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RESUME:

Les relations entre bactéries intestinales, aliments et hote jouent un réle crucial dans le
maintien de la santé humaine. La caractérisation fonctionnelle d’'Uhgb_MP, une enzyme de
la famille 130 des glycoside hydrolases découverte par métagénomique fonctionnelle, a
révélé une nouvelle fonction de dégradation par phosphorolyse des polysaccharides de la
paroi végétale et des glycanes de I'h6te tapissant I'épithélium intestinal. Les déterminants
moléculaires de la spécificité d’Uhgb_MP vis-a-vis des mannosides ont été identifiés grace a
la résolution de sa structure cristallographique, sous forme apo et en complexe avec ses
ligands. Un nouveau procédé de synthése par phosphorolyse inverse d'oligosaccharides
mannosylés a haute valeur ajoutée, a aussi été développé. Enfin, la caractérisation
fonctionnelle de la protéine BACOVA_03624 issue de Bacteroides ovatus ATCC 8483, une
bactérie intestinale hautement prévalente, a révélé que la famille GH130 comprend a la fois
des glycoside-hydrolases et des glycoside-phosphorylases capables de dégrader les
mannosides et les galactosides, et de les synthétiser par phosphorolyse inverse et/ou
transglycosylation. L’'ensemble de ces résultats, ainsi que l'identification d’inhibiteurs des
enzymes de la famille GH130, ouvrent de nouvelles perspectives pour I'étude et le contréle
des interactions microbiote-hote.
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Introduction générale

Le microbiote intestinal assure de nombreuses fonctions (protection contre les
bactéries pathogenes, immuno-modulation, régulation de I'inflammation de la muqueuse
intestinale, métabolisation des constituants alimentaires...) qui jouent un role fondamental
dans le maintien de la santé humaine. Pour assurer leur croissance dans cet écosystéme
complexe, les bactéries intestinales produisent une impressionnante machinerie d’enzymes
capables de dégrader les glucides de structures complexes, les glycanes, qui constituent leur
principale source de carbone. Les glycanes sont issus principalement des fibres provenant
des fruits, légumes et céréales composant notre régime alimentaire, mais aussi des
glycoprotéines humaines, qui tapissent I'épithélium intestinal, ou microbiennes. Les
enzymes bactériennes capables de les dégrader en sucres simples, principaux acteurs du
métabolisme des glucides, sont donc cruciales pour I'équilibre du microbiote intestinal
humain. De plus, la diversité et I'efficacité naturelle de ces biocatalyseurs peuvent étre
exploitées in vitro pour développer des procédés propres de conversion de la biomasse
végétale en synthons, nouveaux matériaux non persistants, et autres molécules a haute
valeur ajoutée pour les biotechnologies appliquées aux secteurs de I'alimentaire, de la santé
et de I'environnement. Cependant, 'exploitation de cet extraordinaire réservoir d’enzymes
se heurte a une limite majeure. En effet, seulement 20 a 30 % des espéces microbiennes
composant le microbiote intestinal humain ont été cultivées a ce jour. Dans ce contexte, le
potentiel de la metagénomique est immense. Cette technologie, aussi appelée « génomique
des communautés », est l'analyse des génomes de tous les organismes d’une niche
écologique donnée, sans étape de culture.

Récemment, le groupe ‘DiscOmics’ de I’équipe de Catalyse et Ingenierie Moléculaire
Enzymatiques du LISBP, a développé une approche d'exploration a haut-débit de
métagenomes, basée sur le criblage multi-étapes de banques metagénomiques. Cette
technologie permet d'explorer a une cadence de 100 000 tests par jour le potentiel
fonctionnel codé par plusieurs Gigabases d'ADN microbien. Elle permet de construire des
collections de clones « hits » produisant les activités d’intérét, et de focaliser les efforts de
séqguencage sur les seuls fragments d'ADN codant les enzymes cibles.

Cette approche, appliquée a I'exploration fonctionnelle du metagénome intestinal
humain, a permis d'isoler plusieurs centaines de clones particulierement efficaces pour la
dégradation des glucides complexes. Grace au séquencage en profondeur de moins de 2
Megabases d'ADN metagénomique (l'équivalent d'un génome bactérien), plus d’une
centaine de nouvelles enzymes actives sur les hydrates de carbone ont été découvertes,
dont certaines appartiennent a des familles qui n’ont jamais été caractérisées sur le plan
fonctionnel ni structural. Cette étude a aussi permis de mettre en évidence les mécanismes
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d’adaptation des bactéries intestinales a la dégradation de substrats complexes, par le biais
de fréquents transferts horizontaux de genes codants des systemes muti-enzymatiques.

Une telle stratégie, bien qu’employée a un débit plus restreint, est couramment
utilisée a travers le monde afin d’identifier de nouvelles activités biologiques d’intérét au
sein des écosystémes. Son efficacité est directement dépendante des capacités de criblage
et d’analyse déployées au sein des centres de recherche.

Néanmoins, la caractérisation des relations entre structure et fonction des nouvelles
enzymes découvertes par le biais de ces approches haut-débit reste |'étape limitante de
I’ensemble du processus. Cette situation est illustrée par I'écart sans cesse grandissant entre
le nombre de séquences génomiques et metagénomiques déposées dans les bases de
données et le nombre d’enzymes caractérisées, tant sur le plan fonctionnel que structural.

Pourtant, la caractérisation biochimique fine de ces biocatalyseurs constitue une
étape clef pour étendre le catalogue de fonctions catalytiques disponibles, et ainsi évaluer
leur potentiel applicatif pour les biotechnologies industrielles. Intégrée aux données
génomiques et metagénomiques, elle est aussi fondamentale pour mieux comprendre, voire
contréler, le fonctionnement des écosystémes microbiens.

L'acquisition de données structurales, quant a elle, est indispensable pour
comprendre la catalyse enzymatique dans ce qu’elle a de plus intime. C'est aussi la base de
I'ingénierie du vivant, en commencant par ses éléments les plus basiques, les enzymes, pour
aller jusqu’a la cellule entiére. Ciblés en particulier sur les enzymes actives sur les sucres, ces
travaux permettent, in fine, de réinventer les modes de production énergétique dans un
contexte de raréfaction des ressources fossiles, mais aussi de convertir la biomasse végétale
en nouveaux matériaux biosourcés et molécules glucidiques a haute valeur ajoutée pour les
secteurs de I'alimentation et de la santé.

C'est dans ce contexte qu’a été initiée ma thése, qui a porté sur la caractérisation
fonctionnelle et structurale d’une des cibles les plus prometteuses identifiée par
metagénomique fonctionnelle du microbiote intestinal humain. Il s’agit d’une enzyme que
nous appellerons Uhgb_MP (Unknown human gut bacterium mannoside-phosphorylase), en
lien avec les fonctions que nous avons découvertes dans le cadre de cette thése. Uhgb MP
est codée par un gene trés prévalent du metagénome intestinal, suggérant qu’elle jouerait
un réle clef pour le métabolisme des glucides dans I'écosystéme digestif. Cette cible, qui
n’appartenait a aucune famille connue jusqu’en 2011, a été clonée et produite sous forme
recombinante chez E. coli avant le début de mon projet, grace a Juliette Bercovici et Davide
Cecchini, qui ont réalisé les travaux préliminaires de caractérisation fonctionelle. Uhghb_MP a
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par la suite été classée dans la famille GH130 de la classification CAZy durant la premiére
année de ma these.

Ce manuscrit est organisé en sept chapitres, les trois premiers constituant
I'introduction bibliographique:

Le chapitre un est centré sur le microbiote intestinal humain, sa description, son
implication dans certaines pathologies humaines, et sur le r6le primordial joué par les
bactéries du genre Bacteroides en son sein.

Le chapitre deux est focalisé sur les enzymes impliquées dans la dégradation des
glycosides, et décrit leur systéme de classification. C’est dans ce chapitre que nous porterons
un regard détaillé sur I'état de I'art concernant le groupe spécifique des glycoside-
phosphorylases, notamment celles appartenant a la famille GH130.

Le chapitre trois constitue une revue bibliographique destinée a la publication,
décrivant les mécanismes de dégradation des mannosides par les bactéries. Il fournit une
description de leur diversité structurale, souligne les interactions cellulaires qu’ils peuvent
médier, ainsi que les stratégies développées par les bactéries pour les métaboliser.

Les quatre chapitres suivants sont relatifs aux résultats obtenus lors de cette these,
lesquels sont présentés sous la forme de quatre articles:

Le chapitre quatre est un article publié en 2013 dans la revue Journal of Biological
Chemistry, traitant de la caractérisation biochimique de la mannoside phosphorylase
Uhgb_MP. Dans cet article nous révélons la spécificité fonctionnelle de cette enzyme et son
mécanisme cinétique, et présentons une analyse intégrant données biochimiques,
génomiques et metagénomiques a I'échelle de I'écosystéme intestinal humain, permettant
de discuter le réle in vivo des enzymes de la famille GH130, structurée en deux sous-familles.
Ce chapitre fait aussi le point sur le potentiel d’'Uhgb_MP pour la synthése de mannosides a
haute valeur ajoutée, application brevetée en 2013 (Annexe).

Le chapitre cinq est un article publié en 2015 dans la revue Acta Crystallographia
section D, portant sur [l'analyse structurale d’Uhgb MP. |l décrit la structure
cristallographique de cette enzyme sous sa forme apo ainsi qu’en complexe avec ses
substrats, ce qui permet de valider son mécanisme catalytique. Nous présentons également
dans cet article une analyse structurale de la famille des glycoside hydrolases 130, en
établissant les relations structure-activité de ces enzymes, au regard des données
fonctionnelles et structurales disponibles des différent représentants de chacune des sous-
familles.
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Le chapitre six est un article publié en 2015 dans la revue Bioconjugate Chemistry
décrivant la capacité d’imminosucres multivalents a inhiber des enzymes actives sur les
sucres (dont Uhgb_MP) probablement impliquées dans plusieurs pathologies humaines. |l
met en lumiére un effet jamais décrit auparavant pour cette famille de molécules, qui
peuvent se comporter a la fois comme inhibiteurs ou comme activateurs de glycosidases et
glycoside-phosphorylases. Enfin, il apporte des données biophysiques permettant de
suggérer le mode d’action de ces molécules.

Le chapitre sept est un article en préparation portant sur la caractérisation
fonctionnelle de la protéine BACOVA_03624, un autre membre de la famille GH130
provenant d’'une bactérie intestinale tres prévalente, Bacteroides ovatus ATCC 8483. Dans ce
chapitre, nous démontrons pour la premiere fois que certaines GH130 sont capables d’agir a
la fois sur les galactosides et mannosides, par hydrolyse, phosphorolyse, transglycosylation
et phosphorolyse-inverse. Ce chapitre fournit également une analyse transcriptomique
préliminaire de B. ovatus ATCC 8483, visant a démontrer I'implication des enzymes de la
famille GH130 dans la dégradation des 3-mannanes et N-glycanes eucaryotes.

Un résumé général conclut ce manuscrit, en soulignant les avancées majeures
réalisées au cours de ce travail de these, et propose des perspectives quant a la
caractérisation des enzymes de la famille GH130 et de leurs applications.
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1. The human gut microbiota

he human body is colonized by a huge number of microorganisms, collectively

termed as the human microbiota. From a certain point of view, one could say that

human beings are more microbial than human. Indeed, being composed of around

a hundred trillion (1014) microbial cells, a human body is made of ten times more
bacterial cells than human ones. Even if these microorganisms only represent a reduced part
of the total body weight (around 1.5 kilograms of alive bacteria), they are found in all parts
of the human body (Xu and Gordon 2003). From the surface and deep layers of the skin, to
the saliva and all mucus (oral, conjunctiva, lungs or genitourinary), the human body is
actually forming in itself a dense and complex ecosystem. But including 10! microorganisms
per gram of wet weight of feces, the largest part of the human microbiota is certainly
located in the gastro-intestinal tract (GIT) (Wexler 2007). Recent studies have shown that
this very high number of cells only accounts for a thousand species, but whose genomes, put
together, largely exceeds the human genome by two orders of magnitude, making us,
genetically speaking, only one percent human (Qin et al. 2010). As a permanent companion
from birth to death, the microbiota plays a key role in a large set of physiological functions in
the human body, and has a tremendous impact on our lives, being now considered as an
additional organ. Approaching and understanding Homo sapiens only on the basis of its own
eukaryotic genome, as it has been during the genomic era, is no longer sufficient. It is now
necessary to consider human as a supra-organism, because we need to take into account
this large amount of DNA information, referred to as the human gut metagenome, and all
the interactions and co-evolution occurring between the human host and its microbial
guests.

1.1. The human gut microbiota: environment and composition

The GIT is a heterogeneous environment which can be divided into several distinct
regions showing important differences due to their physiological functions. Along with the
human evolution, the miscalled “gut flora”, relic of a static Linnaeus Scala naturae view of
life, has also evolved to adapt to these particular environmental constraints, and some
species developed specific features, to allow them to colonize efficiently these
environments. One of the most important differences between the different areas in the GIT
is pH, which progressively increases along the GIT, starting with a very acidic pH of 1 to 2 in
the stomach, to a value comprised between 5 to 7 in the intestine (Prakash et al. 2011).
After the stomach, the GIT is composed of two distinct elements, the small intestine
(duodenum, jejunum and ileum) where most of the host intake process takes part, and the
colon (or large intestine) (fig. 1a). Together with this progressive pH increase, the number of
micro-organisms increases along the GIT, starting with 10" to 10% cells per gram of wet
weight of stomach content to no less than 10" cells per gram of intestinal content in the
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colon (fig. 1a). Different elements may explain such a high longitudinal variation in the
amount of micro-organisms. First, the very acidic pH of the stomach inhibits the growing of
most of micro-organisms, and only very specialized and extremophile ones can grow there.
In the duodenum, bile and pancreatic juice which contains digestive enzymes (mainly
proteases, but also pancreatic lipases and amylases), form a harsh environment for micro-
organisms, preventing their growth. In the small intestine, even if pH is much more
compatible with bacterial growth (between 6 and 7), the host digestive process involves
mechanical movements called ‘peristalsis’, which are periodic contractions of smooth
muscles surrounding the gut, which negatively impact micro-organism growth (Dukowicz et
al. 2007). Finally, the best conditions for microbial growth are found in the distal part of the
GIT, the colon. There, the pH is suitable for life, and there are no digestive enzymes which
would inhibit bacterial growth. In addition, this organ is dedicated to water absorption, and
to nutrient absorption. For that purpose, peristaltic movements are much slower, allowing
optimal microbial growth, mainly by fermenting dietary constituents that were not digested
in the upper parts of the GIT.

Most of the gut microbiota is composed of strict anaerobes, as their environment is
not in contact with the exterior medium. However, presence in lower amounts from two to
three orders of magnitude of facultative aerobes and aerobes has been reported (Sekirov et
al. 2010). Historically, advances in microbial composition studies can be divided into two
majors eras, related to technological developments. Culture based and microscopic
descriptions were the first methods used to describe microbial content in ecosystems. After
1995, development of next generation sequencing (NGS) technologies allowed to enter the
metagenomic era, providing new data and expanding our knowledge in microbial diversity.
Even if most of changes in bacterial diversity and amounts are correlated to diet, pH, local
oxygenation levels and balance with the immune system, microbial diversity and amounts
can be described according to three main parameters. This three dimensional diversity can
be described first longitudinally, as the stomach mainly contains Helicobacter, Streptoccoci
or Lactobacilli genus, the small intestine mainly contains Streptococaceae, Actinobacteria
(high G+C organisms), while Firmicutes and Bacteroidetes are forming the main part of the
colon microbiota (fig. 1a) (Lagier et al. 2012; Zoetendal et al. 2012). Secondly, we can note
that diversity and specialization are found transversally, as oxygenation, pH and kind of
nutrient are varying from the lumen to the epithelium. Phyla such as Clostridium,
Lactobacillus and Enterococcus are the most common ones found in the mucus layer and
epithelial crypts in the small intestine, while Bacteroides or Firmicutes are mainly found in
feces (Lagier et al. 2012) (fig. 1b). Finally, temporal differences are found from birth to death
with changes correlated to origin, environment, nutrition habits, prebiotics and antibiotics
consumption or diseases (the last one will be further detailed). Initial establishment of gut
microbiota begins at birth and its composition is first affected by the way babies are
delivered. Babies born by cesarean show different microbial composition compared to those
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born by vaginal delivery, the later showing similarities with the mother’s vaginal composition
(Donovan et al. 2012). During the first year of life, microbial composition and diversity are
rapidly increasing, only stabilizing after teenage, the gut microbiota being so far not similar
to the ones of adults (Agans et al. 2011) (fig. 1c). Contradictory results tend to show that gut
composition may differ depending on the origin of the individuals (Lay et al. 2005;
Grzeskowiak et al. 2012), but these differences seems to be mostly artefactual, and primarily
due to the wealth of the studied population, largely impacting diet habits which seems to be
the most impacting factor. In the same way, prebiotics, a category of functional foods
composed by oligosaccharidic and polysaccharidic fibers, can affect bacterial composition, as
they feed specific bacterial genus (Quigley 2010). Surprisingly, probiotics (ingested living
microorganisms which beneficially affects human health and digestive comfort)
consumption has been shown to weakly impact bacterial composition, while significantly
changing the functional gene content (Gerritsen et al. 2011; McNulty et al. 2011). Antibiotic
consumption is also an important factor shaping the bacterial composition and diversity, as
antibiotic treatments often used in western countries induce important changes in bacterial
composition (Sommer et al. 2010). These changes occur rapidly, and bacterial equilibrium
recovery is dependent on the treatment duration (Lagier et al. 2012; David et al. 2014).
However, it has been shown that most of the commensal bacteria possess one or more
genes responsible for resistance to antibiotics, and antibiotic treatments affect only some
phyla, depending on the antibiotic used. But considering the very high number of
microorganisms living in the gut, it can be considered as a reservoir of bacterial species
sharing and exchanging antibiotic resistance genes. Actually, since the beginning of antibiotic
use at a large scale, some commensal bacteria have developed strong antibiotic resistance
capacity, which may be correlated to antibiotic resistance gene spreading from pathogens.
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Figure 1: Overview of bacterial composition of the human gut.

