited number of
kinetics studies on other GH26 B-mannanases with LBG and guar gum [176,223]
and in these cases the decrease in ke./Km was instead about 90% for guar gum
compared to LBG (Table 1). Thus, out of the enzymes with available kinetic data
on LBG and guar gum, BoMan26B is the least affected by the higher level of
galactose substitution in guar gum, as judged by the halved ke./Km on guar gum
compared to LBG (Table 1).

In addition, the 90% decrease in kea/Kum for other GH26 -mannanases on guar
gum compared to LBG is primarily due to an increase in Ky for guar gum, while
in the case of BoMan26B the Ky remains relatively similar (Table 1). This means
that, while the Ky of BoMan26B for LBG is the second highest out of the GH26
B-mannanases compared in Table 1, the Ky on guar gum is the lowest. The above
comparison implies that BoMan26B is one of the more adept f-mannanases at
accommodating galactose substitutions within the GH26 family.

Thus, BoMan26A appears restricted by galactose substitutions, similar to several
other GH26 B-mannanases (Table 1 and references therein), with a preference for
hydrolysing manno-oligosaccharides (Paper II, Tables 1 and 2). BoMan26B
instead hydrolyses polysaccharides, with poor oligosaccharide hydrolysis, and is
more unusual in the GH26 family as the level of restriction from galactose
substitutions appears to be low (Paper II, Table 2, and Paper III, Table 1). In
context of galactomannan utilisation encoded by the BoManPUL this naturally
suggests a role for BoMan26B as the enzyme of initial attack on polysaccharide
galactomannan substrates, while BoMan26A would hydrolyse subsequent
mannooligosaccharides after hydrolysis by BoMan26B and a removal of galactose
substitutions by BoGal36A (Paper 11, Figure 8).

Product profiles of BoMan26A and BoMan26B

Upon B-mannan oligo- and polysaccharide hydrolysis, BoMan26A produced M2
as a major product, with smaller amounts of longer oligosaccharides produced for
LBG and guar gum (Figure 6) (Paper II, Figure 3). BoMan26B produced more
varied hydrolysis products compared to BoMan26A, especially for guar gum,
where M2 was no longer a major product of end point hydrolysis (Figure 6)
(Paper II, Figure 3). LBG and guar gum hydrolysis by BoMan26B produced
products primarily of DP2-5, as revealed by guar a-galactosidase processing of the
BoMan26B LBG and guar gum degradation products (Paper III, Figure 2). The
generation of random length products identifies BoMan26B as an endo-acting [-
mannanase. BoMan26A primarily generates M2 making it a mannobiohydrolase
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(Paper 1II), several of which have previously been identified in GH26
[124,194,195]. The longer products seen for BoMan26A upon LBG and guar gum
hydrolysis are indicative of endo-action (Paper II, Figure 3), likely caused by
restrictions due to galactose substitutions. The dominance of M2 products may
indicate that BoMan26A is a processive enzyme, but that any galactose
substitutions would restrict this activity (Paper II). In GH26 one of the previously
characterised mannobiohydrolases has also been suggested to be processive [194].

240 M2 80

M1M2M3M4 M5 M6

190

M1} M3 M4 M5 M6
140

Time (min) Time (min)

Figure 6 HPAEC-PAD analysis of poduct profiles after 24 h hydrolysis of LBG (left) and guar gum (right) by
BoMan26A (blue and red, respectively, Paper Il, Figure 3) and BoMan26B (green and purple, respectively, Paper lll,
Figure 2), shown with a 2.5 yM M1-M6 standard (grey). The M1-M6 peaks have been labelled.

To summarise the biochemical characterisation of BoMan26A and BoMan26B:
BoMan26B prefers longer substrates, which it hydrolyses to oligosaccharides of
DP2-5. Since BoMan26B is anchored to the outer membrane and is not sensitive to
galactose substitutions it is likely the first GH in galactomannan utilisation
encoded by the BoManPUL. BoMan26A instead primarily degrades P-mannan
substrates into M2 and hydrolyses manno-oligosaccharides more efficiently than
BoMan26B does. This endo-capable mannobiohydrolase is periplasmic and
restricted by galactose substitutions, making it likely to have a place downstream
in galactomannan utilisation.

Synergy: enzymes helping each other

The characterisation of BoMan26A, BoMan26B and BoGal36A described above
indicates an order of GH attack on galactomannans by these GHs expressed form
the BoManPUL. According to this view, the galactomannan attack is initiated by
BoMan26B, followed by BoGal36A and finally BoMan26A. To assess the synergy
between BoMan26A, BoMan26B and BoGal36A co-incubations of either [-
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mannanase with BoGal36A were carried out in Papers II (Table 3) and III (Table
1). There have been several studies on pathways for microbial polysaccharide
utilisation based on differences in substrate specificity
[88,116,124,126,129,135,195,309,310] and synergy between GH enzymes on [-
mannan substrates [222,245,246,253,311]. However, GH synergy within PUL-
related enzymes is relatively unexplored, having previously been shown for GHs
from xylan PULs by coincubations of different substrates with various enzyme
mixtures [312,313].

In the presence of BoGal36A the release of M2 increased for both BoManPUL f-
mannanases (Paper II, Table 3 and Paper III, Table 1). Conversely, an increase
in galactose release was only seen when BoGal36A was co-incubated with
BoMan26B (Paper III, Table 1) but not when co-incubated with BoMan26A
(Paper 11, Table 3). The increase in M2 release by BoMan26B was partly due to
BoGal36A hydrolysis of 6'-a-D-galactosyl-mannobiose produced by BoMan26B,
meaning it is not clear that BoGal36A assists BoMan26B galactomannan
hydrolysis. For BoMan26A, however, M2 release increases roughly 3-fold for
LBG and hydrolysis of G2M5 became possible in the presence of BoGal36A.
G2MS5 was likely de-galactosylated into M5, a substrate of BoMan26A (Paper 11,
Table 3). The increased release of M2 from BoMan26A in the presence of
BoGal36A clearly indicates a synergistic relationship.

The increase in galactose release by BoGal36A when co-incubated with
BoMan26B was significantly higher than the increase in M2 release by BoMan26B
(Paper III, Table 1). Upon BoGal36A co-incubation with BoMan26A there was
instead a decrease in galactose produced (Paper II, Table 3), which may be due to
competition over similar substrate binding sites between the two enzymes. The
synergy fits the biochemical data: BoMan26B synergises with BoGal36A, which
hydrolyses oligosaccharides more efficiently than polysaccharides (Paper I).
BoGal36A then synergises with BoMan26A by removing galactose substitutions,
which BoMan26A is restricted by (Paper II). This provides support for the view
described above relating to the order in which the GH26 enzymes encoded by the
BoManPUL degrade galactomannan.

Potential PUL interaction: the SusD-like protein

The binding of the SusD-like protein from the BoManPUL to various manno-
oligosaccharides was briefly studied using microscale thermophoresis (MST) in
Paper III. No reliable binding could be seen to M6 and low viscosity LBG, but a
Kp of 3.9 + 0.7 mM was determined for G2MS5 (Paper III, Figure 3). SusD-like
protein can bind specific saccharides with high affinity, such as in B. fragilis
where a SusD-like protein binds sialic acid with a Kp of 397 nM [314], but may in
other cases be more specific toward polysaccharide binding [80]. That SusD-like
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protein binds to G2MS5 fits well with the longer galactomanno-oligosaccharide
products generated by BoMan26B (Paper III, Figure 2). SusD forms a complex
with the transporter SusC [119,120,314,315] and the only available crystal
structures of the complex show that binding and transport are facilitated by a pedal
bin mechanism [133]. In Sus the binding of SusD is reduced in absence of SusC
[119], but SusD and similar proteins are capable of binding without SusC
[80,314]. Thus, the BoManPUL SusD-like protein may bind more efficiently in the
presence of SusC. In addition the outer membrane proteins of the Sus system,
SusC, SusD, the a-amylase SusG and the sugar binding proteins SusE and SusF
have been shown to interact [118,315], possibly through substrate induced
complex formation [316]. It would be interesting to continue the binding studies of
SusD to determine binding specificity and potential protein interaction partners
within the BoManPUL.