A. Overview of bacterial distribution along the GIT, showing the pH and bacterial variations found at the phylum level
from stomach to colon. B. Bacterial distribution across the gut. This pane shows the encountered variations at the
phylum level between the lumen and the mucosa-associated region in the small intestine. C. Temporal variation in
bacterial composition. This pane shows the global evolution of gut microbiota from birth to death and emphasizes the
dynamic aspect (adaped from Sekirov et al, Physiological Reviews, 2010 and S. Prakash et al, J. Biomed.Biotechnol, 2011).
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Despite a great number of factors which can affect microbial diversity and amounts,
it is surprising to note that at the phylum level, the human gut microbiota is stable, and its
composition is conserved between individuals whatever their origin. Three major phyla are
found in everybody’s gut microbiota, which only differ on the predominant group.
Arumungam et al claimed the existence of three robust clusters of specified bacterial
composition and abundances, termed enterotypes (Arumugam et al. 2011) (fig. 2).
Enterotype 1 has been showed to be enriched in Bacteroides and Parabacteroides, while
enterotype 2 is enriched in Prevotella. Enterotype 3 is the most frequent, and is enriched in
Ruminoccocus. The authors also hypothesized that these enterotypes are correlated to a
specialization for the route gut microbiota use to get energy from diet. However, it might be
reductionist to consider that some bacterial genera are dedicated to certain substrate
metabolization and not to others. Rather, it would be more precise to consider that all
bacteria can grow on many dietary compounds, but some have developed better harvesting
capabilities on some specific ones. This gives them a competitive advantage when growing
on them compared to other bacteria, and thus increases their number in the total bacterial
pool. Enterotype 1 is thus expected to be more efficient in carbohydrates and proteins use,
while enterotype 2 is hypothesized to be more efficient in mucin glycoprotein degradation
by the synergetic activities of Prevotella and Desulfovivrio. Ruminococcus, the major group of
enterotype 3, is also known for its ability to degrade mucins, and showed to be enriched in
sugar membrane transporters providing advantageous for simple sugar resulting from mucin
degradation. Metagenomic analyses also concluded that aside the three enterotypes, a core
microbiota exists in humans, comprising 57 species found in 90% of people. This ‘core 57’
contains bacteria from all phyla, and the enterotypes only refers to the dominant phylum in
the total microbiota (Qin et al. 2010).
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Figure 2: Human gut enterotypes description.
This figure shows the abundance of the three dominant phyla Bacteroides, Prevotella and Ruminococcus for the three

enterotypes (adapted from Arumugam et al, Nature, 2011).

Among the microorganisms found in the gut, bacteria are the far most studied and
known due to their overwhelming proportion (around 99 %), but others are present. In
particular, eukaryotes such as Saccharomyces spp or Candida can be found, as well as fungi
such as Galactomyces or Paecilomyces. Recently, archaeal species were discovered such as
Methanomassiliicoccus luminyensis or even giant viruses such as the Senegal virus known for
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infecting amoeba (Acanthamoeba polyphaga) (Lagier et al. 2012). Metagenomic studies
recently identified viruses and phages in our microbiota, but to date little is known about
these organisms due to their recent discovery and the difficulties to cultivate them, but they
probably take part in the human gut microbiota roles (Reyes et al. 2010).

1.2. Physiological roles

Importance of gut microbiota in human health has long been recognized, as testifies
the well-known Hippocrates’ statement ‘Bad digestion is the root of all evil’, but even half a
century ago little was known about the precise mechanisms involved in the interactions
between the human host and its inhabitants. As our gut microbiota is accompanying us since
the beginning of mankind, a co-evolution phenomenon occurred, which led it to actually play
a key role in numerous physiological functions. Obviously, the most evident roles played by
our gut microbiota concerns our metabolism, as they are living in the organ dedicated to
nutrient absorption in the human body, but we will see that it is also involved in a wide
variety of other functions such as immunity, primarily by competing with pathogens for the
same ecological niche, but also inflammation, and even brain functions.

1.2.1. Food - gut microbiota interactions

Our own human enzymatic toolbox is not sufficient to degrade all the dietary
compounds, especially the vast diversity of plant carbohydrates which are daily ingested
everywhere in the world. Indeed, the human genome only encodes enzymes dedicated to
the catabolism of some oligosaccharides and polysaccharides containing glucosyl residues,
such as lactose (B-b-Galp-1,4-B-D-Glc), sucrose (o-D-Glcp-1,2-B-D-Fruf) and starch ([-1,4-D-
Glcp],) by lactases, amylases or invertases. On the contrary, the human gut microbiome,
which encodes a much larger panel of enzymatic activities, is able to degrade most of
carbohydrate linkages found in nature. Therefore, due to the paucity in their genome to
encode complex polysaccharide-degrading enzymes (the so called Carbohydrate Active
enZymes, or CAZymes), mammals depend on their symbiotic microorganisms within their
digestive tract to breakdown the glycans that remain undigested in the upper part of the
GIT, termed ‘dietary fibers’. They are mainly composed of oligo- and polysaccharides of
vegetal origin, whether coming from storage tissues, such as resistant starch (the starch
fraction which is resistant to the action of human enzymes), and inulin (Glc-a(1,2)-
[B(1,2)Fru],), a fructan found in the roots of certain plants, such as chicory or artichoke, or
structuring elements composing the plant cell wall, such as cellulose [3(1,4)-Glc],, the most
abundant polymer on earth), hemicelluloses (a collection of linear and branched
polysaccharides of various composition, mainly containing xylosyl, arabinosyl, glucosyl,
galactosyl, mannosyl residues and uronic acids) and pectins [a(1,4)-GalUA],, substituted by
xylosyl, galactosyl rhamnosyl and arabinosyl residues, sometimes associated in disaccharidic
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branches. Dietary fibres have been identified as a strong positive dietary factor in the
prevention of obesity, diabetes, colorectal cancer and cardiovascular diseases (World Health
Organization 2003). Even if a single bacterium is not able to digest the whole panel of
carbohydrate linkages present in nature, the addition of sugar degrading capabilities of all
human gut bacteria allow degradation of a wide variety of plant oligosaccharides and
polysaccharides. The functions and the evolutionary relationships of CAZyme-encoding
genes of the human gut microbiome are being extensively studied through functional and
structural genomics investigations (Flint et al. 2008; Lozupone et al. 2008; Martens et al.
2008a; Mahowald et al. 2009; Drissi et al. 2014), which are nevertheless restricted to
cultivated bacterial species. CAZyme diversity has also been described in the pioneering
metagenomics studies focused on this microbiome (Gill et al. 2006; Turnbaugh and Gordon
2009; Qin et al. 2010). These pioneer works carried out in particular by the Human
Microbiome Project (HMP) and MetaHit consortia, revealed the presence of at least 96
families of glycoside-hydrolases (EI Kaoutari et al. 2013), making the human gut
metagenome one of the richest source of CAZymes (Li et al. 2009). Thanks to its
performance to breakdown polysaccharides, the colon has often been considered as a
complex bioreactor, and one of the effects of human gut bacteria is the release of short
chain fatty acids (SFCA), mainly acetate, propionate and butyrate as carbohydrate
fermentation products, which are then absorbed by the host to provide to it at least 10% of
energy intake (Scott et al. 2013). In addition to its key role in fermenting dietary
carbohydrates, the gut microbiota is capable of metabolizing other dietary constituents. For
example, it has been shown to modulate host intake of dietary lipids by promoting host’s
lipases activity (Hooper et al. 2001; Backhed et al. 2004). In addition, even if most of the
proteins are efficiently degraded and absorbed by the host in the upper part of the GIT, gut
microbiota secretes proteases, which are key elements of secreted nitrogen recycling
(Hooper et al. 2002). More importantly, the gut microbiota is involved in vitamin
metabolism, as some gut bacteria possesses the pathways for their production (vitamin K,
biotin, panthotenic and folic acids for example) and are actually the first vitamin B12
provider for their host, as bacterial production is the only source in nature. The only
exception concerns vitamin C, found in fruits and vegetables, which is not produced by
primates’ gut microbiota (Resta 2009).

1.2.2. Host - gut microbiota interactions

Gut bacteria play a key role in protecting host against pathogens and in participating
in the control of immunity (fig. 3). With about 400 m?, the gastro-intestinal mucosa is far the
largest body’s contact surface with the environment, compared to the 1-2 m? for the skin. It
is therefore the main entrance route for pathogenic microorganisms and their immuno-
active epitopes (Fukata and Abreu 2008). Pathogen invasion is limited by nutrient absorption
competition, and for maintaining in the gut. To invade the host, pathogens first need to
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adhere to epithelial cells, but protective effect of commensals has been demonstrated by
specific adherence or degradation of heavily secreted or anchored (glycocalyx) proteins
composing the mucus produced by goblet cells (Juge 2012).
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Figure 3: Global relationships between gut microbiota and the immune system.

This figure shows the main elements involved in GI immune homeostasis. IEC Intestinal Epithelial Cells, LP: Lamina
Propria, PP: Payer’s Patches, DC: Dendritic Cell, MLN: Mesenteric Lymph Nodes, AMP: AntiMicrobial Peptides. From D.
Erturk-Hasdemir & Dennis L Kasper, Current Opinion in Immunology, 2013.

The mucus is formed by two layers of secreted glycoproteins, which vary in nature
and thickness upon the localization in the GIT. The human genome contains twenty mucin
encoding genes (Muc 1 to Muc 21), whose expression is varying upon the considered
epithelium. In the colon the sole expressed secreted mucins are Muc2 and Mucl9, while
anchored mucins encoded by Mucl, 3A /3B, 11, 12, 13, 15, 17, 20 and Muc21 are found
(Dharmani et al. 2009). The major feature common to these proteins is that they are found
heavily glycosylated, providing them their gel-like visco-elastic, rheological and chemical
properties. These large glycoproteins, whose sizes vary from 0.5 to 20 MDa are composed of
distinct regions, with the presence of central repetitive domains holding O-glycosylation
sites (fig.4). These O-linked oligosaccharides can make up to 80% of the total mass of the
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mucin, while the rest is mainly formed by the proteic part. The central, heavily glycosylated
region of mucin is flanked on each side by cysteine rich domains and von Willebrand factor
(vWf) C and D domains, holding additional O- and N-glycosylation sites, involved in mucin
oligomerization to form gels (Bansil and Turner 2006).

vWF D Cys Rich SerThr Pro vWF C Cystine Knot O-linked N-Linked
Domain Domain Repeats Domain Oligosaccharide Oligosaccharide

Wbl

Figure 4: Schematic view of a mucin glycoprotein.
The upper part details the basic features of a secreted mucin. The central zone is composed of a variable number of

tamdem repeats (Serine-Threonine-Proline repeats), containing the attachment sites for O-glycans. On each side are
present cysteine-rich and vWf C and D domains, holding N-glycans, and required for oligomerization of mucin proteins, as
shown below (adapted from Rama Bansil et al, 2006).

O- and N-glycosylation (fig. 5) are co-translational modifications of proteins, which
consists in addition of sugars by host glycosyl-transferases on specific residues of the protein
being translated in the endoplasmic reticulum. Mucin O-glycans are composed of a N-
acetylgalactosamine (GalNAc) residue a-linked to the hydroxyl moiety of serine and
threonine on the central repeated region. The GalNac residue may be extended by addition
of other sugars, such as galactose, N-acetylglucosamine, fucose or sialic acid, forming several
types of core O-glycans, termed core 1 through 8. These diverse core structures can then be
subjected to further extension, yielding extended core structure 1 through 4. N-glycans are
found on the vWf domains, and exist as different types, all composed of a core
pentasaccharide MansGIcNAc, that is covalently linked to asparagine, at the sequence
consensus N-X-S/T. Other sugars comprising mannose, glucose, N-acetylglucosamine, fucose,
galactose or sialic acid are added to this core structure to form three main types of N-
glycans, of which the structure and degradation processes will be detailed in chapter 3. The
several glycosidic linkages found on these host glycans constitute specific epitopes that are
used for cell recognition and bacterial adherence (Bolam and Koropatkin 2012; Cameron et
al. 2014).
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The human gut microbiota
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Figure 5: Overview of glycans accessible for gut bacteria.
This figure gives only a brief overview of the diversity of glycans available for gut bacteria, as a large part is diet-

dependent, such as plant or meat polysaccharides which arbor great variations both in structures and amounts. For
instance, a single representative of hemicelluloses is shown here, while other are encountered, such as xyloglucan,
galactans or mannans. The lower panel is a cross section of mouse colon showing mucus-producing goblet cells (GC),
secreted mucus (SM), the mucus layer (ML) and fragments of plant cell wall (PW) coming from diet. From Koropatkin et
al, 2012.

Once the mucus barrier is crossed, crosstalk between gut bacteria and the host’s
immune system can be established, as evidenced by the following examples, implicating
various bacterial genera. The polysaccharide A (PSA) produced by the ubiquitous human
commensal Bacteroides fragilis strains induces CD4+ T-cell proliferation (Mazmanian et al.
2005), while butyrate (part of ubiquitously produced SFCAs) induces production of LL-27
cathelicidin, an antimicrobial peptide produced by colon epithelial cells (Termén et al. 2008).
Lactobacillus species such as Lactobacillus reuteri DSM 12246 or Lactobacillus fermentum
Lb20 were found to regulate dendritic cells, which play a key role in T-cell maturation into
Th1/Th2 or Th17 (cells of the adaptive immune system) (Christensen et al. 2002), while
Streptococcus salivarius strains CIP102503" and JIM8772 Sn were shown to exhibit an anti-
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inflammatory effect by down regulating the production of IL-8 by intestinal epithelial cells
(Kaci et al. 2011). Peptidoglycan of Gram-negative bacteria were also found to induce
lymphoid tissue genesis, a tissue part of the lymphatic system, found in the basal part of the
gut mucosa and producing B lymphocytes (Bouskra et al. 2008). This tissue can be attacked
by Helicobacter pylori strains in the stomach, causing lymphomas.

One other element illustrating the mutualistic nature of the host-microbes
relationship is the ability of gut bacteria to increase host’s absorptive capability by
promoting formation of new blood capillaries in the small intestine during the initial
colonization process of the gut. It has been demonstrated that some gut bacteria such as
Bacteroides thetaiotaomicron VPI-5482 can enhance angiogenesis through activation of
Paneth cells, located at the bottom of Lieberkiihn crypts (Stappenbeck et al. 2002).
Activation of human intestinal microvascular endothelial cells by commensal bacteria’s
lipopolysaccharides (LPS) through Toll-like and Nod-like receptors induced a pro-angiogenic
signal comparable to the one of vascular endothelial growth factor (VEGF), one of the most
powerful angiogenic factor known (Schirbel et al. 2013).

In addition to a deep and tight communication between gut microbiota and host’s
immune system, recent studies revealed an important bidirectional communication with the
central nervous system. In response to a restrained stress, germ free mice were shown to
exhibit an increased stress reactivity through higher corticosterone and
adrenocorticotrophin responses compared to standard animals, an effect that could be
corrected using probiotics (Bifidobacterium infantis) (Sudo et al. 2004). As stress was known
to increase intestinal permeability, the authors hypothesized that it could have given gut
bacteria an easier way to access to neurons belonging to the enteric nervous system, and
directly influence nervous stress circuits in newborns. This was confirmed by studies showing
an induction of the neuronal activation marker cFOS of the vagus nerve sensory neurons by
oral administration of pathogens (Campylobacter jejuni ATCC 29428 and
Citrobacterrodentium ATCC 51459, and even directly in the brain by Bifidobacterium infantis
35624 in germ-free mice (Sudo et al. 2004; Goehler et al. 2008). This communication
between gut and host through the peripheral nervous system (PNS) has started to be
characterized at the molecular level. Indeed, in culture, Lactobacillus brevis DPC 6108 and
Bifidobacterium dentium were shown to produce y-aminobutyric acid (GABA) from
glutamate (Barrett et al. 2012). In addition, L. rhamnosus was shown to alter expression of
GABA receptors in brain regions related to stress, in vivo (Bravo et al. 2011). These elements
are very important since glutamate is a stimulating neurotransmitter, while GABA is one of
the main inhibitory neurotransmitters of the central nervous system in mammals, and
dysfunctions in GABA signaling are implicated in anxiety and depression, while an imbalance
between GABA and glutamate is linked to epilepsy (Cryan and Kaupmann 2005). The
modulation of neurons’ activity at the molecular level conducted the authors to even
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consider the human gut microbiota as an epigenetic element in the supra-organism Homo
sapiens (Stilling et al. 2014). Thus, if one of the elements of the supra-organisms is altered, it
may lead to a plethora of physiological dysfunctions or diseases.

1.3.Health issues

To ensure proper functioning of the GIT, a fine equilibrium must be found and
maintained between the host, its commensal microbes, and diet. Under normal conditions,
this is achieved by a tight control of pro- and anti-inflammatory responses of the host’s
immune system which allows for a correct discrimination between commensals and
pathogens, both the host and the microbes being effectors of this equilibrium (fig. 6).
Therefore, several elements may be involved in dysfunctions or diseases due to or causing a
disturbance of the microbiota, a state termed ‘dysbiosis’, which can also manifest itself as a
lowered amount of beneficial bacteria (such as bifidobacteria). However, in the vast majority
of cases, diseases affecting the GIT are directly or indirectly associated to an unbalance of
these pro- and anti-inflammatory responses at the gastrointestinal epithelium level. These
deregulations of the immune system often generate excessive pro-inflammatory responses
leading to lesions in the intestinal epithelium, such as reduced mucus production or loss of
barrier integrity. Symptomatically, it appears as a dysbiosis, associated to intestinal disorders
ranging from diarrhea to much more serious illnesses such as inflammatory bowel diseases
(IBD) or cancers affecting all parts of the GIT. In addition, this dysbiosis also alters the
microbiota-associated normal functions and could lead to several metabolic diseases or
deficiencies such as diabetes or obesity. These can also generate affections spreading to the
whole body, which is obvious for infecting pathogens, bacteria or viruses, but the
deregulation of the immune system can also generate hyper sensibility, leading to allergies,
or auto-immune diseases.
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Figure 6: Overview of the effects of human gut bacteria on human health.
This figure lists the major bacterial phyla found in the GIT and the known associated behavior of each in regard of their

positive, negative, or neutral effect on human health (from Rastall RA, J Nutr. 2004).
1.3.1. Inflammatory Bowel diseases

Among the intestinal diseases, one major concern are the inflammatory bowel
diseases (IBD). They form a group of diseases characterized by a thinner and discontinuous
mucus layer leading to chronic inflammatory conditions in the small intestine and the colon
(Strugala et al. 2008). They are represented by two main diseases, the Crohn’s disease (CD)
and the ulcerative colitis (UC) manifested by symptoms such as diarrhea, severe abdominal
pains or weight loss. Crohn’s disease manifests all along the GIT, while UC is restrained to
the distal part of the colon. In all cases, patients bear reduced microbiota diversity, but, as
for the chicken or the egg, whether this altered microbiota is causal or secondary is still in
debate (Walker et al. 2011). There is currently no etiologic agent identified for IBD, but
theories have emerged to explain these affections. A first hypothesis for IBD would be that
they would be consequent to an inadequate genetic predisposed host’s immune response to
the microbiota, in which the host does not tolerate its own microbiota any longer. This
would lead to a disturbance of the signals that maintain barrier function, associated with an
inflammation that can favor the selection of aggressive symbionts (Juste et al. 2014). Indeed,
opportunistic pathogens may trigger this pre-inflammatory state. Even if no single species
has been found constantly associated with IBD, adherent-invasive Escherichia coli (AIEC),
Listeria monocytogenes, Chlamydia trachomatis, Pseudomonas maltophilia, Bacteroides
fragilis, Mycobacterium kansasii, and Mycobacterium avium paratuberculosis appear to be
regularly associated with IBD, while levels of butyrate producers such as Roseburia and
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Feacalibacterium appear to be lowered (Strober 2011; Ouwerkerk et al. 2013a; Naser et al.
2014).