A model of galactomannan utilisation by the BoManPUL

While the GHs encoded by several PULs from human gut bacteria have been
characterised [88,115,126,129,135,184,309,310,313,317-320], BoGal36A,
BoMan26A and BoMan26B are the first encoded by a P-mannan PUL. The
cellular location (Paper II, Figure 2) and biochemical data from papers I-II1
reveal a model of galactomannan utilisation by the BoManPUL (Figure 7) (Paper
II, Figure 8). Polysaccharide binding to the outer membrane surface is possibly
facilitated by the putative sugar binding SusE-positioned protein. BoMan26B,
outer membrane anchored and insensitive to galactosyl side-groups (Paper II),
cleaves galactomannan into shorter oligosaccharides primarily of DP2-5 (Paper
III, Figure 2). These are transported into the periplasm by a putative SusCD-like
complex, in which the SusD-like protein is known to bind G2MS5 (Figure 7)
(Paper III, Figure 3). BoGal36A is periplasmic and preferentially hydrolyses
internal galactose substitutions (Paper I), generating manno-oligosaccharides. As
previously studied for BoManPUL, the HTCS regulator, which binds manno-
oligosaccharides above DP3, activates transcription (Figure 7) [113]. BoMan26A
is restricted by galactose substitutions (Paper II) and generates M2 from the
degalactosylated manno-oligosaccharides that are likely transported into the
cytoplasm by a putative symporter. There, a predicted isomerase converts M2 into
mannosyl glucose that is cleaved by a confirmed mannoglucosyl phosphorylase
(unpublished data) into mannose and glucose.

In the case of other characterised GHs encoded by PULs from human gut bacteria
the periplasmic enzymes are often exo-acting [126,309,310], similar to the
mannobiohydrolase activity of BoMan26A (Paper II, Table 1). In most of these
cases endo-capable activity on polysaccharides, as seen for BoMan26A (Paper 11,
Table 1 and Figure 3), has not been shown. The ability to hydrolyse
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polysaccharides is generally not necessary for periplasmic PUL proteins, as the
polysaccharides are commonly hydrolysed into oligosaccharides before transport
into the periplasm [126,309,310].

SuskE- SusD-like SusC-like

positioned ¢
© Qo
o -

o e S oo BoGal36A

Predicted HTCS-like

symporter Op

S Q
Predicted

- mannoglucosyl
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Figure 7 Proposed action of the proteins encoded by the BoManPUL (as shown in Paper I, Figure 8) on
galactomannan (mannosyl backbone is red, with purple galactosyl spheres), showing the outer membrane (top),
perplasmic space and inner membrane (bottom). All proteins have been labelled with their suggested role in
galactomannan utilisation or confirmed enzyme name. GH enzymes characterised in this thesis are coloured blue and
labelled in bold. Other coloured proteins are the SusE-positioned protein (brown), SusD-like protein (yellow), SusC-
like protein (pink) and the HTCS-like regulator (pink). The proteins are coloured according to Paper Il, Figure 1. The
predicted function of the symporter and the isomerase is based on a BLAST search and on Senoura et al. [304].

Structural studies of BoMan26A and BoMan26B

BoMan26A and BoMan26B are both unusual among currently characterised GH26
B-mannanases. BoMan26A is an endo-capable mannobiohydrolase (Paper II), one
of few characterised mannobiohydrolases in GH26 [124,194,195]. BoMan26B
appears significantly less restricted by galactose substitutions (Papers II and I1I)
than other GH26 B-mannanases [176,196,222,223]. Comparing BoMan26A and
BoMan26B reveals a difference in preferred substrate length: BoMan26A
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efficiently hydrolyses manno-oligosaccharides, while BoMan26B prefers longer
substrates (Paper II). The differences in fine-tuned substrate specificity between
BoMan26A and BoMan26B are likely correlated with differences in the structure
of the active site cleft. In Papers II and III the crystal structures were determined
for BoMan26A and BoMan26B, respectively. Both are (f/o)s-barrel structures
typical for GH-A [144] and contain the seven residues conserved in GH26,
including the nucleophile and acid/base [175], seen in all current GH26 [-
mannanase structures [124,125,153,175,212,221,226].

Active site cleft substrate restrictions in BoMan26A

The active site cleft of BoMan26A is narrow (Paper II, Figure 7) and shows a
large degree of conservation with the closest structural homologue: GH26 exo-f3-
mannanase C from Cellvibrio japonicus (CjMan26C, PDB ID 2VX6) [124]. Like
BoMan26A, CjMan26C is a mannobiohydrolase that requires at least four subsites
for efficient hydrolysis [124]. The determined CjMan26C structure includes a
galactosyl-mannotetraose (G1M4) bound from subsite -2 to +2 with the galactosyl
substitution in subsite -1 [124], which was used for subsite determination and
analysis of substrate interaction in BoMan26A via structural overlay (Paper 11,
Figure 6).

The positive subsites

In subsites -2 to +2 only three residues proposed to be involved in substrate
binding are not conserved between CjMan26C and BoMan26A: GIn385, Asp266
and Arg269 (CjMan26C numbering, Figure 8, Paper II, Figure 6). Asp266 and
Arg269 (Gly232 and Glu234 in BoMan26A, respectively) are located in the +2
subsite, where the greatest overall differences in active site cleft structure between
BoMan26A and CjMan26C are seen (Figure 8) (Paper 11, Figure 6). The shorter
side chains of Gly232 and Glu234 in BoMan26A, compared to Asp266 and
Arg269 in CjMan26C, makes the +2 subsite more open in BoMan26A and may
suggest weaker substrate interaction (Figure 8). However, both BoMan26A and
CjMan26C require 4 subsites for efficient hydrolysis, based on differences in
catalytic efficiency between M3 and M4, and generate M2 hydrolysis products
[124] (Paper II). Their similarities in oligosaccharide hydrolysis indicate that the
+2 subsite still plays a role in both BoMan26A and CjMan26C, despite their
structural differences in this subsite. Potential interactions in the +2 subsite by
BoMan26A may involve hydrophobic stacking by Phe261 or polar interactions
with Glu234 (Figure 8). However, for the sugar residue in the +2 subsite to
interact with either Phe261 or Glu234 a shift in position of the saccharide chain
would be required compared to what is seen for the CjMan26C structure. The
residue Glu382 in CjMan26C corresponds to His332 in BoMan26A and both are at
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a distance suitable for potential polar interaction with the mannosyl unit (Paper 11,
Figure 6). Thus, the main differences in the active site clefts of CjMan26C and
BoMan26A are found in the positive subsites beyond subsite +1 (Figure 8).

His332
(GIn385)

Phe261 (His302)

Gly232 (Asp266)

G|u188q
(221)"

> 7/
Glu234 (Arg269)

Figure 8 An overlay of BoMan26A (red) and CjMan26C (grey) with the G1M4 from CjMan26C shown in stick
representation (blue). The seven residues conserved in all GH26 B-mannanases, as well as residues around the
active site cleft that differ between BoMan26A and CjMan26C are shown in stick representation. The catalytic
residues (underlined) and differing residues are labelled, BoMan26A numbering (corresponding CjMan26C residue in
brackets). A semi-transparent cartoon of the backbone is shown for both residues.