An increasing number of studies also tend to show that IBD would be initiated by an
over-controlled auto-immune reaction, in which a pathogenic bacterial epitope would mimic
a commensal’s one (Sartor 2008; Principato and Qian 2014). One could think that such an
event appears to be highly probable, considering the quasi unlimited number of epitopes
presented by the commensal microbiota that would lead to CD4+ memory T cells number
increase. In fact, under normal conditions, the immune system is finely balanced to
discriminate between commensals and pathogens, avoiding an uncontrolled growing of
these particular adaptive immune memory cells. First, to avoid a chronic stimulation of the
immune system, a physical separation between the microbiota and immune cells is strongly
established, through a mucosal firewall combining the mucus layers, antimicrobial peptides
and secreted immunoglobulin A (IgA) (fig. 3). Two mucus layers are actually found at the
surface of the GIT epithelium. The inner one, firmly adherent, contains a lot of antimicrobial
peptides and secreted IgA associated with a dense network of mucins and is assumed to be
devoid of bacteria. On the contrary, the outer layer only contains diluted antimicrobial
peptides and IgA which allow bacteria to penetrate it. While the inner mucus layer thickness
remain constant along the GIT (100um), the outer one is varying upon the location in the GIT
(150-70 um), providing it with a variable viscoelasticity, giving the host a way to control the
bacterial charge associated to its epithelium upon the location, and fatalistically saying,
finely tune the sensitization of immune cells (Ouwerkerk et al. 2013b). Colonization of the
inner mucus layer by commensals has been associated with respectively 94% and 98% of
case of UC and CD, 78% of cases of colitis, while only 11% in healthy patients, showing the
importance of inner mucus bacterial colonization in gastro-intestinal malignancies (Dejea et
al. 2013). In normal cases, if bacteria penetrate this defense line, immune system is
activated, involving Thl lymphocytes. After clearance of intruders and restoration of the
mucosal firewall, regulation of this adaptive response normally occurs, involving regulatory T
lymphocytes (Treg), a subgroup of T cells involved in T lymphocyte regulation, especially in
regard with self-specific and commensal-specific ones (Belkaid et al. 2013). The key point in
IBD appears to be in the incorrect commensal-specific T cell shut down by Treg lymphocytes,
which leads to their quasi permanent activation. As a consequence, a massive amount of
pro-inflammatory cytokines are produced such as HIP/PAP (homolog of the antimicrobial
peptide Reglll-y produced by TLR activation) which has been shown to be specifically
increased in inflamed parts of the colon and in enteropancreatic tumors (Ogawa et al. 2003).
Genetic susceptibility has been shown to be also involved in the pathology. For instance,
mutations in the DLG5 gene, involved in epithelial protein scaffolding, or MDR1, an efflux
transporter for drugs, have been associated respectively with CD and UC, underlining the
fact that these diseases remains largely multifactorial (Sartor 2006). Finally, diet-related
causes may be involved in IBD development. Indeed, existing data suggest that decreased
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dietary plant polysaccharides shifts microbiota’s nutritional support to host mucus glycans,
leading to an increased stress over this barrier (Mahowald et al. 2009). Logically, the idea of
using pre- or probiotics for IBD treatment emerged, but to date, studies are mostly restricted
to in vitro and animal model analyses, with the exception of very few analyses on small
patient cohorts (Scaldaferri et al. 2013). The results remain preliminary and partially
unconsistant even if these studies tend to show a decrease in inflammation markers when
using prebiotics (inulin in combination with fructo-oligosaccharides) or some probiotics such
as Lactobacillus GG for UC.

1.3.2. Colorectal cancer

The third most common cancer worldwide in 2012, colorectal cancer, is of particular
interest in public health (World Health Organization 2003). Even if carcinogenesis remains
primarily due to human DNA damage, environmental factors are the main source of
elements leading to DNA instability. Also, in colorectal cancers, enrichment in specific gut
bacteria have been observed, particularly for Clostridium or Bacteroides spp, but again, no
evidence tend to show that this dysbiosis is the cause or the consequence of the disease
(Scanlan et al. 2008). Statistics show that diet is a major cause of colorectal cancers and it
has been proposed that microbiota metabolic by-products could be involved in the
tumorigenesis process (O’Keefe 2008). Of particular interest is hydrogen sulfide, a major
toxic compound, which is produced by sulfate reducing bacteria through amino acids
metabolism, and hence proteins degradation (Kim et al. 2013). Epidemiological surveys
suggests that the western high-meat diet is positively correlated with an increase in
colorectal cancer risk, but a clear link between high-protein diet and increased amounts in
sulfate reducing bacteria remains to be established. However, even without involving diet
specific compounds, it has been demonstrated that metabolization of common nutrients by
commensals such as Enterococcus faecalis ATCC 29212 may produce reactive oxygen species
(ROS), which are well known to induce DNA damage, hence promoting tumorigenesis (Wink
et al. 2011).

1.3.3. Metabolic diseases

Obesity is a multifactorial disease of major concern in western societies resulting
from the interaction between the environment, genetic and life-style factors. Murine models
clearly show that gut microbiota play a key role in its development, since transplantation of
gut microbiota from obese mice to lean germ-free animals lead to a 60% increase in body fat
over two weeks without any change in diet (Backhed et al. 2004). Contradictory results seem
to involve the decreased Bacteroides/Firmicutes ratio observed between obese compared to
lean persons, but the presence in microbiota of species from Oscillibacter and Clostridium
clusters XIVa and IV seem to be a strong obesity predisposing element (Turnbaugh et al.
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2006; Schwiertz et al. 2010; Duca et al. 2014). Moreover, a recent report analyzing the
richness of gut microbiota and total gene count of 292 individuals concluded that obesity is
clearly associated with a decreased diversity in the microbiota, a reduced diversity in
functional genes, which leads to a metabolic profile change (Le Chatelier et al. 2013),
particularly with an over-representation of bacterial genes related to energy harvest
(Turnbaugh et al. 2009). Gut microbiota assistance in host’s energy intake thus seems to be
the most significant contribution to obesity development, even if other effects have been
implicated. Indeed, Backhed et al showed that gut microbiota transplant was also associated
with a 2.3 fold increased triglyceride production in the mouse liver (Backhed et al. 2004).
SFCAs production was also shown to be increased in obese rather than lean patients, with an
associated shift towards propionate production instead of butyrate (Schwiertz et al. 2010).

It has long been known that type-1 diabetes is primary an auto-immune disease, due
to the presence of self-reacting T lymphocytes, destructing insulin-producing B-cells in the
pancreas. Changes in the gut microbiota composition were found to promote this pathology.
Indeed, in rats, dietary changes inducing a decrease in gut bacteria amounts yielded a
protective effect against type-1 diabete development (Brugman et al. 2006). One can
imagine that development of such an auto-immune pathology may follow the same process
as for IBD, but how the gut immunity affects distal parts of the body remains to be
elucidated, even if it is becoming clear that a great part of human auto-immune diseases
may be linked to an impairment of the gut immune system regulation (Sorini and Falcone
2013). In addition, such a process is strongly hypothesized to also occur in numerous
allergies or asthma cases (Nikulina et al. 2004).

Even if it is obvious that pathogenic bacteria may induce GIT malignancies (like the
well-known stomach inhabitant Helicobacter pylori which may lead to gastric carcinoma
(Bartsch and Nair 2006) and other diseases, several commensals, mostly belonging to the
Bacteroides phyla, are opportunistic pathogens, and can switch from friends to foes
depending on the condition they encounter (fig. 6).

1.4. Bacteroides: colleagues or traitors?

Bacteroides species counts from 5% up to 30% of the total colonic bacteria depending
on the enterotypes considered, making them the most abundant anaerobes in the gut (Yang
et al. 2009) (fig. 2). They are strict anaerobes, non-spore forming, Gram negative bacilli living
in the GIT of humans, and many other ecosystems (mammal and insect guts, wastewaters,
soils or composts). When associated to animal hosts, they usually maintain a mutualistic
relationship with him, but can cause severe pathologies such as abscesses or septicemia in
case of gastrointestinal epithelium rupture. For instance, Bacteroides fragilis is actually
involved in more than 80% of anaerobic infections whatever the location in the body
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(Wexler 2007). Most of them were discovered in human feces, and Bacteroides taxonomy
has been subjected to major revisions in the past decades, mainly to be indicative for
clinicians about the pathogenic or antibiotic resistant behavior of strains (Nagy et al. 2009). If
around 70 % of gut bacteria are uncultured, Bacteroides strains have been amongst the firsts
isolated (mainly from human feces) and are the most studied gut commensals due to their
large proportion in the total bacterial count, but also because of their involvement in gut
homeostasis and development. Among Bacteroides species, two are of prime interest:
Bacteroides fragilis, which is involved in several pathologies and Bacteroides
thetaiotaomicron, which constitutes a model organism for functional genomics studies
targeting Bacteroides species.

1.4.1. Beneficial effects

To maintain in the gut, a bacterium need to evade host’s immune response. In link to
that purpose, Bacteroides species have the ability to finely modulate the antigens they
present to the immune system, by flipping promoters of genes involved in capsular
polysaccharides synthesis to appear as a ghost for the immune system. Even if genomic
inversions are ubiquitous in bacteria, it has been estimated that half of Bacteroides
thetaiotaomicron VPI-5482 genome is subjected to such inversions which occur at very high
frequencies (up to one each four generations) which underlines the importance of this
mechanism for this strain survival (Cui et al. 2012). On the other hand, many aspects of the
intercourse between Bacteroides and the host are useful for this last one. As described
before, Bacteroides species are also involved in vitamin production. Biotin, thiamin, folates,
riboflavin, panthotenic acid and menaquinones commensally produced are absorbed by
epithelial cells in the colon (the habitat of most of Bacteroides cells), contrarily to dietary
vitamins which are absorbed in the small intestine (Rossi et al. 2011). More, germ free mice
colonized with Bacteroides thetaiotaomicron VPI-5482 showed an increase in the expression
of glucose transporters, an upregulation of genes involved in lipid absorption and
metabolism, as well as upregulation of many other genes involved in copper transport or
drugs detoxification (Zocco et al. 2007). In addition, colonization of germ-free mice with
Bacteroides thetaiotaomicron VPI-5482 induced an upregulation of proteins involved in
desmosomes cross-bridging, thus increasing intestinal barrier fortification (Hooper et al.
2001).

In immunity, interactions between Bacteroides and the immune system are beneficial
for the host. Bacteroides fragilis’ zwitterionic polysaccharide is shown to activate CD4+ T
cells and B cells, increasing immunoglobulins production. In mice, Bacteroides
thetaiotaomicron VPI-5482 was shown to stimulate Paneth cells for Ang4 and Regllly
production, antimicrobials peptides directed against Listeria monocytogenes and other Gram
+ bacteria (Hooper et al. 2003). In addition, Bacteroides reduces inflammation by decreasing
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expression of NF-kB controlled genes through the export of RelA (the NF-kB transcription
factor p65 subunit) out of the nucleus (Kelly et al. 2004).

1.4.2. Deleterious effects

However, Bacteroides species can turn to foes, as some of them are clearly involved
in a variety of pathologies in case of epithelial breach. Bacteroides can be a cause of illness,
due to their role as reservoir of antibiotic resistance genes, which can pass to other
aggressive bacteria. For example, a study analyzing 275 metagenomes showed that 97% of
the gut metagenomes harbored the same resistance genes to tetracycline (Ghosh et al.
2013), as an identity percentage >96% between tetQ genes of different Bacteroides species
is observed (Huddleston 2014). One of the major features of pathogenic bacteria is that they
possess massive destruction weapons. In that sense, the B. fragilis toxin (fragilysin) makes it
clearly a pathogen. It is a secreted metalloprotease which induces physical damage to the
intestinal epithelium by cleavage of zonula adherens cadherins, the proteins involved in cell
tethering (Hwang et al. 2013).

1.4.3. Carbohydrate foraging by Bacteroides species

Bacteroides thetaiotaomicron (BT), first identified from human feces in 1912 by A.
Distaso, is an important member of the Bacteroides genus, accounting for up to 12% and 6%
of the Bacteroides and total gut microbes (in terms of bacterial cells), respectively. BT VPI-
5482 genome, which was the first Bacteroides genome to be sequenced, consists in one
circular chromosome sizing 6.26 Mbp, and of the 33 kbp p5482 plasmid. They code for 4864
and 38 predicted proteins, respectively (Xu et al. 2003). Among them, an impressive
proportion is dedicated to polysaccharide sensing, adhesion, synthesis or degradation
processes, which is only exceeded by Bacteroides cellulosilyticus WH2 (McNulty et al. 2013)
in term of CAZyme content. B. thetaiotaomicron is able to cleave most of the major
glycosidic linkages found in Nature (Xu et al. 2004). No less than 261 catalytic CAZyme
modules were found to be encoded by the BT VPI-5482 genome, together with 208 sugar
transporters and sensors (Martens et al. 2009b). As we saw above, among the overall
carbohydrate content supplied to the gut through diet, only a small fraction is made of
simple sugars, while the rest is composed of dietary fibers. The success displayed by
Bacteroides species in their colonization of the colon is therefore associated to an efficient
breakdown of a wide array of carbohydrates whatever they come from plant, mucus glycans
and even meat, milk or bacterial glycans, which is a very useful feature when living in an
omnivorous host’s intestines (Martens et al. 2011)(fig. 4).

In addition to their extraordinary capability to breakdown plant polysaccharides, gut
Bacteroides are indeed also able to efficiently metabolize host glycans, as highlighted by the
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pioneer transcriptomic studies of Martens et al, targeting Bacteroides thetaiotaomicron VPI-
5482 and Bacteroides ovatus ATCC 8483 (Martens et al. 2008a; Martens et al. 2011). The
Bacteroides capability to grow on host glycans is a great advantageous in the ecosystem,
because it gives to them the access to a permanently renewed carbon source. For instance,
it has been shown that BT VPI-5482 grows on host glycan only when dietary fibers are absent
in the gut, for example in infants before weaning (Sonnenburg et al. 2005). Prioritization in
host glycan use is observed, glucosaminoglycans being used first, followed by O-glycans and
finally N-glycans (Martens et al. 2008b). In the same way, the other well-characterized
Bacteroides species, Bacteroides fragilis, is able to efficiently use mucins as carbon source,
particularly in case of infections, when it escapes from the gut and no more accesses to any
other carbohydrate source of dietary origin (Cao et al. 2014).

As seen in this chapter, gut bacteria play a critical and sometimes dual role in
maintaining or negatively affecting human health. To maintain in this competitive
environment, they have developed a highly complex enzymatic machinery to harvest
carbohydrates, their main carbon source, from both dietary and host glycans. The massive
sequencing of gut bacterial genomes and metagenomes highlighted these last years the vast
diversity of the CAZymes produced by gut bacteria, notably from the Bacteroides genus. To
understand how these enzymes act, alone and synergistically, to breakdown complex
carbohydrates, Chapter 2 will focus on their classification, mode of action, and genomic
organization.
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2. Glycoside-phosphorylases, these fascinating
Carbohydrate Active enzymes

arbohydrates are one of the four main building blocks of biological

macromolecules. They can build-up to form either polysaccharides or associate

with proteins and/or lipids to form glycoconjugates. Carbohydrates play various

and significant roles in a multitude of cellular processes, including cell
structuration, signaling and differentiation, modulation of immune response, inflammation,
and mediation of microbial and host-microbe interactions. Because of their highly versatile
structures and biological functions, and because they are forming a substantive part of
biomass on earth, carbohydrate based molecules are used for a broad range of applications
in food and feed industries (functional foods, prebiotics or as additives), health (as drugs,
drug carriers or vaccine intermediates), as well as for 2" generation biofuel production and
for the synthesis of biosourced materials as alternative to fossil carbon-based compounds.
Understanding the processes by which carbohydrates are produced, modified, recycled or
degraded by enzymes is therefore of prime interest. As briefly introduced in Chapter 1, these
enzymes are called Carbohydrate Active Enzymes (CAZymes). They are central elements of
numerous microbial ecosystems, as they are required to transform complex glycans into
simple sugars to support cell growth.

Chemically speaking, carbohydrates are poly-hydroxyl aldehydes or ketones, having a
general formula C,(H,0),, n being between 3 and 9. One carbon is holding a carbonyl moiety,
which can be held at an extremity of the molecule (aldose) or in the carbon chain (ketose).
The other carbons forming the molecule are holding hydroxyls, which means that various
asymmetric centres exist on these molecules. The configuration of the asymmetric carbon
atom furthest from the carbonyl group gives the D or L configuration. Sugars containing
more than 5 carbons can undergo spontaneous cyclization in solution, involving the carbonyl
moiety and another hydroxyl of the molecule, leading to the formation of a hemiacetal
(aldoses) or hemiketal (ketoses), and a 5-atoms ring (furanose) or 6-atoms ring (pyranose).
Thus, the carbon holding the carbonyl becomes an additional asymmetric centre, from which
the two anomers o and 3 are deduced.

Glycosides, or glycans, are composed of repetitive units of carbohydrate monomers,
linked by an O-glycosidic bond between the anomeric carbon and a hydroxyl of another
monomer (also called glycosyl residue). They include disaccharides, oligosaccharides, of
which the degree of polymerization (DP) ranges between 3 and 10, and polysaccharides of
which the DP is higher than 10 (Cummings and Stephen 2007). The combination of the
nature of the monomer residues, their absolute configuration, the way they cyclisize, their
anomery and the hydroxyl involved in the linkage, give a tremendous variety of glycoside
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structures, which largely exceeds protein diversity for the same residue number (Laine
1994).

2.1.The CAZy classification

To handle this huge diversity, life has evolved a panel of enzymes to recognize,
modify, polymerize or degrade glycans. The Enzyme Classification system (EC) was created in
1955 to classify enzymes (CAZymes and others), and help to handle this great diversity. This
classification is a functional classification which was designed mainly to standardize the
name of enzymes and give a first hierarchized nomenclature system based on their catalytic
activities. Basically, it associates each enzyme to a four number code indicating the type of
reaction, the substrate and product. However, this classification addresses to all enzymes,
which makes it inefficient to handle the CAZyme diversity because it is only based on
functional properties of enzymes, which abolishes any activity prediction power for the
constantly growing number of sequences housed in genomic and metagenomics databases.
In order to address some of these problems, the CAZy classification was created. The CAZy
classification is sequence-based, and was created in 1991. It allows to address several
problems present in the EC classification, such as:

» Incompleteness of numbering in the EC codes

» Not adapted for enzymes that have promiscuous activities

» Not adapted to enzymes that have multiple domains with various catalytic
activities

» Not adapted to enzymes which contains elements with no catalytic function

CAZymes contain one or several catalytic domains, and, often, one or several other
elements distributed along the polypeptidic chain. These elements are involved in i)
addressing the protein to the correct cell compartment or outside the cell (signal peptides),
ii) specific binding to carbohydrates (carbohydrate binding modules), or iii) protein-protein
interaction (dockerins). Catalytic domains and carbohydrate binding modules are described
in the CAZy classification as ‘modules’ and constitute the base of CAZy classification
(Lombard et al. 2014a). Therefore, this classification precisely allows classifying and
describing a protein, even if it contains multiple modules, which is particularly relevant to
interpret bio-information from genomic data. Each module is part of a ‘class’, based on its
function, which can be catalytic or non-catalytic:

Glycoside Hydrolases (GHs)
GlycosylTransferases (GTs)
Polysaccharide Lyases (PLs)

YV V VY

Carbohydrate Esterases (CEs)
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» Auxiliary Activities (AAs)
» Carbohydrate-Binding Modules (CBMs)

Glycoside hydrolases families were the first described in the classification, and
gather catalytic modules able to perform hydrolysis of glycosidic bonds or transglycosylation
reactions. It can be either between two carbohydrate monomers, or between a
carbohydrate and another molecule, protein or lipid (Henrissat and Davies 1997).

GlycosylTransferases are enzymes involved in the synthesis of glycosidic linkages,
using a phospho-activated sugar donor and an acceptor, which can be a carbohydrate or
another class of molecule harbouring an hydroxyl (Coutinho et al. 2003).

Polysaccharide lyases are also enzymes which cleave glycosidic bonds in uronic acid-
containing polysaccharides. However, their mechanism is not hydrolysis, but -elimination,
which does not require a water molecule. It conducts to the formation of an unsaturated
hexenuronic acid residue, and a new reducing end (Lombard et al. 2010).

Carbohydrate esterases perform O- or N- deacetylation reaction on esterified sugars.
Two classes of CE exist, as the sugar moiety can play the role of the acid (uronic acids) or the
alcohol (neutral sugars esterified with short chain fatty acids) in the ester formation (Jayani
et al. 2005).

Auxiliary activities are modules performing synergetic redox reactions with other
CAZymes. It is the last class created in the CAZy classification, and contains two main kinds of
enzymes: lignolytic enzymes, which are not acting on polysaccharides, but help other
CAZymes to gain access to the carbohydrates encrusted in the plant cell wall by oxidising the
surrounding lignin, and lytic polysaccharide mono-oxygenases (LPMOs), which degrade
polysaccharides by an oxidative mechanism (Levasseur et al. 2013). These can be found
associated on the same polypeptidic chain with other CAZy modules to deconstruct
recalcitrant substrates, such as chitin (Vaaje-Kolstad et al. 2010).

Carbohydrate-binding-modules are non-catalytic modules often found associated
with catalytic modules on a single polypeptidic chain. They enhance the associated module’s
activity by facilitating the association with its substrate through specific binding (Boraston et
al. 2004).

Inherently to the reaction they catalyse, GHs, as well as GTs, can be divided into two
main groups, basing on the catalytic mechanism they use. Indeed, through the reaction, the
asymmetric carbon C; can undergo a conformational change, yielding a carbohydrate of
identical anomery of the substrate one, or reversed (Coutinho and Henrissat 1999; Coutinho
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et al. 2003). These two groups of enzymes are therefore classified as ‘retaining’ or ‘inverting’
GHs or GTs, respectively (fig. 7).

Substrate 1 Substrate 2 Product 1 Product 2
Retaining Glycoside Hydrolase | \o=2_or H,0 =2 ox HOR
0
Inverting Glycoside Hydrolase v&,on H,0 vﬁOH HOR
2 < i
.. 0 o} - )
Retaining Glycosyltransferase 0 I I O=P —0~—P—0-nuclecside
m/OH O—Fl’—O—I? —O —nucleoside 0 (‘3- (I)-
o o OR
o 2 0 o
Inverting Glycosyltransferase N on @ 9 o o 0=P —0—P —0-nucleoside
0 —P—0—P —0—nucleoside OR I I
| I 0 o)
oo

Figure 7: Catalytic mechanisms of retaining and inverting GHs and GTs.

The CAZy classification is a sequence-based classification, which describes structural
similarities in the fold and in the catalytic machinery between related sequences (Henrissat
et al. 1995). Consequently, the more two sequences are similar; the more probable is the
catalytic mechanism to be identical. In addition, the data integrated in CAZy are manually-
curated which limits automatic assignation problems that are encountered in the other
databases dedicated to CAZyme annotation, namely the CAT (Park et al. 2010) and dbCan
(Yin et al. 2012) databases. In CAZy, new families are only created when at least one member
has been functionally characterised. This makes it a powerful tool for inferring the activity of
uncharacterised enzymes, only using their sequences. However, the identity of two
sequences classified in the same CAZy family may vary considerably. Depending on it,
structural identity has been split into different hierarchical levels, which brings accuracy and
confidence in the description of the catalytic mechanisms and strengthens its predictive
power, as we go further in the sub-categories (fig. 8).

The superfamily level groups together families that share a common fold, and only
indicates the basic feature of the reactions catalysed by its members, for instance creating or
cutting o or B glycosidic bonds.

The clan level groups families that share sufficient common secondary structure
elements to fold in the same way, but also hold the catalytic machinery on the same
secondary structure elements.

The family level gathers all enzyme sequences which share the same catalytic
mechanism. The catalytic mechanism is identical, because sequences are sufficient identical
to harbour conserved catalytic amino acid(s) and functional residues. These residues are also

46



positioned in the same space location in the catalytic or binding site, which means that the
fold is also conserved.

The subfamily level is used to address the problem of poly-specific families. Indeed,
several members of a family can have different substrate specificities, which makes the
prediction of activity difficult based only on the family membership. The sub-division of
CAZyme families into different subfamilies has not been performed for all CAZy families; it is
rather family specific, based on the amount of available biochemical data. An example of
sub-family creation has been done in this thesis for the GH130 family.

Figure 8: Hierachical organisation of the CAZy classification.
This figure is an example of the different levels of classification (superfamily, clan, family and sub-family) of modules

presenting a 5-bladded B-propeller fold.

Another important additional feature of the CAZy database compared to the previous
EC system is that it allows a better handling and interpreting of the large amount of genomic
and metagenomic data available in regard to the ecology of organisms. For instance,
identifying proteases in the genome of an unknown organism only indicates that this
organism is able to degrade proteins. On the contrary, as the assimilation of a specific glycan
requires the appropriate set of CAZymes, the analysis of the CAZyme content (also called the
CAZome) encoded in a genome brings additional information about the organism lifestyle.
The listing of an organism’s CAZyme content can therefore underline its metabolization
abilities, specialized to a certain substrate or rather an ‘omnivorous’ behaviour. More,
combining CAZome analysis with transcriptomics become a strong tool to detect changes in
an organism’s behaviour during different stages of its life (Veneault-Fourrey et al. 2014).
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Today, CAZy lists no less than 133 GH families (209972 entries), 97 GT families
(164117 entries), 23 PL families (4959 entries), 16 CE families (23064 entries), 13 AA families
(8340 entries) and 71 CBM families (45732 entries). This large number of families has been
continuously increasing over time, with a strong speed up these lasts years. Indeed, since
2010, no less than 13 GH families were added, together with 12 CBMs families. However,
only 5 GT families were added, 2 PL and no CE. But the biggest increase was observed with
the creation of the 13 AA families (André et al. 2014).

2.2.Bacterial genomic organisation of CAZy encoding genes: the
Bacteroidetes Polysaccharide Utilisation Loci (PULs)

To efficiently perform polysaccharide sequestration, depolymerisation and
metabolization, many bacteria evolved a particular strategy, involving specific carbohydrate
transporters and the synergetic action of different CAZymes, encoded by specifically
regulated multigenic clusters, named polysaccharide utilization loci (PULs). As these loci have
been particularly studied in Bacteroidetes species (Bjursell et al. 2006), the PUL
denomination is specific to these bacteria (Terrapon and Henrissat 2014a). However, other
PUL-like systems have been predicted in other genomes, in particular from gut bacteria, and
were also evidenced in few metagenomic studies which generated sufficiently large contigs
to identify these kinds of multigenic clusters (Tasse et al. 2010a; Cecchini et al. 2013).
However, these metagenomic CAZy gene clusters still remain putative PULs, which are not
experimentally validated.

Polysaccharide utilization by Bacteroidetes species has mostly been studied through
BT starch utilization system (Sus), which is the prototype of all other PULs (also called Sus-
like systems). The Sus-like systems are multiple cell-envelope associated protein complexes
used for sensing, binding, and subsequent depolymerization of complex carbohydrates (fig.
9). For instance, the BT Sus system is composed of eight proteins (SusR, A, B, C, D, E, F, and
G) expressed when growing on starch. Only several of them are necessary, since some have
redundant or complementary functions. Indeed, recognition of starch is mainly performed
by the membrane associated SusC and SusD proteins, providing 60% of the total starch
binding affinity, the rest being provided by additional recognition mediated by Susk and SusF
(Shipman et al. 2000a). After binding to the membrane, the substrate is roughly
deconstructed by action of SusG, an endo a-amylase, yielding malto-oligosaccharides that
are translocated to the periplasmic space via SusC. Final deconstruction of the malto-
oligosaccharides is performed in the periplasm by the action of SusA and SusB to yield
glucose units that finally are imported in the cytoplasm. The correct expression of the
proteins of the Sus system is finely controlled by SusR, a regulatory protein, which senses the
periplasmic space for malto-oligosaccharides, leading to the transcription of the required
genes only when starch is present. It has been shown that Bacteroidetes species, and BT in
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particular, possess multiple PULs dedicated to the assimilation of various oligo- and
polysaccharides (Martens et al. 2009b). Hence, the BT CAZyme repertoire is grouped in 88
PULs, encompassing 18% of its genome (Martens et al. 2008b).
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Figure 9: Bacteroidetes polysaccharide utilisation system.
Exemple of the xyloglucan degradation pathway of Bacteroides ovatus ATCC 8483. The xyloglucan oligosaccharide is

made of a main chain composed of B-1,4 linked glucose units (blue spheres), extensively ramified with a-1,6-linked
xylosyl units (red stars), B-1,2 galactosyl (yellow spheres) and a-1,2 L-fucosyl units (pale blue pentagons). Binding of the
raw substrate and initial degradation steps are ensured by the membrane anchored Bacova_02650, GH5A, GH9A, SusC
and SusD-like proteins, allowing translocation into the periplasmic space of shorter xylo-oligosaccharides. The final
deconstruction is ensured by the synergetic action of additional GH43A/B, GH31, GH2A and GH3A/B. Monosaccharides
are then translocated to the cytosol through a final transporter. Regulation of the expression on the enzymes involved in
this complex multi-enzymatic system is ensured by a hybrid two component system (HTCS)-like regulatory
transmembrane protein. From J. Larsbrink et al, Nature, 2014.

Therefore, based on functional genomic data targeting of 8 sequenced Bacteroidetes
genomes, a general mechanism for polysaccharide metabolization, involving the five main
steps i) recognition, ii) cleavage initiation, iii ) oligosaccharide sequestration in the periplasm,
iv) PUL expression regulation and v) final depolymerization has been proposed (fig. 10). A
fully-automated approach for PUL prediction in Bacteroidetes or genomes has been recently
developed and released (Terrapon and Henrissat 2014a) (fig. 11). However, as mentioned
above, this automatic-method is still restricted to Bacteroidetes, as specific PUL signatures
elements have been experimentally demonstrated for Bacteroides thetaiotaomicron VPI-
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5482 and Bacteroides ovatus ATCC 8483 (Martens et al. 2011; Cameron et al. 2012a;

Larsbrink et al. 2014; Cuskin et al. 2015a).
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Figure 10: General Bacteroidetes Sus-like degradation system.

This figure shows the general mechanism used by Bacteroidetes for polysaccharide harvesting. They share the five steps
of regulation, recognition, cleavage initiation, translocation and final deconstruction found in the starch utilization
system of Bacteroides thetaiotaomicron VPI-5482 (from Terrapon N. and Henrissat B., Trends in Biochemical Sciences,

2014).

Results of search for PULs containing GH130 in all species

Experimentally validated PULs
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Figure 11: Screenshot of a search from web interface of the CAZy PUL browser.

The query was the CAZy GH130 family, and the results presented here are only partial, as other putative PULs containing

GH130 encoding genes have been detected in other genomes.
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This tool specifically relies on the central roles of the SusC and SusD proteins in the
Sus system. Identification of SusC/D homologs allows identifying possible PULs. However,
this is only a starting point, as PULs also encode for catalytic enzymes and regulatory
proteins whose automatic annotation can be imprecise. The method used is also based on
the identification of putative operons, which means identifying genetic markers and features
of co-expressed adjacent protein-encoding genes. To determine which gene is considered as
‘adjacent’ to another one, using the intergenic distance concomitantly with other genetic
markers has been demonstrated to be the most powerful tool for operon prediction in E.coli
and B. Tethaiotaomicron (Westover et al. 2005). Therefore PUL annotation is relying on the
identification of CAZymes within a specific maximum distance from the predicted SusC/D
homologs, on the same DNA strand, with no interruption by any gene on the other strand.
Stricto sensus, this structure is called a directon (Salgado et al. 2000). However, sometimes,
one or more genes on the opposite strand can insert into the PUL structure (which can also
appear as another PUL inserting in a previous one). Such complex structures may interfere
with the software and cause prediction problems, which appear as overlapping regions
between two or more predicted PULs. In addition, PUL genetic signatures may vary from
strain to strain. In order to allow a correct prediction in all cases, a confidence level colour
system has been integrated in the JBrowse engine to guide the user.

Today, the PUL database (http://www.cazy.org/PULDB/) describes experimentally
characterized PULs in the literature and also 3,833 predicted PULs in 69 Bacteroidetes
species. Among them, not less than 43 and 47 PULs have been identified and experimentaly
assigned to the catabolism of plant and host glycans, respectively, in three major
Bacteroidetes species:

» B. thetaiotaomicron VPI-5482 contains 88 experimentaly identified PULs, together
with 85 predicted ones (Martens et al. 2008b; Cuskin et al. 2015a). Among them,
43 were demonstrated to be dedicated to metabolisation of host glycans and 16
to plant glycans (Martens et al. 2011), while 3 were specifically active on yeast a-
mannan (Cuskin et al. 2015b). It was in addition demonstrated to be deficient in
PULs targeting hemicelluloses (Martens et al. 2011).

» B. ovatus ATCC 8483 contains 112 experimentaly identified PULs, along 106
predicted ones (Martens et al. 2011). Among them, 17 were demonstrated to be
up-regulated when cultivated on plant glycans. In addition, the xyloglucan PUL
has been completey characterized (Larsbrink et al. 2014).

» B. cellulosilyticus WH2 contains 111 experimentaly identified PULs, even if this
organism is not referenced in the CAZy PULdb (McNulty et al. 2013). Twenty were
demonstrated to be involved in cell wall degradation (8 for hemicelluloses, 6 for
starches/fructans, and 6 for pectins), and 4 are dedicated to host glycans
degradation (Sonnenburg et al. 2010a).
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Therefore, many PULs belonging to these organisms have been assigned to specific
functions. However, many were only revealed recently by transcriptomics, and much work
remain to be conducted in order to finely understand their functioning, since
characterization and in vitro enzymatic studies require much more effort than sequencing.

A manual detection of putative PULs has been used in this thesis in collaboration with
Bernard Henrissat and his AFMB group prior to the release of the automated tool, in order to
identify conserved genetic clusters which could be involved in mannoside harvesting by gut
bacteria. These new pathways, described in the ‘Results’ section (chapter 4), involve real
glycoside hydrolases, and also glycoside phosphorylases (GPs) classified in the GH130 family
targeted in this PhD project.

2.3.Glycoside Phosphorylases

Glycoside Phosphorylases (GPs) are a fascinating class of CAZymes, because they
efficiently combine both advantages of GHs and GTs. Similarly to GHs, they are involved in
the degradation of glycosidic linkages, but instead of transferring the non-reducing end
carbohydrate onto water (hydrolysis), they transfer it onto inorganic phosphate, yielding a
glycosyl-phosphate (phosphorolysis) and a glycoside of reduced chain length (fig. 12). Also,
similarly to GTs, they are able to use the glycosyl-phosphate as donor to transfer the glycosyl
residue onto an hydroxylated acceptor (Kim et al. 2002). However, contrarily to both GHs
and GTs, whose reaction equilibrium is shifted towards the glycosidic bond hydrolysis or
synthesis, the essential characteristic of GPs is the reversibility of the reaction, since the free
energy of glycosidic linkage between carbohydrate monomers is approximately the same as
that of ester linkage in glycosyl phosphates. The ability of GPs to reuse the previously
produced glycosyl-phosphate into a synthetic reaction is energy saving, and makes them
valuable tools for glycoside synthesis. Indeed, the major drawback of GTs is that they use
expensive activated nucleotide-sugars as donors to perform the synthesis reaction.
Therefore, GPs combine the efficiency of the strict regio- and stereo-specificity of GTs to
produce high added-value oligosaccharides, and the ability of GHs to degrade cheap plant
biomass derived glycans (Nakai et al. 2010).
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Figure 12: Overview of Glycoside phosphorylase reactions.

Similarly to GHs, GPs catalyze the degradation of glycoside linkages, but do not require a water molecule. Instead, they
transfer the carbohydrate moiety onto inorganic phosphate (phosphorolysis) and yield a glycosyl-phosphate plus a
glycoside of reduced chain length. The other important feature of GPs catalysis is the reversibility of the reaction, due to
an equilibrium constant of same magnitude in both directions, the reverse reaction being called ‘reverse phosphorolysis’
or ‘synthetic reaction’. The generated glycosyl-phosphate can be used to perform an ‘acceptor reaction’ to produce other
compounds.

2.3.1. GP catalytic mechanisms

This unique ability to perform phosphorolysis (degradation) and reverse-
phosphorolysis (synthesis) reactions relies on shared structural and mechanistic features
with GHs and GTs. Also, as for GHs and GTs, GPs display two reaction mechanisms, with
either retention or inversion of configuration at the anomeric centre. The main catalytic
mechanism used by inverting GPs is very close to the one of inverting GHs, while the one
used by retaining GPs is close to the one of retaining GTs (even if to date no retaining GPs
have been found to act on B-linked glycosides) (fig. 13).