The negative subsites: restricted by loops

While BoMan26A is capable of endo-action (Paper II), CjMan26C is an exo-
acting enzyme [124], suggesting a structural difference in the negative subsites.
However, the negative subsites are largely conserved between BoMan26A and
CjMan26C (Paper II, Figure 6). '3O-labelling of M5 hydrolysis by BoMan26A
showed that, consistent with a preferential production of M2, BoMan26A was
about 5 times more likely to accommodate substrate in subsites -2 to +3 than in -3
to +2, yet binding in the -3 to +2 subsites was clearly possible (Paper II, Figure
4). In both BoMan26A and CjMan26C two loops, loop 2 and loop 8, restrict
substrate access beyond subsite -2 [124] (Paper 11, Figure 6). Loop 8 is situated to
one side of the -3 subsite and hydrogen bonds with the backbone of loop 2, the tip
of which is located in the -3 subsite, blocking it (Paper II, Figure 6). Removal of
loop 2 through mutation in CjMan26C causes it to become endo-acting, heavily
implying that loop 2 is responsible for exo-activity in this enzyme [124]. While
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loop 2 likely restricts the region beyond subsite -2 in BoMan26A it apparently
does not confer the same strict exo-action that it does in CiMan26C.

Due to steric clashes with loop 2, it is currently not clear how a longer saccharide
chain would be accommodated in the negative subsites beyond subsite -2 in
BoMan26A. One possible explanation for the endo-capability observed for
BoMan26A is loop flexibility (Paper II). The flexibility of loops surrounding the
active site cleft in f-mannanases has previously been shown to affect substrate
specificity and binding in GHS enzymes [275,321]. Crystallographic structures are
static images composed of the average of a very large number of protein molecules
in an unnatural environment that may perturb the natural dynamic features of the
protein. NMR peak assignment of BoMan26A was performed in Paper IV to
assess possible loop flexibility in future dynamics studies. In the NMR assignment
of BoMan26A, loop 8 was not possible to assign due to peak broadening beyond
detection, which most likely reflects dynamic exchange between alternative
conformations. Further NMR-based dynamics studies with a focus on loops 2 and
8 will hopefully shed light on potential loop flexibility and substrate
accommodation in a -3 subsite by BoMan26A.

Accommodation of galactose substitutions

Saccharide binding to BoMan26A is restricted by galactose substitutions, the
structural basis of which can be assessed using an overlay of the G1M4 substrate
from CjMan26C [124] (Paper II, Figure 6). In subsite +2 the area around the
mannosyl O6 is very open, the closest atom is CE3 of Trpl93 5.4 A away,
enabling the presence of a substitution (Figure 8) (Paper II, Figure 6). In
CjMan26C a very weak density was seen in the +2 subsite, indicating partial
occupancy of a galactose substitution [124]. The +1 subsite mannosyl O6 is
situated in a narrow part of the active site cleft and any galactosyl unit would
likely clash with the aromatic residue Phe261 in BoMan26B (His302 in CjMan26,
would possibly cause the same clash) (Figure 8) (Paper 11, Figure 6). In addition,
substitutions in both the -1 and +1 subsites simultaneously would be at risk of
severe clashes with each other.

Galactosyl side-group accommodation in the -1 subsite is shown for CjMan26C
[124] and is likely similar in BoMan26A due to the large conservation in this
subsite. In the -2 subsite the mannosyl O6 faces the enzyme and interacts with
Asp99 (Paper 11, Figure 6), blocking the ability to fit a galactosyl side-group. Any
galactosyl accommodation in a potential -3 subsite is speculative, but if loops 2
and 8 undergo conformational change to make space for the substrate, this may
restrict the space available for a substitution around a possible -3 subsite. Of the
known subsites in BoMan26A, only the -2 and +1 subsites are unlikely to
accommodate galactose substitutions, a restriction that correlates with the
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observed reduction in activity of BoMan26A on guar gum compared to LBG and
their different levels of galactose substitution.

A wide active site cleft in BoMan26B

BoMan26B requires at least 6 subsites for efficient hydrolysis (Paper II, Table 2),
which is reflected by a long active site cleft with 5 determined negatively
numbered subsites (Paper III, Figure 8). A structure could be determined with a
G1M4 saccharide bound in subsites -5 to -2 (Paper III, Figure 6) and a bound
calcium ion in a metal binding site (Paper IIL, Figure 5). The presence of calcium
in solution improves the stability of BoMan26B, but does not affect activity
(Paper III), indicating that it is not involved in catalysis or substrate binding.
Metal binding with an impact on thermal stability has previously been seen in
thermostable B-mannanases [226,228-230], however these metal binding sites are
not conserved in BoMan26B.

GIM4 binding

The G1M4 bound in subsites -5 to -2 of BoMan26B includes a galactose
substitution at the -4 subsite (Paper III, Figure 6). In the -5 subsite Trp112 forms
a clear aromatic stacking platform for the mannosyl unit and in subsite -2 the
mannosyl unit O6 interacts with Tyr315 and the O2 interacts with Trp314. No
clear interaction was seen with the mannosyl unit in the -4 subsite, while the
galactosyl unit interacts with Tyr148 and Lys149, which may imply a preference
for galactose substitutions in this subsite. In subsite -3 the main interaction with
the sugar residue is hydrophobic stacking with Tyr317. Thus, the strongest
interactions with mannosyl units are present in subsites -5 and -2. The possible
galactosyl side-group preference in the -4 subsite may be one reason for the low
levels of restriction by substitutions carried by galactomannan substrates displayed
by BoMan26B. (Paper III, Figure 6)

Accommodation of galactose side-groups in BoMan26B and its closest structural
homologues

The two closest structural homologues to BoMan26B are GH26 B-mannanase A
from Podospora anserina (PaMan26A, PDB ID 3ZMS) [125] and RsMan26C
(PDB ID 3WDR) [175]. While RsMan26C displays a level of restriction by
galactose substitution typical for GH26, BoMan26B and PaMan26A are two of the
least restricted enzymes in the family so far (Table 1). To understand the
differences in the ability of BoMan26B, PaMan26A and RsMan26C to
accommodate galactosyl side-groups the crystal structures of these three enzymes
were compared using an overlay with the BoMan26B G1M4 complex structure
(Figure 9) (Paper 111, Figure 8).
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Similar to BoMan26B, PaMan26A and RsMan26C also have long active site clefts
with up to 4 and 5 significant negatively numbered subsites. Both BoMan26B and
RsMan26C have determined structures with bound substrate in subsites -5 to -2
(GIM4 and M4, respectively), while no substrate bound structure has been
determined for PaMan26A. For the purposes of this comparison the G1M4
oligosaccharide from BoMan26B was superposed with PaMan26A to assess
galactosyl side-group accommodation.

Figure 9 Overlay of BoMan26B (green), RsMan26C (grey) and PaMan26A (blue) with the G1M4 from the BoMan26B
structure shown in stick representation (red). The side chains of the seven residues conserved in all GH26 -
mannanases, Trp112 in the -5 subsite and residues relating to accommodation of galactose substitutions are shown
in stick representation, while a semi-transparent cartoon is shown for the backbone. The subsites, Trp112 in the -5
subsite, the catalytic residues (underlined) and residues potentially affecting the accommodation of galactose
substitutions are labelled according to BoMan26B numbering.

Regarding the negative subsites, RsMan26C and BoMan26B are so far the only
GH26 B-mannanase structures with an identified -5 subsite, for both involving
stacking with a tryptophan and in both cases open enough to accommodate a
galactosyl side-group (Figure 9) [175] (Paper 111, Figure 7). Accommodation of a
galactose substitution in the -4 subsite is only possible for BoMan26B and would
cause clashes with Glu92 and Argl26 in RsMan26C and Trp244 and Trp245 in
PaMan26A, where they stack with the -4 subsite mannosyl (Figure 9) (Paper III,
Figure 7). The mannosyl O6 in the -3 subsite points out of the active site cleft in
all three cases, making accommodation of a galactose substitution likely (Paper
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I, Figure 7) (Figure 9). Thus, BoMan26B is the only one out of the three
compared enzymes that can accommodate a galactosyl side-group in all three of
the -3 to -5 subsites, as RsMan26C and PaMan26A appear to be blocked in this
capacity at subsite -4.

In the -2 subsite the mannosyl O6 in BoMan26B and RsMan26C is partially
responsible for mannosyl interaction with the enzyme, blocking a galactose
substitution (Paper III, Figure 7). PaMan26A has instead been shown to be able
to harbour a galactosyl side-group in subsite -2 [196]. In BoMan26B and
RsMan26C a galactosyl side-group in the -2 subsite would be blocked primarily by
Tyr315 (Figure 9). As has been shown previously, the -1 subsite is highly
conserved and also capable of accommodating a galactose substitution
[124,175,196]. This means that only PaMan26A can fit a galactosyl side-group in
both subsites -2 and -1, while BoMan26A and RsMan26C are restricted at subsite -
2.

PaMan26C has been indicated to be able to accommodate a galactose substitution
in the +1 subsite [196], the primary residues that seem to enable this are Val361
(Val262 in BoMan26B) and Ala363 (Ala259 in RsMan26C) [196] (Figure 9). In
RsMan26C Val361 corresponds to Ile257, while in BoMan26B Ala363
corresponds to His264 (Figure 9). Isoleucine and histidine are larger residues than
valine and alanine, respectively, yet in both cases the side chains point away from
the active site cleft making it unlikely that they would hinder a galactose
substitution in any of the three enzymes (Figure 9).

Thus, RsMan26C is unlikely to harbour galactose substitutions in subsite -2 and -
4, while BoMan26B and PaMan26A appear to be restricted only in the -2 or -4
subsites, respectively. Based on ligand docking with PaMan26A [196] and
conservation with BoMan26B and RsMan26C all three enzymes are proposed to
be able to simultaneously accommodate a galactosyl side-group in subsites -1 and
+1. The possible restriction of galactose substitutions in subsites -4 and -2 in
RsMan26C is reflected in a roughly 90% reduction in catalytic efficiency on guar
gum compared to LBG [223]. For BoMan26B this reduction in catalytic efficiency
is instead only about 50% (Paper III), similar to the reduction in initial rate seen
for PaMan26A [196], which relates to them only being restricted in their ability to
accommodate galactose substitutions in one subsite.

The preference for binding in subsite -5

BoMan26B requires at least 6 subsites for efficient substrate binding (Paper II,
Table 2). The mannosyl interactions in the -5 subsite primarily consist of the
hydrophobic stacking provided by Trp112 (Paper III, Figure 6). RsMan26C and
two close homologues from the same source (RsMan26A and RsMan26B) also
have a similarly positioned tryptophan in the -5 subsite which, when mutated,
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negatively affects binding, but not catalytic rate (ke) [223]. To assess the
importance of Trp112 in BoMan26B '*O-labelling analysis of M6 hydrolysis by
BoMan26B and the two enzyme variants Trp112Phe and Trp112Ala confirmed the
importance of the -5 subsite (Paper III, Figure 10). In BoMan26B binding in the -
5 to +1 and -4 to +2 subsites were preferred, while the binding mode preference
was shifted away from the -5 subsite in the two enzyme variants (Paper III,
Figure 10). While wild type (WT) BoMan26B had a 33% binding preference for
the -5 to +1 subsites, in the variants Trpl112Phe and Trpl112Ala the preference was
only 12% and 4%, respectively (Paper III, Figure 10). The most dramatic
decrease was seen between BoMan26B and Trpl12Phe, rather than between
Trpl12Phe and Trpll12Ala, even though phenylalanine is another aromatic
residue. Carbohydrates generally have a preference for interaction with aromatic
residues, but phenylalanine is less favoured than tryptophan due to reduced
electronegativity and hydrophobic area [322,323]. The shift in binding preference
in the enzyme variants Trpl12Phe and Trpl12Ala away from the -5 subsites
clearly demonstrates the importance of Trpl12 for substrate binding in the -5
subsite.

Bioinformatic comparisons of BoMan26A and
BoMan26B

In several ways BoMan26A and BoMan26B exemplify the spectrum of fine-tuned
specificity and structure of characterised GH26 B-mannanases. f-Mannanases in
GH26 range from endo-activity [153,175] to mannobiohydrolases [124,195], from
severe [175,176] to limited [196,225] restriction by galactose substitutions and
from two [124,153] to five [175,223] significant negatively numbered subsites
(Table 2). The BoMan26A and BoMan26A pair encoded by the BoManPUL was
mirrored by two types of homologous PULs identified in Paper I, which all
encoded for a pair of putative GH26 B-mannanases (Paper I, Figure 1). In these
homologous GH26 pairs one of the sequences was more similar to BoMan26A,
while the other was more similar to BoMan26B (Paper III). To relate these GH26
pairs to other GH26 enzymes, phylogenetic analysis was carried out in Paper III.
Based on the generated phylogenetic tree (Paper III, Figure 12) a multiple
sequence alignment assessed the active site cleft conservation of BoMan26B
(Paper II1, Figure S4).
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Phylogenetic analysis of BoMan26A and BoMan26B

A phylogenetic tree in Paper III, Figure 12, contains five major branches. All
characterised B-mannanases were found in branches A and B (Paper III, Figure
12). BoMan26A and similar GH26 pair enzymes encoded by type I and type 11
PULs (Paper I) clustered in branch A, while BoMan26B and similar GH26 pair
enzymes clustered in branch B (Paper 111, Figure 12). While details in fine-tuned
specificity are difficult to predict within branch A and B there appears to be a
difference in the length of the active site cleft, where those enzymes in branch A
seem to have shorter active site clefts based on available crystal structures (Table
2) (Paper III). All GH26 pair enzymes similar to BoMan26B clustered together
with four additional sequences, including RsMan26C [175], in a region of branch
B termed “subbranch BoMan26B” (Paper III, Figure 12). Out of the GH26 B-
mannanses with a determined structure RsMan26C, PaMan26A and two enzymes
from Bacillus clustered in branch B, while the others clustered in branch A (Table
2). A phylogenetic tree with a limited number of GH26 sequences previously
indicated that BoMan26A and BoMan26B cluster in different branches [324], yet
due to the significantly smaller scale than the phylogenetic tree in Paper III the
evolutionary distance was not as clear. That BoMan26A and BoMan26B, together
with their respective GH26 pair enzymes, cluster in two different major branches
indicates a significant evolutionary distance between them.