The catalytic mechanism used by most of the characterised inverting GPs only
requires one catalytic amino acid and proceeds through a S,2-like (i.e. a bimolecular
nucleophilic substitution), one step mechanism. This catalytic amino acid is playing the role
of proton donor or acceptor if one is considering phosphorolysis or reverse-phosphorolysis,
respectively, while the nucleophile role is played by the inorganic phosphate itself. Indeed,
the phosphorolysis is initiated by a nucleophilic attack of the inorganic phosphate to the C;
of the sugar at the non-reductive end, concomitantly to the proton capture by the inter-
osidic oxygen on the proton donor. This leads to the formation of an oxocarbenium-ion
transition state, stabilized by the formation of a partial double bond between the C; of the
sugar at the non-reductive end and its ring oxygen by delocalisation of an electronic lone
pair of the oxygen. Then, bond breaks between the two glycosyl residues with the inter-
osidic oxygen being held on the monomer at the reductive-end, which yields a glycosyl-
phosphate of inverted configuration and an oligosaccharide of reduced chain length (fig.
13a). The existence of a unique non-canonical catalytic mechanism for an inverting GP
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belonging to the family GH130 has been proposed in 2013, as mentioned in the section 2.3.4
dedicated to GH130 enzymes.

The catalytic mechanism for retaining glycoside phosphorylases is involving, such as
for retaining GHs, the formation of a glycosyl-enzyme intermediate, and proceeds through a
two steps mechanism. First, the nucleophile attacks the C; of the sugar at the non-reductive
end, concomitantly to the proton capture by the inter-osidic oxygen on the proton donor,
just as for inverting GPs. However in that case the nucleophile is not the phosphate itself, it
is a catalytic amino acid. The same transition state is observed, which leads to the break of
the inter-osidic oxygen-C; bond, and yields in that case a glycosyl-enzyme intermediate plus
a glycoside of reduced chain length that may leave the catalytic site. Then, the proton donor
recovers its proton by activating the inorganic phosphate which is involved in a concomitant
nucleophilic attack onto the C; of the glycosyl-enzyme intermediate. The formed transition
state is closely related to the one formed in the first step, stabilized by the delocalisation of
an electronic lone pair of the ring oxygen. The final step is the break of the glycosyl-enzyme
bond, yielding a glycoside-phosphate of retained configuration (fig. 13b).
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Figure 13: Detailed catalytic mechanisms proposed for inverting and retaining GPs.
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Most inverting GPs are acting through a S,2-like, one step mechanism, involving only one catalytic amino acid, playing
the role of proton donor/acceptor. Most retaining GPs on the contrary, are using a two steps mechanism, requiring the
two catalytic amino acids, to allow the formation of a glycosyl-enzyme intermediate, just as for the classical mechanism
of retaining GHs.

Some evidences tend to show that a second mechanism, called ‘direct front side
nucleophilic displacement’, or ‘internal return’, exists for retaining GPs, in which only one
catalytic amino acid is required (Goedl and Nidetzky 2009). Indeed, in that case, only the
nucleophile is required since the role of proton donor is played by the inorganic phosphate
itself (fig. 14). First, one phosphate hydroxyl is providing the proton caught by the glycosidic
oxygen, which is accompanied by a nucleophilic attack on the reductive-end sugar C; by the
same oxygen providing the proton. It is important to note that both the protonation and the
nucleophilic attack occur on the same side of the sugar ring to ensure the retention of
configuration. The oxocarbenium-ion transition state, in which the four atoms C4-0s-C;-C,
are planar and the positive charge delocalized on the partial double bond between the Os
and the C,, is stabilized by the nucleophile which is in that case a glutamine or an asparagine
(Goedl and Nidetzky 2009).

Figure 14: Alternative catalytic mechanism adopted by some retaining GPs.
This mechanism called direct front side nucleophilic displacement is unique in that it only requires one catalytic amino
acid, the nucleophile, as the proton donor role is played by the inorganic phosphate itself.

Regarding the kinetics of the reaction, here also, two main mechanisms are
harboured by GPs. Retaining GPs for which the formation of a glycosyl-enzyme intermediate
is required proceed through an ordered substrate binding order mechanism. Following a
ping-pong mechanism, the oligosaccharide binding and the nucleophilic attack are the first
steps for phosphorolysis, while the glycosyl-phosphate binding is the first step for reverse-
phosphorolysis. Retaining enzymes using a direct front side nucleophilic replacement
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constitute an interesting case. Indeed, even if the catalytic mechanism is involving a single
step, ordered substrate binding is sometimes observed, as for the Schizophyllum commune
trehalose phosphorylases (Goedl et al. 2006).

On the contrary, the one step, S,2-like mechanism used by inverting GPs requires the
simultaneous interaction of the two substrates with the enzyme, and leads to the
subsequent release of the two products after the reaction. In that case, the order of
substrate binding and product release in the catalytic site has no impact on the reaction
kinetics, which explain why inverting phosphorylases use a mechanism with formation of a
ternary complex which is formed randomly, or use an ordered substrate binding order, or a
mixed fashion in which the substrates binding is done at random while the products release
is ordered, or the contrary (Nidetzky et al. 2000; Hamura et al. 2012; Nihira et al. 2012;
Kawahara et al. 2012a).

2.3.2. GP classification and substrate specificity

As described above, it appears that GPs are no more different from GHs than GTs
from a mechanical as well as structural point of view, which explains that no specific
sequence signature allows for GP prediction from their sequence, neither allows to group
them into a specific family. Logically, identifying a GP appears to be a matter of luck, which
may explain why so few data on these particularly interesting enzymes have been gathered
so far. Therefore, GPs are listed in both GHs and GTs families, namely GH3, GH13, GH65,
GH94, GH112, GT4, GT35 and GH130 (Table 1).

All characterised GPs belonging to GT families are acting with a retaining catalytic
mechanism and are part of the GT35 and GT4 families. Representatives of both families are
acting on a-glucosides, namely glycogen/starch or trehalose, respectively. It is to note that
only two GH families contains retaining GPs. GH13 GPs also act on a-glucans and sucrose,
yielding glucose-a-1-phosphate. The sole characterized GP of the GH3 family, the N-
acetylglucosamine phosphorylase Nag3 from Cellulomonas fimi, was recently identified as a
phosphorylase because it is able to perform both phosphorolysis and hydrolysis (Macdonald
et al. 2014). This enzyme is involved in peptidoglycan recycling, degrading the core [-D-
GIcNAc-1,4-MurNAc disaccharide to yield B-D-Glcp-1-phosphate. This enzyme, part of a
subset of GH3 sequences, is specific in that it is using as conserved His-Asp catalytic diad as
acid-base residue which favours anionic phosphate binding rather than water.

All the other GPs belonging to GH families harbour a catalytic mechanism yielding an
inversion of configuration on the released glycosyl-phosphate. Those acting on glucosides, o-
and B-linked, share a common GH-L fold but are separated in the two GH65 and GH94
families, respectively. All are disaccharide phosphorylases, the GH65 acting on maltose,
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trehalose and other isomers of a-linked di-glucosyl units, while those belonging to the GH94
family act on B-linked di-glucosyl units, namely cellobiose, laminaribiose and cellodextrins. A
few exceptions concern the enzymes acting on modified glycosyl units, namely the GH94
chitobiose phosphorylase (Hidaka et al. 2004) and the cellobionic acid phosphorylases
(Nihira et al. 2013a), the B-1,2-oligo-D-glucan phosphorylase which is the sole GH94 acting
on a polymer (Nakajima et al. 2014), and finally the GH65 glucopyranosyl glycerol
phosphorylase which is the unique example of natural phosphorylase which does not
process a disaccharide (Nihira et al. 2014). Recently, two other GPs have been characterized,
the 1,3-B-p-glucan phosphorylase from Ochromonas danica and the GH94 laminaribiose
phosphorylase, two enzymes acting on 1,3-linked B-D-glucosyl units which differ only on
their ability to degrade long substrates or not, respectively (Nihira et al. 2012; Yamamoto et
al. 2013). The other characterized inverting GPs are the GH112 phosphorylases acting on 3-
galactosides and the GH130 3-mannoside phosphorylases. This thesis focuses on this latter
family of enzymes involved in metabolization of [-1,4-Manno-oligosaccharides, [-1,4
mannan, B-b-Mannopyranosyl-1,4-D-glucose, B-b-Mannopyranosyl-1,4-N-acetyl-b-
glucosamine or B-D-Mannopyranosyl-1,4-N,N’-diacetylchitobiose, other associated B-linked
mannosides, and of B-linked galactosides. More about this specific topic will be discussed
further in this bibliographic introduction and in the ‘Results’ section.
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Tablel: Knowledge on glycoside-phosphorylases, released in January 2015.
The creation of the GH130 subfamilies was carried out in the frame of this PhD. The activities of the GH130_2 B-D-Mannopyranosyl-1,4-N-glycan and mannan-phosphorylase that were

determined in the frame of the present thesis is more precisely described in chapter 4. ND: not determined.

EC number | Enzyme Substrate Product Mechanism | Fold Clan | Family PDB
2.4.1.231 Trehalose phosphorylase a-D-Glcp-1,1-a-D-Glcp | a-D-Glcp-1-P + D-Glc Retaining GT-B GT4 0
a-D-Glep-1-P  +  (a-D- -
2411 Glycogen/starch phosphorylase (a-D-Glcp-1,4-),-D-Glcp Glcp-1,4-).-1-0-Glep Retaining GT-B GT35 8
B-N-acetylglucosamine [-D-GlcNAc-1,4- B-b-GlcNac-1-P + i
24.1.- Ret GH3 0
phosphorylase MurNAc MurNAc etaining
2.4.1.7 Sucrose phosphorylase B-D-Fruf-2,1-a-b-Glcp o-D-Glcp-1-P + D-Fru Retaining (B/a)8 GH-H | GH13_ 18 |1
2.4.1- Sucrose 6"-phosphate | 6-P-B-D-Fruf-2,1-00- |\ G1p1-p + 6-P--Fru | Retaining | (B/a)8 GH-H | GH13 0
phosphorylase Glcp
a-D-Glcp-1,4-a-D-Glcp-
-Mal I hosphate:a-1,4-D- ’
249916 |XMaltosyl  phosphate:a-d, (0-D-Glcp-1,4-),-0-Glcp | 1-P + (a-D-Glcp-1,4),,-D- | Retaining | (B/a)8 GH-H | GH13.3 |2
glucan 4-a-dD-maltosyltransferase Glep
2.4.1.8 Maltose phosphorylase a-D-Glcp-1,4-D-Glcp B-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH65 1
2.4.1.64 Trehalose phosphorylase a-D-Glcp-1,1-a-D-Glcp | B-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH65 0
- -P-0-D- -1.1-0-D-
241216 | rehalose 6-phosphate | 6-P-a-D-Glep-1,1-a-0- | o o101 b1 6-p-pGle | Inverting | (a/a)6 GH-L | GH65 0
phosphorylase Glep
2.4.1.230 Kojibiose phosphorylase a-D-Glcp-1,2-D-Glcp B-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH65 1
2.4.1.279 Nigerose phosphorylase a-D-Glcp-1,3-D-Glcp B-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH65 0
a-D-Glucopyranosyl-1,3-L- .
2.4.1.282 thamnose phosphorylase a-D-Glcp-1,3-L-Rhap B-D-Glcp-1-P + L-Rha Inverting (/)6 GH-L | GH65 0
2.4.1.- 2-0-a-b-Glucopyranosylglycerol 2-0-(a-D-Glep)- B-D-Glcp-1-P + glycerol Inverting (/)6 GH-L | GH65 1
phosphorylase glycerol
2.4.1.20 Cellobiose phosphorylase B-D-Glcp-1,4-D-Glcp a-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH94 3
2.4.1.31 Laminaribiose phosphorylase B-D-Glcp-1,3-D-Glcp a-D-Glcp-1-P + D-Glc Inverting (/)6 GH-L | GH94 0
2.4.1.49 Cellodextrin phosphorylase (B-D-Glcp-1,4-),-D-Glcp | a-D-Glcp-1-P  + (B-D- | Inverting (/)6 GH-L | GH94 0
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Glcp-1,4-),..-D-Glcp

N,N’-Diacetylchitobiose

B-D-GIcNAc-1,4-D-

a-D-GIcNAc-1-P + D-

24.1.2 | i H-L H94
80 phosphorylase GIcNAC GIcNACc nverting (/)6 G GH9
2.4.1.321 Cellobionic acid phosphorylase B-D-Glcp-1,4-D-GlcpA o-D-Glcp-1-P + D-GlcpA Inverting (/)6 GH-L | GH94
B-1,2-Oligo-D-glucan a-D-Glcp-1-P  + (B-D- .
2.4.1. ohosphorylase (B-D-Glcp-1,2-),-D-Glcp Glcp-1,2-)., 1-D-Glep Inverting (/)6 GH-L | GH94
B-D-Galactopyranosyl-1,3-N-
acetylhesoamine (galacto-N- | B-D-Galp-1,3-D- .
2.4.1.211 -D-Glcp-1-P + b-Gal/Glc | | t 8 GH112
biose/lacto-N-biose) Galp/Glcp @ cp al/Gle | Inverting (B/a)
phosphorylase
B-D-galactopyranosyl-1,4-L- .
2.4.1.247 thamnose phosphorylase B-D-Galp-1,4-L.-Rha a-D-Galp-1-P + L-Rha Inverting (B/a)8 GH112
-D-M |-1,4-D- -bl
241281 | P-o-Mannopyranosyl-1, B-0-Manp-1,4-0-Glep | a-D-Manp-1-P+0-Gle | Inverting | 2 212@ded GH130_1
glucose phosphorylase B-propeller
B-1,2-oligomannan (B-b-Manp-1,2-),-D- a-D-Manp-1-P  + (B-D- . 5-bladded
2.4.1.- 130 _2
4 phosphorylase Manp Manp-1,2-),.1-D-Manp Inverting B-propeller GH130_
2.4.1.- B-D-Mannopyranosyl-1,4-N- B-D-Manp-1,4-GIcNAc- o-D-Manp-1-p + [3-0-
GlcNAc-1,4-D-GIcNAc . 5-bladded
2.4.1.319 glycan phosphorylase and B-D- | B-1,4-GIcNAc and (B-D- Inverting GH130 2
2.4.1.320 1,4-Mannan phosphorylase Manp-1,4-),-D-Manp and a-0-Manp-1-P + (- B-propeller
T ’ s D-Manp-1,4-),.1-D-Manp
2.4.1.97 B-1,3-D-Glucan phosphorylase (B-D-Glcp-1,3-),-D-Glc o-D-Glep-1-P — +  (B-D- Invertin ND
4.1, ) phosphory p-1,3-)n p Glcp-1,3-),.4-D-Glcp g
-1,3-Oligo-D-gl -D-Glcp-1-P -D-Glcp-
24130 | PL3-0Oligo-D-glucan (B-D-Glcp-1,3-),-0-Glep | L0 CIPLP + (B-D-Glep- | ing ND

(laminaridextrin) phosphorylase

1,3-),.1-D-Glcp
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2.3.3. @GP structures

Crystallographic structure of at least one representative of each family has been
determined, with the exception of GT4 retaining threalose phosphorylase and GH3 [-N-
acetylglucosamine phosphorylase for which no structure is yet available. Interestingly, most
of crystallized forms of GPs are dimers. This is consistent with the state in solution of nearly
all crystallized GPs and others for which only functional data is available. The single
exception concerns GH130 GPs, which present monomeric crystallized forms and others with
a higher degree of oligomery. Indeed, members of both subfamilies GH130_1 and GH130_2
crystallize as tetramers, pentamers or hexamers, these states being conserved in solution.

GPs crystallization in complex with their natural substrates allowed highlighting their
catalytic mechanism, since both phosphorolysis and reverse phosphorolysis were observed
in cristallo (Mirza et al. 2006; Nakae et al. 2013). The analysis of the available structures
revealed in some cases that specific domains may be directly implicated in oligomerization.
For instance, the case of the GH130 BfMGP shows that its hexameric assembly is directly
related to N- and C-terminal o-helices joining together the different protomers. The
oligomeric state of GPs may also directly impact their substrate specificity. Examples include
the Bifidobacterium adolescensis sucrose phosphorylase, for which the oligomeric assembly
restrains the different protomers to fold in a specific shape. Another more drastic impact of
oligomery on substrate specificity is depicted in the present work and will be described in
detail in chapter 5.

Substrate recognition is generally mediated by stacking interactions due to the
presence of residues which forms aromatic platforms, and also involves a dense network of
hydrogen bonds and van der Walls interactions, providing a strong specificity on the selected
carbohydrates. Phosphate recognition seems to be mediated by the most important
interactions, since generally several arginines or others positively charged residues are
providing strong ionic/polar interactions with the negative charges of oxygen, or with the
non-charged oxygens. A very strong specificity is observed for the non-reducing end of the
glycosyl donors (or for the glycosyl phosphate substrate), both in phosphorolysis and
reverse-phosphorolysis reactions. This is due to a very specific recognition of the positioning
of at least three of the hydroxyls held by the glycosyl moiety in the subsite -1, whether
directly by specific residues or through a water molecule. Except for some enzymes like the
GT35 maltodexin phosphorylase (Campagnolo et al. 2008) or the GH130_ 1 pB-D-
Mannopyranosyl-1,4-D-glucose phosphorylases (Senoura et al. 2011; Kawahara et al. 2012a3;
Jaito et al. 2014), generally a more relaxed specificity towards the reducing end of glycosides
(in the phosphorolysis reaction) and towards acceptors (in the synthetic reaction) is
observed, due to a more flexible accommodation in subsite +1 and the following subsites. In

60



these cases, flexibility is tolerated because substrate variations imply replacement of one
interaction by another one, or because accommodation occurs on a hydroxyl not mediating
the binding.

This is well exemplified by the GH130_2 mannoside-phosphorylases, as further
described in the ‘Results’ section of this manuscript.

2.3.4. Focus onto the Glycoside Hydrolase 130 family

The GH130 family was created in 2011, consecutively to the functional
characterization of its first member, the B-D-Mannopyranosyl-1,4-D-glucose (mannosyl-
glucose) phosphorylase from Bacteroides fragilis NCTC 9343 (BfMGP) (Senoura et al. 2011).
This is the first example of CAZy family creation based on the characterisation of a
phosphorylase, which are not as frequent as real GHs or GTs. In addition, surprisingly, this
family contained more 3D structures available than functionally characterized
representatives when created. Indeed, four 3D structures of enzymes belonging to this
family were deposited in the protein data bank (PDB) before its creation. These 3D
structures were all determined by a structural genomic consortium, the Joint Center for
Structural Genomics (JCSG) as early as 2004. These are the 3D structure of the Tm1225
protein from Thermotoga maritima MSB8 (PDB code 1VKD), the BACOVA_03624 protein
from Bacteroides ovatus ATCC 8483 (3QC2), the BT4094 protein from B. thetaiotaomicron
VPI-5482 (3R67), and the BDI 3141 protein from Parabacteroides distasonis ATCC 8503
(3TAW). All these proteins crystallized as monomers except for Tm1225 which crystallized as
a dimer. However, none of these structures was joined to either a publication or any
functional characterization. That was the picture of the family when this thesis started, in
october 2011: only one functionally characterized member and four 3D structures with no
associated function.