Active site cleft conservation of BoMan26B

The level of conservation in the active site cleft of BoMan26B was assessed using
a multiple sequence alignment of all GH26 pair enzymes, as well as the additional
sequences from subbranch BoMan26B (Paper III, Figure S4). Apart from seven
active site cleft residues conserved in GH26 B-mannanases [153,175], the only
residue conserved across all compared sequences was Aspl0l (BoMan26B
numbering) (Paper III, Figure S4). Enzymes in “subbranch BoMan26B” are
likely to contain five negatively numbered subsites and be restricted in their ability
to accommodate galactose substitutions in the -2 subsite as the only additional
conserved active site cleft residues in this subbranch were Trp112 and Tyr315
(Paper III, Figures 8 and S4). The level of conservation at the -4 subsite was low,
as exemplified by RsMan26C [175], meaning that the ability to accommodate
galactosyl side-groups in this subsite is difficult to predict. The relatively low
levels of conservation in the active site cleft, even between enzymes with a close
evolutionary relationship, indicate that fine-tuned specificity may be very highly
specific for different enzymes.
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Comparing BoMan26A and BoMan26B with other
GH26 B-mannanase structures

The fine-tuned specificities of BoMan26A and BoMan26B differ significantly:
BoMan26A preferentially generates M2 from unsubstituted oligosaccharides,
while BoMan26B produces a range of products from galactomannan
polysaccharides (Papers II and III). These biochemical differences between
BoMan26A and BoMan26B are reflected in the structure of their active site clefts:
BoMan26B contains 5 significant negative subsites with a more open active site
cleft compared to BoMan26A with only 2 confirmed negative subsites (Paper 111,
Figure 8). Other currently experimentally determined GH26 [-mannanase
structures also contain between 2 and 5 significant negatively numbered subsites,
with corresponding differences in preferred substrate length and product profile
(Table 2) [124,125,153,175,212,221,226]. For a comparison of GH26 -
mannanases with a determined structure [124,125,175,212,221,226,227] (Papers
II and III) the catalytic module of these enzymes were superposed with
BoMan26A using the software PyMOL [307], the statistics for which can be found
in Table 2. In all cases the seven residues conserved throughout GH26 were
aligned, indicating that the overlay could be used for comparison.

Apart from the seven active site cleft residues conserved throughout GH26 [153],
all situated round the -1 and +1 subsites, the degree of conservation in the active
site cleft between the determined GH26 [-mannanase structures is low
[124,125,175,212,221,226,227] (Papers II and III). When comparing the
determined structures of GH26 B-mannanases, only one residue other than those
conserved in GH26 B-mannanases is conserved in all of them (except CjMan26C):
Asp86 (BoMan26A numbering), situated by the -2 subsite (Figure 10)
[125,153,175,212,221,226]. This is the same residue that was conserved in the
multiple sequence alignment with BoMan26B (Asp101, Paper III, Figure S4). In
CjMan26C the corresponding residue is the conservative substitution Glull7
[124]. Moreover, the side chain carboxylate group is similarly positioned in all
structures, including CjMan26C, indicating a similar role for all compared
enzymes (Figure 10). Out of all available GH B-mannanase structures containing a
bound oligosaccharide [124,175,221,227] (Paper III) Asp86 is only reported to be
involved in substrate binding for BoMan26B (Paper III, Figure 6) and RsMan26C
[175]. This could indicate that Asp86 generally is involved in substrate binding, or
the conserved nature of Asp86 and its position deep in the active site cleft may
indicate an important structural role.
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Table 2 Overview of determined subsites, preferred product lengths and product profiles for the GH26 B-mannanases
with a determined structure. The branch that each enzyme belongs to in the phylogenetic tree from Paper lll is also
shown.

Preferred
minimun RMSD
substrate Product (nr of
Enzyme Branch  Subsites length profile’ PDB ID Ca)? References
BoMan26A A -2to +2 M4 Mainly M2 4ZX0 Paper Il
BoMan26B B -5to +1 M6 Endo 6HF2 2.30 Paper Il
(151)
CjMan26A A -2to +1 M3 Endo on 1GVY 0.92 [153,227]
polymannans, (222)
M2 from M4
CjMan26C A -2to +2 M4 M2 2VX6 0.70 [124]
(243)
CfMan26A A -3to +2 M4 Endo on M3- 2BVT 1.17 [221]
Mé (263)
PaMan26A B -4 to +1 M5 Mainly M4 3ZM8 2.28 [125]
from M5 and (161)
Mé
RsMan26C B -5 to +1 M4 Endo 3WDR 1.88 [175]
(156)
BsMan26A B -3to +2 M4 M2 from M4 2WHK 3.99 [212]
and M2+M3 (225)
from M5
BCman B -4 to +2 M6 M4 and M2 2QHA 3.72 [226]
from INM (227)
B750Man26A A 4YN5 1.01 To be
(237) published

" In the case the products profile states endo a range of products is generally generated. In the cases where a limited
set of substrates have been used for the product profile the substates tested are stated, if nothing is stated both
oligomeric and polymeric B-mannan substrates have been tested.

2 Root mean square deviation (RMSD) for an overlay with BoMan26A with the number of aligned Ca atoms shown in
brackets.

Loop structures in the glycone region of the active site cleft

The loop structures surrounding the active site cleft appear to be crucial for
shaping fine-tuned substrate specificity. In BoMan26A loops 2 and 8 likely cause
the preference for producing M2 (Paper II, Figure 6). While loops 2 and 8 are
conserved between BoMan26A and CjMan26C [124], in the other GH26 B-
mannanase structures loop 2 is either shorter [221,227] or has an entirely different
conformation (Figure 10) [125,175,212,226] (Paper III). Some GH26 p-
mannanases have a shortened loop 2 in a similar conformation to BoMan26A:
these are the endo-acting enzymes with the shortest active site clefts (Table 2)
[221,227]. In BoMan26B and RsMan26C loop 2 harbours Trp112 responsible for
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preferential binding in the -5 subsite and is thus situated considerably further away
from the active site than in BoMan26A [175] (Paper III, Figure 9). Thus, the
position of loop 2 could possibly play a major role in the fine-tuned specificity of
several of the GH26 -mannanases.

The structure of loop 8 is very variable between the different GH26 B-mannanase
structures (Figure 10) [124,125,175,212,221,226,227] (Papers II and III). In
some cases a shorter loop opens up the active site cleft around the -2 and -3
subsites [125,212,226], while in others a large residue (Arg, Tyr or Phe) occupy
the same space as Arg324 in BoMan26A and can provide potential interaction
with a -2 mannosyl (Figure 10) [175,221,227] (Paper III). Interactions between
loops 2 and 8 that potentially restrict the active site cleft are only seen in the
mannobiohydrolases CjMan26C and BoMan26A [124] (Paper II, Figure 6), in
contrast to the other determined structures of endo-acting GH26 B-mannanases
[125,175,212,221,226,227] (Papers III).

la325) \
(Pro328)

Figure 10 Overlay of all GH26 B-mannanases with a determined structure. BoMan26A is shown in red and
BoMan26B in blue. Other GH26 B-mannanases are coloured according to the following: 1GVY beige, 2BVT green,
2QHA light blue, 2VX6 yellow, 2WHK pink, 3WDR cyan, 3ZM8 orange and 4YN5 grey. The G1M4 structures from
BoMan26B (Paper lll) and CjMan26C (2VX6) [124] are shown in stick representation. Also shown in stick
representation are conserved residues in GH26 (shown residues are from BoMan26A, catalytic residues are labelled
and underlined) and residues relevant for discussions about GH26 conservation, loop conservation and galactose
accommodation (labelled, non-BoMan26A numbering in brackets). A transparent cartoon of the backbone is shown.
Loops 2 and 8 are labelled and not rendered transparent.

61



Accommodation of galactose substitutions in GH26 B-mannanases

The GH26 B-mannanases with a determined structure vary in terms of their ability
to accommodate galactose substitutions, as judged primarily from specific activity
analysis or enzyme Kkinetics using mannans with different degrees of substitution
(Table 1). Through an overlay of determined GH26 B-mannanase structures, one
aspect of this restriction by galactosyl side-groups may be initially assessed. Two
of the determined GH26 B-mannanase structures contain a galactose-substitution
bound in the active site cleft: BoMan26B, in the -4 subsite (Paper III, Figure 6),
and CjMan26C, in subsite -1 [124].

The -1 subsite is conserved in determined GH26 [-mannanase structures
[124,125,175,212,221,226,227] (Papers II and IIT). However, the region where a
galactose substitution would be situated differs. Based the G1M4 substrate from
CjMan26C in the current overlay of GH26 B-mannanase structures (Table 2,
Figure 10), two out of these enzymes potentially clash with the galactose
substitution in the -1 subsite: GH26 B-mannanases A from Cellvibrio japonicus
(CjMan26A, PDB ID 1GVY [227]) and Bacillus sp. strain JAMB-750
(B750Man26A, PDB ID 4YNS, to be published). However, in both cases the clash
is minor and the closest distances are 1.9 A and 1 A for CjMan26A and
B750Man26A, respectively, making it likely a slight shift in position of saccharide
or amino acid residues would allow galactosyl side-group accommodation (Figure
10). As such, the ability to accommodate a galactose substitution in the -1 subsite
generally seems possible in GH26 B-mannanases. This has previously been
suggested for some of the compared structures [124,175,196] (Papers II and III)
and has also been indicated for GH26 B-mannanases without determined crystal
structures [196,224,325].

The suggested ability to harbour a galactose substitution in the -2 subsite in
PaMan26A [196] seems unlikely for all other determined GH26 P-mannanase
structures. In these structures a tyrosine, phenylalanine or an arginine (Arg324 in
BoMan26A, Figure 10) restricts the space in which a galactosyl side-group would
fit. For all GH26 B-mannanase structures with a mannosyl unit in the -3 subsite
[125,175,212,221,226] (Paper III) a galactosyl side-group would likely fit, as the
mannosyl O6 points out of the active site cleft.

The galactosyl side-group in the conformation found in the -4 subsite of
BoMan26B (Paper III, Figure 6) would clash with all determined GH26 -
mannanase structures except CjMan26A [227] and GH26 B-mannanase A from
Cellulomonas fimi (CfMan26A, PDB ID 2BVT [221]) (Figure 10). In some cases,
such as stated above for PaMan26A, amino acid side chains or whole loops fill the
space of the galactosyl side-group in subsite -4 of BoMan26B [125,212,226]. In
the case of CjMan26C, RsMan26C and BoMan26A [124,175] (Paper II) there is
little direct overlap and the clashes are mainly due to proximity (Figure 10).
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Interesting to note is that the GH26 B-mannanases with little or no clashes with the
superposed -4 subsite galactosyl side group in BoMan26B are not reported to have
-4 subsites [124,221,227] (Paper II), with the exception of RsMan26C [175]. This
means that in all relevant structures, except BoMan26B, the -4 subsite seems
restricted in its ability to accommodate a galactosyl side-group.

Similar to the -2 subsite, PaMan26A may also be able to accommodate a galactose
substitution in the +1 subsite [196]. This is less likely in all other currently
determined GH26 B-mannanase structures [124,175,212,221,226,227] (Paper 1I),
where this area is more restricted in the current overlay, either by loop backbone
or side chains, with the possible exception of BoMan26B (Paper III) and
RsMan26C [175].

Summarising potential galactosyl side-group accommodation for the determined
GH26 B-mannanases, PaMan26A and BoMan26B are the only enzymes shown to
be restricted in only one subsite (-4 and -2, respectively) [196] (Paper III). All
other currently determined GH26 B-mannanase structures appear to be restricted in
at least subsites -2 and, where relevant, -4. With the exception of RsMan26C, the
above statement is also true for the +1 subsite. In accordance with the low
structural restriction of galactosyl side-groups in PaMan26A and BoMan26B,
these two enzymes also show the lowest reduction in catalytic ability with
increasing galactose content [196] (Paper III) out of available results from other
GH26 B-mannanases with a determined structure [176,223] (Paper II).
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General discussion

Through biochemical and structural characterisation of BoMan26A, BoMan26B
and BoGal36A in Papers I-IV, a model for the previously proposed
galactomannan utilisation encoded by the BoManPUL [113] could be presented. In
the process, a structural basis for the differences in fine-tuned specificity between
BoMan26A and BoMan26B was revealed. For example, loop 2 in BoMan26A
restricts a potential -3 subsite, resulting in mannobiohydrolase activity (Paper II),
while in BoMan26B, loop 2 harbours the tryptophan mainly responsible for
preferential binding in the -5 subsite (Paper III). In the following sections the
structure-function relationship of fine-tuned specificity will be discussed based on
three aspects relevant for BoMan26A and BoMan26B: 1) the effect that the
number of different subsites has on the products produced; 2) the structural basis
for the preference for, or restriction by, substitutions to the polysaccharide
backbone; 3) the impact of loops surrounding the active site and their potential
flexibility. These aspects will be related to other GHs, especially those encoded by
other PULs from human gut bacteria. As none of the GHs characterised in this
thesis contain CBMs, the focus has been on comparing the catalytic subunits of
different enzymes, regardless of CBMs.

The effect of the number of subsites on product profile

The number of subsites and available space around the active site can be assumed
to influence the preferred substrate length of a given GH. In B-mannanases, with
the active site located in a cleft, the number of subsites usually relates to a
minimum preferred substrate length [153,198,218]. For instance, BoMan26A has 4
significant subsites, while BoMan26B has 6 subsites as judged from their preferred
B-mannan substrates of at least DP4 or DP6, respectively, and confirmed by their
crystal structures (Papers II and III). For exo-acting enzymes with the active site
located in a pocket, such as GH36 a-galactosidases, the presence of additional
positively numbered subsites may restrict the ability to bind certain types of longer
substrates due to space limitations. This was seen in Paper I when comparing
BoGal36A with other GH36 subgroup I enzymes [149,301,306].
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Similarly, the number of subsites can affect the hydrolysis products produced.
Examples include PaMan26A and CjMan26A, which have 4 and 2 determined
negatively numbered subsites and preferentially generate DP4 and DP2
oligosaccharides, respectively [125,153]. However, the product profiles of endo-
acting enzymes such as CfMan26A [221] and RsMan26C [175] do not always
correlate with their number of glycone subsites. These enzymes have 3 or 5
identified negative subsites, respectively, but generate a range of products of
varying DP (Table 2). In the case of RsMan26C the major initial product from M6
hydrolysis is M5, reflecting the number of significant glycone subsites, while the
DPs of products from later stages of hydrolysis are more varied [175]. C/Man26C
instead in general produces varied DP products as short as DP1 even at initial time
points, despite the presence of a -3 subsite [221].

For characterised endo-acting GHs, encoded by PULs from human gut bacteria
(Table 3), the effects that the number of subsites has on the product profile vary
[126,135,184,309,313,318] (Paper III). In some of the characterised cases, the
GH enzymes primarily produce oligosaccharides of a certain DP, dependant on the
enzyme, as final products [126,135,309,313]. The DP produced corresponds to the
number of significant glycone subsites, when known [126,309]. The other three
characterised endo-acting GH enzymes encoded by PULs from human gut bacteria
all produce products with a range of DP [184,318] (Paper III, Figures 2 and 11)
and, with the exception of BoMan26B, the number of glycone subsites is
unknown.