In 2012, a Japanese group characterized two new GH130 enzymes (Kawahara et al.
2012a). These two enzymes, RaMP1 and RaMP2, originate from a ruminal bacterium,
Ruminococcus albus 7. Similarly to BIMGP, RaMP1 catalyses the conversion of B-b-Manp-1,4-
D-Glcp and inorganic phosphate (P;) into a-pD-Manp-1-phosphate and D-Glucose. Reverse
phosphorolysis reaction attempts also showed that both BMGP and RaMP1 share a very
narrow flexibility since only a-bD-mannose-1-phosphate is tolerated in the -1 subsite, while
only glucose is accepted in the +1 (a very low activity on laminaribiose was however
observed for RaMP1 exclusively, without any activity on cellobiose). The authors deduced
from the genomic context of RaMP1 and RaMP2 encoding genes that they are involved in a
mannan/glucomannan degradation pathway, as further described in chapter 3.
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In 2013, the GH130 family was already containing more than 300 sequences (369 late
January), and two additional members were concomitantly functionally characterized: the B-
D-mannopyranosyl-1,4-N-acetyl-D-glucosamine phosphorylases Bt1033 from B.
thetaiotaomicron VPI-5482 (Nihira et al. 2013b), published during the 2" review of the first
paper presented in the ‘Results’ section of this manuscript), and the B-db-mannopyranosyl-
1,4-N-glycan phosphorylase Uhgb_MP from an uncultured gut bacterium (Ladeveze et al.
2013), which constitutes the main target of this thesis project. The functional
characterization of Uhgb_MP is detailed in the first chapter of the ‘results’ section of this
manuscript. Both enzymes appear to be very similar to one another. Indeed, as the other
GH130 characterized enzymes, the -1 subsite is highly specific for a-D-mannose-linked
mannosyl residue. Phosphorolysis reaction assays showed that the preferred substrate of
Bt1033 and Uhgb_MP was not B-D-Manp-1,4-D-Glcp but B-D-Manp-1,4-GIcNAc. Together
with the analysis of Bt1033 and Uhgb_MP genomic environments, Nihira et al. and we
hypothesized a functional role in vivo different to the one of the others previously
characterized GH130 enzymes, namely BfMIGP, RaMP1 and RaMP2. Taking also into account
the fact that the micro-organism producing this intracellular enzyme originates from the
human gut, collectively with Nihira et a/, we deduced that such a disaccharide is likely to be
derived from the degradation of host N-glycans lining the intestinal epithelium. This N-glycan
degradation pathway will be described in details in Chapter 3.

Late 2013, the crystal structure of BfMIGP was determined in the apo form (4KMl)
and in complex with its different substrates (3WAT, 3WAS, 3WAU) (Nakae et al. 2013). An
unusual hexameric structure was shown, and the analysis of the a-D-mannose-1-phosphate
binding mode, as well as the direct in cristallo observation of the reverse phosphorolysis
reaction allowed the authors to propose the existence of a non-canonical catalytic
mechanism for inverting GPs (fig. 15). Indeed, the structure revealed that neither the
distance between the catalytic proton donor and the interosidic oxygen was suitable for
direct proton transfer, nor a water molecule that could relay it was observed. Consequently,
the authors proposed an alternative mechanism, similar to the canonical mechanism for
inverting GPs, but in which the proton is relayed through the mannose Cs; hydroxyl, which is
at H-bond distance of both the catalytic aspartic acid and the interosidic oxygen atom (fig.
15). Such a carbohydrate hydroxyl mediated proton transfer has been proposed for other
enzymes, including ribozyme (Filling et al. 2002; Schmeing et al. 2005), and a closely related
mechanism involving a C,-OH neighbouring group participation has been proposed for the
GH99 endo-a-mannosidase from B. thetaiotaomicron VPI-5482, yielding a 1,2 anhydro-sugar
as transition state (Thompson et al. 2012). However, the mechanism harboured by the latter
case is not suitable for BfMGP because it is an exo-acting inverting [-mannoside
phosphorylase, for which the reaction occurs in one step, which means a direct attack of the
nucleophile onto the anomeric carbon. On the contrary, the involvement of the C3 hydroxyl
for proton relay is supported by the specific position of the mannose hydroxyls in the
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adopted boat B, s transition state conformation. It is less unstable in mannosides compared
to other monosaccharides, due to the pseudo-equatorial position of the C,-OH, in an anti
configuration to the ring oxygen (Speciale et al. 2014), thus bending the C5-OH towards the
B-glycosidic oxygen, in a syn-axial position. This work, published concomitantly with our first
study regarding Uhgb_MP and the identification of its most probable catalytic residue
(Ladevéze et al. 2013), allowed one to answer the crucial question of the mechanism of the
GH130 mannoside-phosphorylases.

Apart from the ones described in this manuscript, in 2014, 4 other GH130 enzymes
were characterized. The BACOVA_02161 enzyme from B. ovatus ATCC 8483 has been
crystalized, and its structure deposited in the PDB (40NZ) by the JCSG. It is closely related to
the other crystalized GH130 from B. ovatus ATCC 8483, BACOVA 03624, also crystalized as a
monomer. As for BACOVA_03624, no associated paper was published upon release of this
structure. RmMGP, originating from Rhodothermus marinus (a hot spring bacterium
belonging to Bacteroidetes) has been functionally characterized and demonstrated to be
closely related to BfMGP (Jaito et al. 2014). Sequences alignment showed a 68% and 61%
sequence identity with BfMGP and RaMP1, respectively, which lead the authors to
hypothesize that RmMGP, RaMP1 and BfMGP are orthologs. The functional characterization
of these 4 GH130 enzymes, including Uhgb_MP, highlighted a strong specificity of the -1
subsite for mannosyl residues, but a much more relaxed one for +1 and following subsites,
allowing accommodation of a large range of acceptors for glycoside synthesis. A developed
description of substrate specificity for phosphorolysis and reverse-phosphorolysis and
demonstration that the natural substrate of Uhgb MP is B-D-Mannopyranosyl-1,4-
N,N’diacetylchitobiose can be found in the first chapter of the ‘Results’ section and
structural elements of the recognition are presented in the second one. Functional
characterization of the BACOVA 03624 protein which has its 3D structure solved is
presented in the fourth one.
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Figure 15: Alternative mechanism for inverting glycoside phosphorylases.

In this mechanism proposed for the GH130 BfMGP mannoside phosphorylase, the proton donor is too far away from the
interosidic oxygen atom to be able to directly interact with it. The mannose present in the -1 subsite has been observed
in a stressed boat B, 5 conformation The proton is relayed through the C; hydroxyl, which is located at H-bond distance of
both.

Late 2014, two additional GH130 phosphorylases were functionally characterized
(Chiku et al. 2014). Teth514_1788 and Teth514_1789 are two enzymes belonging to
Thermoanaerobacter sp.514, a Firmicute isolated in a deep subsurface sample (-2000m).
These enzymes belong to the pool of non-classified sequences (GH130_NC). Interestingly,
these two enzymes are unique in that they are specific for 3-1,2 linkages. As for the others
GH130, their -1 subsite is highly specific for mannosyl residues. The analysis of their genetic
environment revealed that they are part of a PUL containing a mannose-1-phosphate
guanylyltransferase and a o-mannosyltransferase, which lead the authors to propose a
glycan synthetic role for this PUL. Even if RaMP1 is specific for the disaccharide [3-D-manp-
1,4-D-Glc, the similarity between RaMP1/RaMP2 and Teth514 1789/Teth514 1788 is
striking. Indeed, Teth514 1788 has been shown to be specific for long manno-
oligosaccharides while Teth514_1789’s specificity is restricted to [-1,2-mannobiose.
According to the authors, these two enzymes would be feeding the glycan synthesis pathway
with mannose residues scavenged from [-1,2-mannosides. However, both enzymes bear the
same acceptor profile as GH130_1 enzymes, being only restricted to fructose. This is not
surprising, as fructose mostly appears under B-D-fructopyranose form, whose hydroxyls’
orientations are identical to those of b-mannopyranose.
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In total, in January 2015 the functional and structural characterization of 8 and 2
GH130 enzymes have been published, respectively (including that of Uhgb_MP, one of our
targets). In addition, 5 apo 3D structures of 5 other GH130 enzymes have been released in
the PDB. The last advances in the understanding of the in vivo role of these fascinating
enzymes are described in Chapter 3.

2.3.5. Biotechnological applications of glycoside phosphorylases

Carbohydrate based industries are encompassing a wide array of fields. Biofuels,
biosourced materials, functional food and feed, pharmaceuticals, chemical syntons,
cosmetics or texturing agents are few examples of carbohydrate derived products. Chemists
have developed and mastered a wide array of reactions to ensure an economically viable
production of a large panel of structural motives to fit industry’s requirements. However,
these chemically based processes, even if being often highly powerful, are, for most of them,
not environmentally friendly, and not sufficiently regiospecific. To address these problems,
enzyme-based catalysis, which uses enzymes in place of chemicals, has progressively been
slipping from assisting tools to the true mainstream process. Indeed, fundamental
characteristics of biocatalysts make them strong tools to replace, or to complement classical
organic chemistry. Their ability to specifically catalyse the desired reaction, both regio- and
enantio-selectively, coupled with higher yield compared to those generally observed in
classical chemistry, without the use of hazardous solvents, make biocatalysts key and ‘green
labelled’ actors for carbohydrate industry. As sugars are basic molecules of all living
organisms, life has evolved a wide diversity of CAZymes in which one can look for the desired
catalyst.

Four enzymatic routes can be used for glycan synthesis, implicating GHs, GTs, and
GPs. First, as in nature synthesis of complex oligosaccharides is devoted to Leloir-GTs, it is
not surprising that they were at the basis of most of the first synthesis strategies, and are
still largely used in carbohydrate chemistry (Chang et al. 2011). However, even if they are
very specific and efficient catalysts, their major drawback is the requirement of expensive
and unstable Leloir donors (sugar mono- or di-phosphonucleotides) as glycosyl donors, thus
reducing their commercial use. Moreover, high yield polymer production based on the use of
Leloir-GTs cannot be envisaged as these enzymes use too expensive activated substrates,
even if smart living factories have been developed for oligosaccharide synthesis by GTs to
circumvent this limitation (Bettler et al. 1999; Peng et al. 2012).

Secondly, the ability of some natural or engineered glycoside hydrolases to catalyse
transglycosylation reactions (Monsan et al. 2010), i.e transfer of a glycosyl residue from a
donor glycoside onto a hydroxylated acceptor carbohydrate (Champion et al. 2012) or
hydroxylated chemical (Malbert et al. 2014) has been intensively studied. However, very few
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donor specificities have been described for these particular enzymes, mainly sucrose acting
enzymes, and rare are the examples of subsite -1 engineering to render them capable to act
on other glycoside donors (Daudé et al. 2013).

Thirdly, glycoside synthesis can also be performed by glycoside hydrolases from
chemically modified oligosaccharides, like glycoside-fluorides, through the glycosynthase-
based technology (Jahn et al. 2003; Kittl and Withers 2010). Glycosynthases are mutated
retaining glycoside hydrolases in which the catalytic nucleophile has been replaced by a
smaller and inert residue, to render them capable of catalyzing glycoside bond formation
with glycoside-fluoride donors (Cobucci-Ponzano et al. 2012). But this elegant approach
cannot be directly used to transform low cost plant biomass derived resources, as it requires
chemically modified glycosyl donors.

The fourth route, involving GPs, does not require expensive or chemically modified
substrates, and is undoubtedly underexploited, due to the far reduced amount of
characterized GP members compared to real GHs and GTs. Yet, some of them have been
successfully used as powerful biocatalysts (O’Neill and Field 2014), directly using glycosyl-
phosphates, which are more stable than the activated sugars used by Leloir GTs. Moreover,
as the catalysed reaction is reversible, it is possible to use cheap oligosaccharides or
polysaccharides to generate glycosyl-phosphates, using GPs of the same or different
specificities. Presently, there is only a reduced direct application of these glycosyl
phosphates. One can mention, the use of a-D-glucose-1-phoshate in parenteral nutrition
mixtures, as replacement of phosphate source due to the precipitation of calcium with
inorganic phosphate (Ronchera-Oms et al. 1995), or its use as dietary complement providing
a vitamin A-like activity, in the particular case of age-related depression of intestinal function
(Fujinaka et al. 2007).

On the contrary, the generated glycosyl-phosphates have a lot of applications as
substrates for glycoside synthesis using GPs (Nakai et al. 2013; O’Neill and Field 2014).
Several examples include synthesis of 2-O-a-D-glucosyl-glycerol, a promising moisturizing
agent in cosmetics or lacto-N-biose, for which production achieved the kilogram scale
(Nishimoto and Kitaoka 2007; GoedI et al. 2008). This is of particular importance since lacto-
N-biose (B-D-Galp-1,3-D-GlcpNAc) is a central motif of important oligosaccharides such as
lacto-N-tetraose and lacto-N-fucopentaose, which are key constituents of milk
oligosaccharides (Fushinobu 2010). Different GPs sharing the same specificity towards
glycosyl-phosphates can be mixed to expand the array of synthesizable oligosaccharides
(Suzuki et al. 2009). That way, the strict stereospecificity of GPs can be craftily exploited to
reverse the linkages of a polymer for example, as showed in the work of Ohdan K. and
colleagues who produced amylose from cellobiose (Ohdan et al. 2007), thus opening the way
for valorisation of waste wood in mass production of such a valuable polysaccharide.
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In all cases, the major drawback of glycan or glycosyl-phosphate synthesis is the
reversibility of the catalysed reaction, which means that the production yield is limited by
the equilibrium of the two opposite reactions. In order to address this problem, different
strategies have been developed, which in fine conducts to a change in the equilibrium of the
reaction.

The first strategy consists in depleting the reaction media from one of the products,
which by the law of mass action, shifts the reaction towards the desired direction. It can be
achieved easily if by any chance, one of the products is insoluble, such as cellobiose or
cellulose (Nidetzky et al. 2004). If removal of one product cannot be achieved this way,
another possibility is the use of a coupling reaction, which is, most of the time, involving
another GP sharing the same specificity towards the glycosyl-phosphate, enabling the co-
production of a high added value compound. A striking example is the production of galacto-
N-biose  (pB-D-galactopyranosyl-1,3-D-N-acetylgalactosamine) from sucrose and N-
acetylgalactosamine (Nishimoto and Kitaoka 2009).

In order to increase the yield of synthetic reactions catalysed by GPs, other strategies
have been used, like replacing glycosyl phosphates by glycosyl fluorides. These last
compounds resemble glycosyl phosphates, both not requiring catalytic acid assistance for a
departure of these good leaving groups, phosphate or fluoride. The use of glycosyl-fluorides
instead of glycosyl-phosphates conducted to excellent oligosaccharide production yields,
since the reaction becomes irreversible, no phosphate being available to attack the glycoside
products released in the reaction media (Nakai et al. 2010).

GPs can also be used in vivo to ferment oligosaccharides and polysaccharides more
efficiently than by using GHs. Indeed, as demonstrated in the cellulolytic bacterium
Clostridium thermocellum, (Zhang and Lynd 2005), during phosphorolysis, the chemical
energy of glycosidic bonds is kept and not annihilated as in the case of hydrolysis, of which
the reaction products have to be phosphorylated by kinases to enter the central metabolism
as glycosyl phosphates. This might explain why so many identified phosphorylases belong to
anaerobes.

Finally, as summarized in table 1, known GPs allows the generation of a- and -D-
glucose-1-phosphate, o-D-GlcNAc-1-phosphate, o-D-maltobiose-1-phosphate, 6-phospho-b-
fructose, a-D-galactose-1-phosphate and o-D-mannose-1-phosphate. In order to produce
them in high amounts, several feedstocks can be employed. It specifically concerns
starch/amylose, cellulose/cellobiose, sucrose, and mannan/galacto/glucomannan.
Moreover, all these glycosyl-phosphates can be readily used to produce other specific oligo-
or polysaccharides of higher added value, thanks to an expanding array of available GPs. In
order to increase the catalog of GP-mediated reactions, two ways are available. The first one
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would consist in creating mutants of already existing GPs to teach them new tricks. This has
been done several times to expand the panel of donors and acceptors that can be used by
cellobiose-phosphorylases (Desmet et al. 2012; Hamura et al. 2013) and trehalose
phosphorylases (Chen et al. 2014). The second way rather consists in mining what Nature
already created to face the structural complexity of glycosides. This aspect will be developed
in the next chapter, focusing on bacterial mannoside metabolization.
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3. Mannoside recognition and degradation by bacteria

annosides are forming a vast group of glycans widely distributed in nature.

Produced by almost all organisms living in various habitats, these glycans

serve numerous roles in cells, such as protein maturation and signalling,

immunity, mediating protein-protein interactions or participating as
structural elements. This ubiquitous presence of mannosides in the environment is a great
source of energy and carbon for bacteria, which developed complex strategies to harvest
them. This review focuses on the different mannosides that can be found in nature, their
involvement in cell-cell interactions and finally describes the catalytic machinery and
metabolic pathways that bacteria developed to metabolize them.

3.1.Introduction

Mannose is one of the simplest and common hexose found in nature. As a monomer,
it can be used by most of living organisms to support their growth. When integrated into
glycans, it can also be used either as energy source, signalling molecule, or cell structuring
elements, especially in plants. Mannosides thus play a key role in metabolism and cell
recognition, and are involved in many diseases, often linked to protein glycosylation
disorders (Sharma et al. 2014). Life evolved many kinds of mannosides of different functions,
and the appropriate processes to build them up. Besides, to ensure their survival in the
microbial ecosystem jungle, many bacteria developed different or complementary strategies
to detect and degrade these mannosides. In addition, as mannosides are also involved into
cell signalling, mannosylated proteins take also part in the detection of intruders in order to
protect one against them. A general overview of the occurrence of mannosides produced by
living organisms, their involvement in cell-cell interactions, and the most up-to-date studies
on bacterial mannosides assimilation in different environments are reviewed here.

3.2. Diversity of mannosides structures

3.2.1. Eukaryotic mannosides

In mammals, plants, yeasts and fungi, a wide array of mannosides is encountered,
either in the form of pure glycans or in glycoconjugates. This later one refers to mannosyl
residues carried by proteins as post-translational modifications, to those which are linked to
lipids, or to the hybrid structures containing proteic, lipid and glycan parts. In glycoproteins,
mannosyl residues are mostly found in N-linked glycans, even if O-linked glycans and
glycosylphosphatidylinositol (GPl) anchors also contain mannosyl residues. With the
exception of hemicelluloses which are specific to plants, other mannosides are produced by
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all eukaryotes. The mechanisms used for their biosynthesis are similar between the different
reigns, but inter species variations exist both in their structures and synthesis pathways.