Thus, the number of subsites in endo-acting enzymes may govern the products
they produce, but this is not necessarily the case. Enzymes with several glycone
subsites, such as BoMan26B, may still generate a range of shorter oligosaccharides
in their product profiles. The differences in mode of binding and product profiles
may in part be due to differences in subsite affinities, as has previously been
discussed for various GH enzymes such as amylases and glucanases [326,327].
Some endo-acting enzymes have longer active site clefts, such as BoMan26B, yet
still produce a range of products (Paper III, Figure 2). In these cases a few
stronger subsites, in BoMan26B suggested to be subsites -5 and -2, may affect the
range of products produced, but the ability to accommodate sugar units in other
subsites may still result in products of a varying DP.
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Table 3 Overview of some currently characterised GHs encoded by PULs from Bacteroides residing in the human gut

PUL target GHs with determined
Organism polysaccharide Characterised GHs structure References
B. ovatus B-mannan 2 GH26 and a GH36 2 GH26 Papers I-IV
GH5, GH9, 2 GH3, 2 GH43, GH5, GH3, 2 GH43 and a
B. ovatus Xyloglucan GH31 and a GH2 GH31 [126,328]

GH3, 5 GH43, GH67, GH31,
B. ovatus Xylan GH97, GH95, 2 GH10, GH30, GH95, GH115 [129]
GH115 and aGH98

Mixed linkage

B. ovatus glucan GH16 and a GH3 GH16 [309]
B. .
cellulolyticus Undetermined GH39 GH39 [320]
B. intestinalis Xylan 2 GH8 [135]
B. intestinalis Xylan GH10 [184]
. o 2 GH10, GH10/GH43, GH8,
B. intestinalis Xylan GH5, GH43 and a GH67 [313]
B. plebeius Seaweed 2 GH116 and a GH86 GH86 [318]
glycans
GH99, 2 GH76, 2 GH92,
B. theta a-mannan GH38, 3 GH76 and 2 GH125 GH99, GH76 and GH125 [88]
B. theta Starch 2 GH13 and a GH97 GH97 [115,329]
) GH2, GH51, GH146, GH28,
B. theta Pectic glycans GH27, GH147 [310]
B. theta N-glycans GH130 [317]
B. theta Fructan 3 GH32 [319]

The preference for, or restriction by, substitutions

Substitutions of the backbone are a defining feature for several types of
polysaccharides. These can be monosaccharide units, as for xyloglucans [47] and
galactomannans [63], or other modifications, like acetylation of xylans [37] and
GGMs [66]. As exemplified by BoMan26A and BoMan26B, the degree to which
substitutions affect their activity varies (Papers II and III). BoMan26A, which is
restricted by substitutions, is part of the later stages of galactomannan processing
conferred by BoManPUL (Paper II, Figure 8). Such restriction by substitutions is
common for several other GH enzymes involved in later stages of PUL-mediated
polysaccharide  backbone degradation in  human  gut  bacteria
[126,129,135,313,328] (Paper II). For some large PULs encoding several GHs
involved in the later stages of polysaccharide processing, a few of these enzymes
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may be more limited in their restriction by substitutions (Table 3) [126,129]. A
significant factor causing restriction by substitutions is lack of space due to clashes
with the protein structure [313,328] (Paper II). Based on currently characterised
GHs encoded by PULs from human gut bacteria (Table 3) [126,129,135,313,328]
(Paper II), a common feature appears to be that enzymes involved in the final
stages of backbone hydrolysis are often exo-acting and sensitive to substitutions
on the saccharide chain.

GHs encoded by PULs from human gut bacteria (Table 3) that perform the initial
attack on the target polysaccharide are, unsurprisingly, generally not restricted by
substitutions [126,129,135,313] (Paper III). While this lack of restriction may be
due to simply being able to accommodate a substitution, the enzyme may also
have a preference for binding to them. To accommodate a substitution there only
needs to be enough space for it to fit into the protein structure. This is suggested
for a possible galactosyl side-group positioned in the -3 subsite of several GH26
endo-B-mannanases (Paper III) and the +1 subsite of PaMan26A [196], where
any specific interactions with a potential substitution are unclear.

The preference of an enzyme to bind a substituted saccharide is correlated with
some sort of interaction with the enzyme, such as indicated for BoMan26B (Paper
III) and has previously been shown of a GHS5 arabionxylan-specific xylanase
[330]. Two GHs encoded by PULs from human gut bacteria have previously been
confirmed to prefer substituted substrates: a GHS endo-xyloglucanase encoded by
a xyloglucan PUL (BoGH5A) [126] and a GH30 glucuronoxylanase encoded by a
xylan PUL (BACOVA_03432) [129], both from B. ovatus. BoOGH5A hydrolyses
xyloglucan, a glucose-based polysaccharide that is highly substituted by xylose
residues. A crystal structure of BoGHSA (PDB ID 3ZMR) [126] shows that in
subsites -2 and -3, out of four reported glycone subsites, the xylose substitutions
interact via aromatic stacking to a tryptophan and a tyrosine, respectively. In
subsite -4 the xylosyl side-group interacts with the enzyme backbone [126].
BACOVA 03432, which hydrolyses a xylan backbone with methylated glucuronic
acid substitution, has no determined crystal structure. However, as reported in
Rogowski et al. [129], the reason for the substitution preference is likely similar to
what has been seen for a homologous enzyme: weak interactions with the
backbone, but extensive hydrogen bonding with the substitution [331]. The
preference for substitutions for both BoGH5SA and BACOVA 03432 is also
evident from their activity, which is reduced or absent in the absence of
substitutions. The increased activity on substituted substrates of BoGH5A and
BACOVA 03432 differs from BoMan26B, which shows a reduction in activity of
more highly substituted substrates (Paper III). Thus, while the -4 subsite of
BoMan26B may have a preference for a galactose substitution, the potential
interaction through hydrogen bonding does not appear sufficient to have an overall
impact on fine-tuned specificity, possibly due to the restrictions in the -2 subsite.
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In summary, PUL encoded GHs from human gut bacteria that initiate utilisation of
substituted polysaccharides are often not restricted by substitutions
[126,129,135,313] (Paper III). In some cases endo-acting GHs even prefer a
substituted substrate for efficient hydrolysis [126,129]. By contrast, GHs involved
in the later stages of backbone hydrolysis of substituted polysaccharides are often
exo-acting and restricted by substitutions [126,129,135,313,328] (Paper II). This
restriction does not usually hinder polysaccharide utilisation, as the substitutions
are removed during processing of the polysaccharide.

How loops affect fine-tuned specificity

Loops adjacent to the active site of GHs are often essential for shaping the
surrounding region into a pocket [306] (Paper I), cleft [196] (Papers II and III)
or tunnel [332] and as such they have a great impact on fine-tuned specificity.
BoMan26A and BoMan26B are excellent examples showing the importance of
loop structures in an active site cleft, as the differences in fine-tuned specificity
between the two enzymes is in part due to differences in loop conformation
(Papers II and III). The following sections will briefly review two major aspects
of loop impact on fine-tuned specificity: how loop conformation shapes endo- and
exo-activity and the potential impact of loop flexibility.

Loop determinants of endo- versus exo-activity

Whether a GH enzyme is endo- or exo-acting is mainly defined by the structure of
loops around the active site cleft. The effect of these loops on endo- and exo-
activity has been well studied for cellulose-acting enzymes from GH6 and GH7
[295,332-334]. GH6 and GH7 both contain endo-glucanases, for which the loops
form a cleft, and processive, exo-acting cellobiohydrolases, where the loops form
a tunnel [295,332-334]. In several other types of exo-acting GHs, the active site is
located in a cleft, which is blocked at one end by one or several loops. Examples
include a GH43 arabinanase from Cellvibrio japonicus [335], a GHS mannosidase
from Cellvibrio mixtus [214] and CjMan26C [124]. Deletion of loops blocking the
active site cleft or creating the tunnel in cellobiohydrolases increases the endo-
capability of these normally exo-acting enzymes [124,332,335].

In PUL encoded polysaccharide processing systems from human gut bacteria
(Table 3), the GHs that initially attack the target polysaccharide are commonly
endo-acting, while backbone-cleaving GHs involved in processing at later stages
are usually exo-acting [115,126,129,135,184,309,313,318] (Papers II and III).
Endo-acting PUL-encoded GHs with a determined structure have their active site
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located in a cleft [126,129,309,318] (Paper II1, Figure 7). Out of the few available
structures of PUL-encoded exo-acting enzymes that cleave the saccharide
backbone, the endo-capable BoMan26A has an active site cleft (Paper II, Figure
6), blocked by a loop, while a GH3 exo-p-glucosidase encoded by a xylan PUL in
B. ovatus has the active site located in a pocket [328]. The importance of loops
around the active site for endo- or exo-action is in this thesis exemplified by
BoMan26A and BoMan26B, in which loop 2 either restricts the active site or is
part of substrate binding in the -5 subsite (Paper II and III).

In addition, the loops surrounding the active site play an important part in
conferring fine-tuned specificity to exo-enzymes, such as those GHs that remove
substitutions. This is exemplified by BoGal36A, where a heavily truncated loop
adjacent to the active site enables the removal of internal substitutions from a
saccharide chain (Figure 5) (Paper I, Figure 6). For other enzymes of this family
the equivalent loop restricts the area around the active site cleft, limiting activity to
bind terminal galactosyl units [149,301,306].

Loop flexibility

The flexibility of loops around the active site may influence fine-tuned specificity
and action of different GHs. For cellobiohydrolases loop flexibility has been
implicated in processivity [334] and facilitates product release in a GH6
cellobiohydrolase from Thermobifida fusca [295]. In two endo-acting GHs, a
GH19 chitinase from Hordeum vulgare [336] and a GH11 xylanase from Bacillus
subtilis [294], a flexible loop is involved in substrate binding and fine-tuned
specificity. In both cases, mutated variants of these enzymes that alter loop
flexibility also affect specificity and activity [294,336].

The effect of flexibility and protein dynamics surrounding the active site in GH
enzymes encoded by PULs from human gut bacteria (Table 3) has not been well
studied. An observation among these enzymes relating to flexibility in the active
site cleft is an altered conformation of two tryptophan residues upon substrate
binding in a GH16 endo-glucanase encoded by a PUL involved in mixed-linkage
B-glucan utilisation from B. ovatus [309]. Loops 2 and 8 in BoMan26A have been
suggested to possibly be flexible in response to substrate binding (Paper II) and
part of loop 8 was not possible to assign during NMR analysis (Paper 1V). While
there are examples of GH enzymes with flexible loops involved in substrate
binding [294,336] none of these are similar to BoMan26A and so further studies
will be required to shed light on this matter.

The above sections on loops around the active site exemplify the importance of
these structures. Apart from determining the overall shape of the area, into a cleft,
pocket or tunnel, loops also determine the endo- or exo-mode of action of their
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respective enzymes [124,332,335]. In addition, loop flexibility can impact binding,
product release and fine-tuned specificity [294,295,336].
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Conclusions and future perspectives

PUL-encoded polysaccharide processing systems break down polysaccharides
using a range of GH enzymes that each fill specific roles in the pathway. While it
is not uncommon for one PUL to harbour several GHs from the same family, these
GHs may differ in their fine-tuned specificity. Differences in fine-tuned specificity
can be related to the enzyme structure surrounding the active site.

BoManPUL is the main PUL in B. ovatus responsible for galactomannan
utilisation (Paper I). Based on growth studies of a number of Bacteroides strains
containing homologs to BoManPUL, the presence of an a-galactosidase appears
important for growth on galactomannan (Paper I).

BoMan26B is extracellularly located, not restricted by galactose substitutions and
prefers longer saccharides, making it the enzyme that performs the initial attack, in
a model of B. ovatus galactomannan utilisation (Papers II and III). The levels of
restriction by substitutions in BoMan26B are some of the lowest of characterised
enzymes from the GH26 family (Paper III). One product that is likely produced
by BoMan26B, G2MS5, is bound by the SusD-like protein (Paper III), which is in
accordance with a potential role in galactomannan utilisation (Paper II). Studies
of interaction between SusC and SusD are limited and any interaction of all outer
membrane PUL proteins has mainly been studied for the Sus of B. theta. It would
be interesting to further expand the knowledge of PUL protein interactions and
synergy through similar studies in BoManPUL.

BoMan26B displays sequential synergy with the periplasmic BoGal36A (Paper
III), which preferentially cleaves internal galactose substitutions from
oligosaccharides, an unusual activity in this GH family (Paper I). BoGal36A in
turn shows sequential synergy with the periplasmic mannobiohydrolase
BoMan26A, which is restricted by galactose substitutions, and efficiently
hydrolyses mannooligosaccharides (Paper II). BoMan26A produces longer
oligosaccharides from substituted substrates, likely due to restriction by the
galactosyl side-groups (Paper II).

In a model of PUL-encoded galactomannan utilisation, BoMan26B cleaves the
polysaccharide that is then transported into the periplasm, where it is hydrolysed
by BoGal36A and subsequently by BoMan26A (Paper II and III). This
organisation is seen in several PULs: one or several outer membrane GHs that are
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insensitive to substitutions cleave the target polysaccharide into oligosaccharides
that are then transported into the periplasm. There a number of, usually exo-acting,
GHs hydrolyse the resulting oligosaccharides. Further characterisation of the
remaining proteins encoded by BoManPUL, together with more extensive synergy
studies, would be interesting to shed additional light on the complete function of
this galactomannan utilisation system.

Loop structures surrounding the active site of GHs define their fine-tuned
specificity. In BoGal36A the absence of a P-loop conserved in other GH36
subgroup I a-galactosidases enables hydrolysis of internal galactose substitutions
(Paper I). The absence of this loop is currently based on a homology model and
sequence alignments (Paper I) so it would be interesting to confirm this absence
in an experimentally determined structure.

The evolutionary distance between BoMan26A and BoMan26B is relatively large
(Paper III) and they have distinct active site clefts where loop 2 plays a pivotal
role. In BoMan26A loop 2 blocks the active site cleft (Paper II) and in
BoMan26B it is part of forming the -5 subsite (Paper I1I). For BoMan26B loop 2
harbours Trp112, an aromatic stacking platform important for substrate binding in
the -5 subsite (Paper III). In BoMan26A loops 2 and 8 are indicated to be
responsible for exo-action, despite the enzyme being endo-capable (Paper II).
Further analysis of binding dynamics with NMR, initiated in Paper IV, aim to
shed light on the role of loops 2 and 8§ in substrate binding, especially as loop
flexibility can be an important factor in substrate binding.

Together with PaMan26A, BoMan26B is capable of accommodating the largest
number of galactose residues of known GH26 B-mannanase structures, conversely
showing low levels of restriction by galactosyl side-groups (Paper III). The active
site cleft of GH26 enzymes generally shows low levels of conservation (except in
subsites -1 and +1), even when comparing enzymes that are relatively closely
related, meaning similar restrictions in other GH26 enzymes is difficult to predict
(Paper III).

The work in this thesis contributes to an increased understanding of the detailed
polysaccharide utilisation by the human gut microbiota, providing further insight
into the synergistic action of PUL-encoded proteins. The structure-function
relationship of fine-tuned specificity, primarily in GH26, with specific attention to
the ability to accommodate substitutions, is highlighted. In addition it points to
several areas of continued interest for research.
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