3.2.1.1. Mammalian mannosides

N-glycans are the most common forms of mannosides found in mammals (Apweiler
et al. 1999). These glycans are attached to Asn residues of the majority of proteins, shaping
their properties (Skropeta 2009). N-glycan biosynthesis has been largely detailed in several
reviews (Helenius and Aebi 2004; Aebi et al. 2010; Larkin and Imperiali 2011), and will not be
detailed here. The N-glycan maturation processes vyield different N-glycan structures,
depending on the fate of the protein, but all mature N-glycans share a common
MansGIcNAc, pentasaccharide core. An addition of N-acetylglucosaminyl, galactosyl, fucosyl
or sialyl residues yields a wide array of structures that can be grouped under 3 different
classes, namely High mannose (HMNG), Complex (CNG) and Hybrid N-glycans (HNG) (fig.
16A). Mammalian N-glycans found on mature proteins are rarely of high mannose type, but
rather hybrid or complex, the high mannose being mostly restricted to immature proteins
(Nagae and Yamaguchi 2012).

O-mannosyl glycans are the second kind of mannosides bound to mammalian
proteins (Lommel and Strahl 2009). Believed for a long time to be restricted to fungi, where
they are highly abundant (De Groot et al. 2005), they have also been identified in metazoans
and particularly in humans, mainly in nerve tissues or chondroitin sulfate proteoglycans
(Praissman and Wells 2014). As for N-glycans, O-mannosyl glycans display a relatively broad
structural diversity. All of them, however, share a common [-D-GlcNAc-1,2-D-mannose core
structure which can be extended by additional sugars (galactosyl, sialyl, glucuronyl, N-
acetylglucosaminyl or fucosyl resiudes), species specific (Fig. 17A).

GPI anchors are post-translational modifications of the C-terminal extremity of many
proteins, allowing them to bind to the outer layer of the cell membrane (Paulick and Bertozzi
2008). A great number of GPl-anchored proteins have been identified in eukaryotes, ranging
from protozoa and fungi to humans. GPI anchor structure is formed by 3 domains: a
phospholipid tail, a conserved glycan part and a phosphoethanolamine moiety linked to the
bound protein (lkezawa 2002). The glycan part is formed of a highly conserved a-D-manp-
1,2-a-D-manp-1,6-a-D-manp-1,4-a-D-GlcN-1,6-myo-inositol motif (fig. 17C). This modification
is uncommon in that proteins always have their C-termini linked to the
phosphoethanolamine group on the non-reductive mannosyl end. This core can be
extensively modified by attachment of side chains containing phosphoethanolaminyl,
mannosyl, galactosyl, sialyl, N-acetylglucosaminyl and N-acetylgalactosaminyl residues
(Fujita and Kinoshita 2010). GPI anchor affects a wide array of proteins, which are involved in
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signal transduction (Mukasa et al. 1995), immunity, interaction with trypanosomal parasites
(Ferguson et al. 1988), or even prion pathogenesis (Chesebro et al. 2005).
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Figure 16: Eukaryotic N-Glycans structures.
A. Structure of the ubiquitous Glc;ManyGIcNAc, N-glycan precursor, and the 3 classes of mature N-glycans. B. Typical

structures of mature N-glycans found in various eukaryotic organisms. The Lewis antigen (Le®), Fuc-a-1,4(Gal-B-1,3)-
GIcNACc trisaccharide often found on plant or food allergens is shown in the insert. Note: the very high mannose type N-
glycan present in yeasts is similar between S. cerevisiae and C. albicans, with minor variations. Indeed, the S. cerevisiae
one lack the p-1,2 linked mannosyl residues and contains a long a-1,6 branch which is about 150 residues long, compared
to the 50-150 residue long one found in C. albicans.

C-mannosylation is a much rarer event. It has been observed in mammals, mostly
humans, but also in other animals (Furmanek and Hofsteenge 2000; Munte et al. 2008;
Buettner et al. 2013), but not in plant, yeast, fungi or prokaryotes. It consists in the
formation of a a- C-C bond between a mannosyl moiety and C; atom of the indolyl moiety of
tryptophan, on the first tryptophan of the conserved motif W-x-x-W (Loffler et al. 1996).
Literature on that topic is very scarce, but this modification seems to be common for
proteins involved in immunity, such as complement proteins (Hofsteenge et al. 1999), or
1999).

involvement in secretion (Goto et al. 2014) and activity tuning, since the secreted Cys

interleukin-12 (Doucey et al. Its role is still unclear, but examples indicate its

subdomains of Muc5A/C and Muc5B lung mucin protein have been found to be retained in
the ER if unmannosylated (Perez-Vilar et al. 2004). C-mannosylation has also been observed
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in viruses. The Ebola viral protein sGP, which is the first reported example of viral C-
mannosylation, seems not to be affected by this post-traductional modification, as no
significant change in expression, fold or activity has been observed when unmannosylated
(Falzarano et al. 2007). However, further investigations are necessary to elucidate the
specific roles of this kind of glycosylation, its biosynthesis regulations, and how this very
uncommon glycan linkage is degraded, particularly by bacteria.

3.2.1.2. Plant mannosides

With the exception of O-mannosides, which are absent from ground plants and algae,
but largely present in yeast and fungi, and C-mannosylation, which has still not been
described for them, plant mannosides share the same kind of mannosides as described
above for mammals. However, in addition to some little structural discrepancies of which we
are about to discuss, plant do possess specific mannosyl containing molecules, the
hemicellulosic B-linked mannans. Both kinds of plant mannosides will be described here.
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Figure 17: Other structures of eukaryotic mannosides.

A. Structure of eukaryotic O-mannans. B. Typical structures of lipophosphoglycans. C. Highly conserved structure of the
GlycosylPhosphatidylinositol (GPI) anchor found in all eukaryotes. EtN: Ethanolamine. D. Structures of plant mannans,
with examples of each subclass. E. Structures of fungal capsular polysaccharides.

The first steps in plant N-glycan synthesis are identical to what is observed for
mammals, and also relies on the formation of the GlcsMangGlcNac, precursor in the ER
(Pattison and Amtmann 2009; Gomord et al. 2010; Song et al. 2011). But, in addition to the
ubiquitous N-x-S/T sequon used for protein attachment, an unusual N-x-C sequon has also
been described (Matsui et al. 2011). The maturation process also occurs in the Golgi’s
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apparatus, but plant N-glycans displays some specific structural features. For instance, 3-1,2-
xylosyl residues, linked to the B-1,4-mannosyl residue of the core pentasaccharide, and a-
1,3-fucosyl ones linked to the reducing end N-acetylglucosamine are typically found. The
Lewis a epitope [GalB1-3-(Fucal-4)GIcNAc] is also found at the extremities of plant complex
type N-glycans branches (fig. 16B). This epitope, found on what is called ‘secreted type N-
glycan’, has been found in many foodstuffs (Wilson et al. 2001) and pollen allergens (Maeda
et al. 2005). In plants, protists, archaea, eubacteria and fungi, 3-1,4 linked galactosyl and
sialyl residues, which are the signature of mammalian complex N-glycans, are absent (Zeleny
et al. 2006). However, the unicellular green algae Chlamydomonas reinhardtii CC-125
produces mammalian-like N-glycans, containing both the [(-1,4-Gal and the sialylated
complex glycan structure together with a plant-like core a-1,3 fucosylation (Mamedov and
Yusibov 2011). The so-called ‘truncated’ type N-glycan Mans-Xyl-GIcNAc,-Fuc (also called
paucimannose or vacuolar) is the most commonly found type of N-glycans in vacuolar
storage proteins in seeds (Kimura and Matsuo 2000), but contrary to mammalian N-glycans,
plants often carry HMNG, and in some cases, exclusively. For instance, algea such as Codium
fragile, Chondrus ocellatus, Sargassum piluliferum or Zostera marina contains exclusively
HMNG, being devoided of complex ones (Yoshiie et al. 2012). Contrary to mammals, for
which CNG defects are almost associated with diseases (termed congenital disorders of
glycosylation), it seems to be less the case for plants, for which N-glycan processing in the
Golgi may be dispensable, even if it associates with diseases under certain stress conditions
(Strasser 2014). Free forms of N-glycans have also been detected in plant, during all stages of
their development at micromolar concentrations (Maeda and Kimura 2014). They originate
mostly from misfolded proteins processing, but they have also been found ubiquitously in all
plant tissues associated with auxin-like function, participating for instance in elongation of
stems and maturation of fruits, which suggest a specific role for these molecules (Meli et al.
2010).

Plants do produce GPl-anchored proteins (Borner et al. 2003). They are involved in
many biological functions, such as cell surface synthesis and remodelling (Liu et al. 2013) or
pollen tube-female gametophyte interaction (Capron et al. 2008). However, compared to
their mammalian or vyeast counterparts, plant GPl-anchored proteins were only
characterized recently (Borner et al. 2003). They are structurally very similar to the ones
borne by animals or yeasts (Schultz et al. 1998). However, the presence of a galactosyl
residue linked to the 3-1,4 mannosyl of the core pentasaccharide seems to be plant specific
(Ellis et al. 2010).

In plant cell wall, cellulose microfibrils are associated to a dense network of
hemicelluloses, pectins, structural glycoproteins and lignin. A large variability on the
different proportions of these polymers is observed upon the species, tissue and
developmental stage. Hemicellulose constituents are heteroxylans, mixed-linkages glucans,
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and heteromannans, all containing B-linked backbones. Hemicelluloses roughly form one
third of the total mass of the plant cell wall (Pauly et al. 2013). Contrary to cellulose, which is
a non-ramified linear polymer reaching a degree of polymerisation (DP) of 7,000-15,000,
hemicelluloses are shorter polysaccharides of DP 100-3000 that can be extensively ramified,
which explain why galactan does not fall into that group, as it is more a pectin side chain
rather than a main chain. Here, we will focus on the heteromannan sub-group, which refers
to a group of hemicelluloses containing mannosyls residues that can be associated to
glucosyl and/or galactosyl moities. Mannans are the most abundant hemicellulosic
component of softwoods, with a widespread distribution in plant tissues. They are also
found in some algae (Domozych et al. 2012). Mannans can be divided into four groups.
Linear mannan (also called ‘pure mannan’), is made of a main chain composed of more than
90% of B-1,4 linked mannopyranosyl residues. In glucomannan, the main chain also contains
B-1,4 linked glucosyl units in various amounts. Both linear mannan and glucomannan can
bear additional «-1,6 linked galactosyl branches, to form galactomannan and
galactoglucomannan, respectively (Scheller and Ulvskov 2010) (fig. 17D). Species such as
Orchidaceae also harbour 2- and 3-O-acetylated forms of mannans (acemannan).
Glucomannan is the major component of softwoods, with a DP of 200 and a ratio Man:Glc of
3:1. It is less present in hardwoods, constituting 3-5% of cell wall, also being shorter (DP70)
and with a Man:Glc ratio of 1,5:1 to 2:1 (Hongshu et al. 2002). Galactomannans however, are
mainly found in endospermic tissue of seeds of Leguminosae, underlining that they are not
only present as structuring elements in the plant cell wall, but are also present as energy
storage compounds, called Cell Wall Storage Polysaccharides (CWSP) (Buckeridge 2010). The
abundance of galactomannans in Leguminosae, which constitute a significant part of human
diet, makes them dietary fibres as well as other plant cell wall constituents. In plants,
galactomannans were also described as signalling molecules for growth and development
(Liepman et al. 2007). Moreover, the rheological properties of galactomannan are different
to those of the other mannans. Indeed, the presence of galactosyl residues allows for a
higher hydrophilic behaviour, making galactomannan strongly involved in water retention in
order to avoid seed drying (Ferreira et al. 2009).

3.2.1.3.  Specificities of yeast and fungal mannosides

Yeasts and fungi produce essentially the same kind of mannosides as the other
eukaryotes, with the exception of hemicelluloses which are specific to plants and C-
mannosides which have been only identified in multicellular animal organisms.

However, it is worth noting that the vast majority of yeast and fungal glycoconjugates
contains substantially much more amounts of mannosyl units. Indeed, yeasts and fungi are
devoided of complex N-glycans. The N-glycan precursor synthesis in the ER is extremely
conserved in all eukaryotes, but trimming steps in the Golgi’s apparatus do vary, producing
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in yeast and fungi huge structures containing so much mannosyl units that it is termed
mannan (also sometimes termed mannoproteins) (Munro 2001; Hall and Gow 2013) (fig.
16B). Structurally, this N-glycan is close to the High mannose type found in other eukaryotes.
The main difference resides in the presence of a long Manp-a-1,6 linked side chain on the
central a-1,3 bisecting branch of the core pentasaccharide, which serves as a scaffold for
Manp-a-1-2 ramifications. These ramifications are then capped by additional a-1,3-linked
mannosyl residues. In addition, branches linked through a phosphoester linkage can be
released by acidic treatment, and form the acid-labile part of the glycan (which explains why
these proteins are sometimes called phosphopeptidomannan).

A specific feature of fungal N-glycans compared to yeasts, is the presence of 3-1,2-
linked mannosyl residues held on the a-1,2-linked ramifications (Shibata et al. 2003). More,
an additional N-acetylglucosaminyl residue a-1,4 bound to the -1,4 linked mannosyl of the
core pentasaccharide has been reported in the fruiting body of the basidiomycete
Coprinopsis cinerea (Buser et al. 2010). This observation indicates that the substitution on
this mannosyl is reign dependant, plant adding [-xylose, animals adding B-GIcNAc, and fungi
adding o-GIcNAc. Moreover, the N-glycans of the opportunistic pathogen Aspergillus
fumigates harbours Galf residues. This galactose containing glycan (termed galactomannan)
forms up to 14% of the extracellular matrix (Schmalhorst et al. 2008), and has been
implicated in A. fumigatus virulence, just as for the Leishmanian lipophosphoglycan that will
be detailed in the next pages (Loussert et al. 2010). Fucosylated oligomannose N-glycans
have been recently reported in several fungal species belonging to the phylum
Basidiomycota, indicating that fucosylation seems to be a common feature of fungal N-
glycans (Grass et al. 2011). The long a-1,6 side chain of fungal N-glycans seems to be shorter
than the yeast one or even absent, since the one of the pathogenic yeast C. albicans is on
average 41 mannosyl residues long, compared to the 100-150 residue long one found in S.
cerevisiae (Masuoka 2004). Finally, it seems that fungal N-glycans are long, and closer to
yeast ones when under budding, unicellular form, while vegetative mycelium forms mainly
HMNG, closer to the one bared by the other eukaryotes (Buser et al. 2010).

O-mannosylation is largely present in yeast and fungi, and both reigns share common
structural features that differentiates them from the other eukaryotes. Indeed, the O-
mannosides of yeast and fungi are less complex than their animal counterparts (Hall and
Gow 2013). They are almost exclusively composed of mannosyl residues, forming a chain of
a-1,2 and a-1,3 linked, 1-5 residue long. However, other sugars such as Galp, Galf and Glcp
can be present in the main chain or in ramifications, especially in filamentous fungi (Goto
2007). In the yeast S. cerevisiae, a phosphomannosyl residue can be added on any of the
mannosyl residues forming the main chain (fig. 17A).
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Synthesis of GPl-anchored proteins is essential for S. cerevisiae survival and growth
(Fujita and Jigami 2008). The GPI moiety contain either a diacylglycerol with very long
saturated fatty acid at the sn-2 position (Fankhauser et al. 1993), or a ceramide, more
precisely a phytosphingosine with a Cye.o fatty acid, or a phytosphingosine containing a
monohydroxylated Cys.9 (Conzelmann et al. 1992). Lipid remodeling steps are intimately
related to lipid raft association in biological membranes, thus directly participating in activity
tuning (Wang et al. 2013). Regarding the glycan part of the GPI anchor, in S. cerevisiae, it
mostly contains mannosyl residues a-1,2 or a-1,3 linked to the Manl, but the presence of
phosphoethanolaminyl residues on the other branching points is variable, and appears to be
removed on mature proteins (Fujita and Jigami 2008) (Fig. 17C). In fungi, C. albicans is
hypothesized to possess twice the number of GPl-anchored proteins of S. cerevisiae (Richard
and Plaine 2007). GPl-anchors are essentially identical to that of the other eukaryotes, and
their biosynthesis follows the same pathway. However, compared to other eukaryotes, in
yeasts and fungi, some mature GPl-anchored proteins can undergo an additional maturation
step. The GPl-anchor may be cleaved off the protein, between the glucosamine and the first
mannosyl moiety, in order to direct it to the cell wall, and covalently attach it to the 3-1,6
glucan (Van Der Vaart et al. 1996). A specific signal in the propeptide of the nascent protein
seems to be required to retain the GPl-anchored protein to the plasma membrane, while
those which do not possess it are directed to the cell wall (Frieman and Cormack 2003). This
signal is composed of two basic amino acids in the four amino acids upstream of the w-site
of propeptide cleavage in yeast, while in fungi this signal is only composed of a single basic
amino acid at the w-1 or w-2 sites (Quyang et al. 2013).

Fungi are also composed of a cell wall containing diverse polysaccharides. Among
them, phospholipomannan (PLM) is a mannose containing glycoconjugate, first described for
C. albicans (Trinel et al. 2002) (Fig. 17B). Its glycan part is formed by a linear chain of 3 to 20
B-1,2 linked mannosyl residues, depending on the serotype. The lipid part is formed by a
phytoceramide associating a C13/Cyo phytosphingosine and Cye, or mainly C,4 hydroxy fatty
acids, similarly to GPI anchors. The linker region between the lipid and the glycan part is
unusual, composed of a —manp-a-1-P-6-O-manp-a-1,2-inositol-1-P-lipid (M(IP)) motif, or a
repeated version, containing two inositol phosphate residues M(IP), (Trinel et al. 2005).

Some pathogenous fungi also contain a capsule, composed of a variety of
polysaccharides. It is mainly formed by association of glucuronoxylomannan (GXM) and
galactoxylomannan (GalXM) (Zaragoza et al. 2009) (fig. 17E). In the pathogenic fungi
Cryptococcus neoformans, GXM forms a long polysaccharide of 1.7 x 10° Da that comprises
more than 90% of the capsule's polysaccharide mass, and mediates multiple deleterious
effects on host immune function (Zaragoza et al. 2009). GXM is composed of a «-1,3-
mannan chain, which is branched by additional B-1,2 glucuronic acid residues each 3
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mannosyl units. Then, depending on the serotype, additional 3-1,2 or B-1,4 xylosyl residues
can be added, and mannosyl residues may be 6-O-acetylated (Cherniak and Sundstrom
1994). On the other hand, GalXM is much shorter (1.0 x 10° Da), and constitutes 5-8% of the
capsular mass. It is formed by a a-1,6-galactan backbone on which four potential short
oligosaccharidic branches can be added. These branches all consist in an a-1,3-D-Manp-a.-
1,4-b-Manp-a-1,4-D-Galp trisaccharide, which holds variable amounts of -1,2 or -1,3
xylosyl residues.

3.2.1.4. Protozoan mannosides

In some protozoans, and particularly in the Leishmania parasite species, a particular
class of mannosides is found in the glycocalyx. This molecule shares structural similarities
both with the GPl-anchor and the bacterial lipopolysaccharide (LPS), we will describe later.
This structure is known as lipophosphoglycan (LPG) (Beverley and Turco 1998). Both LPG and
LPS are intimately involved in host-pathogen interactions, as will be detailed later. LPS looks
like a GPI anchor since it is composed of a lipid tail allowing anchorage in the membrane
bilayer, a phosphoinositol linker and a glycan moiety. However, contrarily to GPl anchors,
the glycan part is much larger, and does not hold a protein (fig. 17B). LPG molecules can be
divided in four parts: i) a lipid tail (monoalkyl-lysophosphatidylinositol with saturated C,, to
Cy4 alkyl groups in Leishmania species), ii) a core heptasaccharide, containing galactosyl,
glucosyl-a-1-phosphate, mannosyl and glucosaminyl moieties, iii) a central multiple
repeated [(-D-galp-1,4-D-manp-phosphate disaccharide (15-30 repeats), and iiii) a Gal-B-
1,4(man-a-1,2)-man-o-1-phosphate cap. This molecule plays a key role in parasite invasion
and survival, mostly through the notable presence of a Galf unit in the heptasaccharide core
(Oppenheimer et al. 2011). The Galp-B-1,4-Manp-a-1-phosphate disaccharide is also largely
participating in antigenicity, and can be directly linked to GPI anchored proteins involved in
Trypanosomatidae mediated diseases (Descoteaux and Turco 1999).

3.2.2. Prokaryotic mannosides

For a long time, bacteria & archaea were considered to be devoided of post-
translational modifications other than phosphorylation. Finally it is not the case, as N- and O-
glycans have been found in many bacteria and archaea (Lommel and Strahl 2009; Calo et al.
2010; Nothaft and Szymanski 2010; Larkin and Imperiali 2011; Nothaft and Szymanski 2013).
However, it is obvious that N- and O-glycans of prokaryotic origin are necessarily different of
those of eukaryotes, since they lack both the ER and the Golgi apparatus, place of their
assembly and maturation processes in eukaryotes.

Many bacterial N-glycans have been reported, but most of their structural patterns
remain incompletely elucidated, and to date, no bacterial N-glycan structure containing
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mannose has been reported. On the contrary, genome analysis predicted N-glycosylation to
be a common post-translational modification in archaea (Kaminski et al. 2013). Archaeal N-
glycosylated proteins share several common features with bacteria and eukaryotes. Similarly
to bacteria, archaea produce a wide diversity of N-glycan structures, for which an increasing
number is being reported (Kadrcher et al. 1993; Voisin et al. 2005). There is however no
apparent structural uniformity between the different N-glycan generated, which is a specific
feature that seems to be associated with the different habitats of these organisms (Calo et
al. 2010). Contrary to bacteria, among the panel of reported archaeal structures, a great
number contain mannosyl residues. For instance, the S-layer glycoprotein from
Methanothermus fervidus has been reported to hold an hexasaccharide B-linked to Asn
(Karcher et al. 1993). The reported hexasaccharide is o-D-3-O-MeManp-1,6-0.-D-3-O-
MeManp-(1,2-a-D-Manp)s-1,4-D-GalNAc. These structures, also often contains N-acetylated
carbohydrates such as GIcNAc, GalNAc, or ManNAc, and sulfated sugars, uronic acids,
furanose forms of galactose and a unique 2-acetamido-2,4-dideoxy-5-O-Methyl-hexosulo-
1,5-pyranose, the first reported example of aldulose in a N-glycan structure (Ng et al. 2011).
Nevertheless, some structurally characterized archaeal N-glycans are structurally close to the
ones bared by eukaryotes. Indeed, the S-layer glycoprotein from Sulfolobus acidocaldarius
has been reported to contain N-glycans linked to Asn residues through a chitobiose moiety,
the largest one being 6-sulfoquinovose-Glc;Man,GIcNAc, (Peyfoon et al. 2010) (fig. 18A).
Similarly, a Thermoplasma acidophilum plasma membrane glycoprotein has been found to
contain a glycan highly mannosylated with a-1,2, a-1,3 and a-1,6 linkages, linked to the Asn
residues of proteins through a mannochitobiose trisaccharide (Yang and Haug 1979)
(fig.18A). These glycans play a key structural role, since the S-layer glycoprotein participates
to cell shaping (Eichler and Adams 2005). Disruption of genes involved in N-glycan build-up
and processing or chemical interference with these processes gave insight in the functional
roles of these glycans. It appeared that bacitracin treatment (inhibitor of Css-isoprenyl
pyrophosphate dephosphorylation) impaired flagella expression in Methanococcus deltae
(Kalmokoff et al. 1992). But inconsistency on the vital role on N-glycosylation appeared,
since some archaeal species could survive without any active N-glycosylation pathway
(Chaban et al. 2006), while others could not (Meyer and Albers 2013). However, it clearly
appeared that the presence of such glycan coating is strongly associated with the physical
challenge of survival in harsh environments. For instance, depending on the salt
concentration, variability in N-glycan pattern occur in the halophilic archaeon Haloferax
volcanii (Guan et al. 2012), while the extreme holophile Halobacterium halobium produce
sulfated or uronic acids containing N-glycans, in order to adapt itself to the presence of high
salt concentrations (Mengele and Sumper 1992). Finally, one can note that in archaea, N-
glycans are attached onto proteins at the same N-x-S/T (x#P) sequon as for eukaryotes, even
if an additional N-x-N/L/V sequon has also been reported in Halobacterium halobium (Zeitler
et al. 1998).
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O-glycosylation also occurs both in bacteria and archaea. For the latter however, O-
glycan literature is extremely scarce, and only reports examples for Halobacterium salinarum
and Haloferax volcanii, where a Glc-a-1,2-Gal disaccharide is found attached to Ser and Thr
(Mescher and Strominger 1976; Sumper et al. 1990). In bacteria on the contrary, O-
glycosylation has been reported multiple times, and an increasing amount of structural
details are available. Most of the known O-glycan containing mannosyl residues were
identified from actinomycetes glycoproteins, with a particular focus onto the human
pathogen Mycobacterium tuberculosis. Indeed, many of them are immunologically active
molecules that make an important contribution to virulence and to the host-bacteria
interaction, as will be discussed later. Protein O-mannosylation in actinomycetes resembles
O-mannosylation in yeasts. For instance, the Mycobacterium tuberculosis Apa protein has
been found to be O-mannosylated on multiple Ser/Thr in Pro rich C- and N-terminal domains
with 1 to 3 a-1,2 linked mannosyl residues (Dobos et al. 1996), even if glycans containing up
to 10 mannosyl residues and a a-1,3 linkage have been identified in the MPB83 protein from
Mycobacterium bovis (Michell et al. 2003). Several other bacteria were found to produce O-
glycans, including Corynebacterium glutamicum (Hartmann et al. 2004), Streptomyces
coelicor (Wehmeier et al. 2009), Streptococcus gordonii (Takamatsu et al. 2004), and even a
distant Gram negative bacterium such as Bacteroides fragilis (Fletcher et al. 2009) (fig. 18B).
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capsular polysaccharides.

GPl-anchored proteins have been identified in archaeal species but to date not in
bacteria (Kobayashi et al. 1997; Eisenhaber et al. 2001). Little is known about their structure,
function and biosynthesis processes. However, it seems that it is closely related to the

79



eukaryotic GPI anchor both in regards of its structure and function, since many of the
archaea where GPI anchored proteins have been identified are closely related to eukaryotes.
However, it has been shown that Methanosarcina barkeri produces glucosaminyl
archaetidylinositol, a closely related to glycosyl phosphatidylinositol molecule found in
eukaryote GPl-anchor, suggesting that as for N-glycans, some little structural discrepancies
are present between eukaryotes and prokaryotes (Nishihara et al. 1992).

Mannoglycolipids are present in many prokaryotes, but the most striking example
certainly resides in the pathogen Mpycobacterium Tuberculosis. The mycobacterial cell
envelope is a unique structure in that it forms more than 60% of the cell dry weight. One of
the features of this envelope is its exceptionally high content of mannosylated molecules.
Among them, phosphatidyl-myo-inositol mannosides (PIMs), lipomannan (LM) and
lipoarabinomannan (LAM) are of particular interest because of their strong involvement in
pathogencity (Kaur et al. 2009) (fig. 18C). They are structurally related to the LPS found in
certain Leishmanian species, as introduced above. A deeply detailed view of the structures
and biosynthesis of these components can be found in the review paper of Kaur D et al (Kaur
et al. 2009). These molecules share a common phosphatidyl-inositol lipid anchor with some
variations regarding the number, location and nature of the fatty acids (Gilleron et al. 2008).
PIMs contain a mannosylated extention of 1 to 6 mannosyl residues, named PIMi¢. The
inositol molecule can hold a-manp on the 2-position, while position 6 holds a chain of 5 a-
1,6 and a-1,2 mannosyl residues. Two additional acyl chains can be added onto position 3 of
the inositol and the C¢-OH of the mannosyl linked to position 2, to yield Ac;PIM, and
Ac,PIM,, respectively (fig. 18C). The LM molecule is slightly different of PIMs in that the
mannosyl chain linked on the 6 position of the inositol is much longer (20-25 residues) and
only contains o-1,6 linkages (Kaur et al. 2007). Moreover, this chain can hold a-1,2
ramifications, but the branching positions remain unelucidated. LAM contains in addition a
arabinan motif linked on some non-terminal mannosyl residues in the mannan core (Shi et
al. 2006). The arabinan polymer contains around 60-70 arabinofuranosyl residues depending
on the species, consisting in a main chain of a-1,5 linkages with further ramifications of -
1,3 linkages. This structure can be terminally a-1,5 mannosylated, or hold «-1,2 Man, or
Mans capping the Araf chains to form the ManLAM molecule found in M. tuberculosis. These
glycolipids are conserved among Corynebacteria, but another LM type has been identified
both in M. tuberculosis and C. glutamicum (Lea-Smith et al. 2008). It is closely related to the
LM described above (renamed thereafter LM-A) which is termed LM-B. The glycan part is
similar to LM-A, but it is anchored through a glucuronic acid diacylglycerol. The relevance of
this new mannolipid and its importance for this pathogen remains however to be assessed.

Contrarily to its cell wall, the mycobacterial capsule contains 95-99% proteins and
glycans (Ortalo-Magné et al. 1995). Among the latter, three types are encountered: o-1,4-
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glucan, arabinomannan, and mannan. a-1,4 glucan composes 80% of the total carbohydrate
content and its molecular mass reaches 100.000 Da. Arabinomanan is structurally similar to
the lipid anchored LAM, while mannan is made of a-1,6 manp residues (Ortalo-Magné et al.
1995). This mannan chain holds some branches consisting of a-1,2 linked mannosyl residues,
making it structurally closely related to mannan chain of lipid anchored arabinomannan.

Many prokaryotes secrete extracellular components, such as proteins, signaling
molecules, or polysaccharides. A good example of the latter is found in the biofilm secreted
by certain prokaryotes. For instance, the opportunistic pathogen Pseudomonas aeruginosa
produces the Psl polysaccharide, which consists in a repeated pentasaccharide containing b-
mannosyl, b-glucosyl and L-rhamnosyl residues (Byrd et al. 2009), with a molecular mass of
0.5-2 x 10° Da (fig. 18D). Another example is the biofilm formed by the plant pathogen
Xanthomonas campestris. This bacterium produces a polymer called xanthan, which
participates in plant invasion and virulence of the bacterium. It is however much more
known for its applications in food industry as a thickener or viscosifier. Xanthan is formed by
a main chain of cellulose, B-1,3 branched every 2 glucosyl units by the trisaccharide [-D-
manp-1,4-D-GlcA-1,2-D-manp (fig. 18D). The two mannosyl residues are derivatized by
additional pyruvic and acetyl groups (Crossman and Dow 2004).

3.3.Eukaryotic Mannosides Recognition by bacteria

As we saw above, almost any living organism synthesizes mannosylated
glycoconjugates and/or polysaccharides, which are exposed to the outside environment. Any
time a cell meets another cell, it is necessarily facing the glycan coat surrounding it (Boraston
et al. 2003). In the present paper, we will only consider the interactions occurring between
bacteria and the mannosides they may encounter in their environment. Bacterial-mannoside
interactions may either induce a ‘positive’ reaction, such as in symbiosis or mutualism which
generally does not imply glycan degradation, or a negative one, such as in pathogenism,
parasitism or even commensalism, where bacteria feed on the glycans harboured by other
linving cells, triggering defense mechanisms.

Depending on the ecosystem where they live, bacteria are exposed to different
mannoside structures. In all cases, carbohydrate recognition involves specific proteins which
can be directly coupled to degradation mechanisms, or induce a cascade of signal
transduction processes. In carbohydrate harvesting processes, mannoside recognition can be
directly associated to degradation, i.e when the receptor is physically connected to the
breakdowning activity, like in the case of carbohydrate binding modules (CBM), which
enhance the enzymatic efficiency by guiding the catalytic domain towards its substrate
(Zhang et al. 2014). CBMs that are specific for B-mannosides are classified in 8 CAZY families
(CBM16, 23, 27, 35, 59 and CBM26 harbored by B-mannanases of the GH5 and GH26
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families, CBM13 found in plant lectins that binds mannose, CBM29 found in a non-catalytic
component from Piromyces equi, and the CBM_NC appended to GH26 mannanase from
Cellvibrio japonicus Uedal107).

In bacteria, mannoside recognition and degradation also involve membrane
anchored receptors, which activate a signal cascade ultimately initiating or enhancing the
production of the appropriate glycan catabolic enzymes. These receptors are multi-
component systems, encoded together with mannoside degrading enzymes by
polysaccharide utilization loci (PUL) (Terrapon and Henrissat 2014b). Mannoside specific
PULs have been recently characterized, mainly in Bacteroidetes species but not only
(Martens et al. 2008a; Sonnenburg et al. 2010b; Senoura et al. 2011; Martens et al. 2011;
Kawahara et al. 2012b; McNulty et al. 2013; Cuskin et al. 2015b). Like all PULs, they code for
polysaccharide utilization systems which resemble the starch utilization system (Sus) found
in Bacteroides thetaiotaomicron VPI-5482 (Reeves et al. 1997; Shipman et al. 2000b; Cho et
al. 2001). Sus-like systems are multiple cell-envelope associated protein complexes used for
sensing, binding, and subsequent depolymerization of complex carbohydrates. Starch
recognition is mainly performed by the membrane associated SusC and SusD proteins,
providing 60% of the total starch binding affinity, the rest being provided by additional
recognition mediated by Susk and SusF (Shipman et al. 2000b). The crystal structure of the
complex SuskE-SusF and starch was recently released, highlighting the fact that they are
formed by tandem repeats of starch binding modules, providing a strong affinity toward
starch, and allows for accommodation of the 3D starch structure (Cameron et al. 2012b).
Such a mechanism, but targeting yeast mannosides by Bacteroides tethaiotamicron, has
been recently deepely characterized. In that case, two proteins (a SusD like protein and a
surface glycan binding protein specific for mannose) are involved in mannoside recognition
and sequestration, (Cuskin et al. 2015b). Also, the 3D structure of the binding element of a
probable [B-mannan degradation pathway of the thermophilic anaerobic bacterium
Caldanaerobius polysaccharolyticus ATCC BAA-17 has been described (Chekan et al. 2014). In
that case, the mannobiose and mannotriose recognition involve a solute-binding component
of an ABC transporter.

As introduced, in all cases, activation of these mannoside sequestration and
degradation pathways would be under the control of regulatory proteins, whether SusR-like
or hybrid two component systems (HTCS). They are activated when oligosaccharide resuting
from the primary degradation of the polymer by constitutively expressed mannanases are
sensed. Such a system allows for the bacterium to rapidly metabolize the generated
oligosaccharides.

For the mannoside utilization systems we just described, recognition of plant and
yeast mannans by bacteria has a clear goal, their assimilation. However, interactions
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between bacteria and eukaryotic mannosides are also implicated in cell adhesion, in most of
cases prior to invasion. For that purpose, many bacteria harbor carbohydrate binding
proteins belonging to the class of lectins called Fimbriae (or pili). These protein structures
are not classified in CBM modules of the CAZy database, because they are not contiguous
amino acid sequence within a carbohydrate-active enzyme. Fimbriae are formed by
polymerization of pilin proteins. They are widespread in Gram negative bacteria and are
responsible for adhesion to host cells, mostly through binding of glycoproteins (Lebeer et al.
2010). Different classes of fimbriae have been reported, but the archetypal one is type 1
fimbriae. Its structure forms an extracellular appendage whose top protein, FimH, has been
demonstrated to strongly bind mannosyl residues (Bouckaert et al. 2005; Wellens et al.
2008; Korea et al. 2011). Type 1 fimbriae have been implicated in the specific adhesion of
various enterobacteria to human epithelial cells (Grzymajto et al. 2013). They were also
found associated with membranous cells, a class of cells found in the Peyer's patches in the
gut epithelium, which are dedicated to antigen-transportation through the specific
involvement of glycoprotein 2, a highly N-glycosylated protein (Ohno and Hase 2010). In
addition, type 1 fimbriae is critical for the proper attachement of bacterial cells to mannose
containing exacellular polysaccharides found in biofilms (Rodrigues and Elimelech 2009).

3.4.Mannosides Degradation by micro-organisms

Degradation of mannosides is widespread in the microbial world. Mannoside
hydrolysis involves various enzymes, of which mannanases and mannosidases are the main
effectors. Mannosidases are enzymes involved in the degradation of terminal mannosyl
residues, while mannanases are endo-acting enzymes, degrading structures of high
polymerization degrees. B—mannanases and [3-mannosidases, involved in plant f-mannan
catabolism or in degradation of particular motives of yeast or mammal N-glycans, are found
in many glycoside hydrolase families of the CAZy classification, namely the families GH5,
GH26, GH1, and GH2. a-mannosidases and oa-mannanases, acting specifically on mammal
and yeast N-glycans, are classified in the GH families GH76, GH31, GH38, GH47, GH63, GH92,
GH99 and GH125.

In addition, recently, new mannoside degradation pathways have been reported,
involving 3-mannoside phosphorylases classified in the GH130 family. Created in 2011, it is
the sole enzyme family implicated in mannoside breakdown by phosphorolysis. Contrary to
what happens for glycoside hydrolases, for glycoside phosphorylases the cleavage of the
glycan interosidic bonds occurs with concomitant phosphorylation of the glycosyl residue
released from the glycan non reducing end. The number of sequences clustered in the
GH130 family has been rapidly expanding these last years, containing today no less than 653
members, separated in three subfamilies (Ladevéze et al. 2013). Like all mannoside
degrading GHs, GPs of the GH130 family act synergistically with GHs of various specificities.
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Indeed, as described in the first section of this paper, mannosides are rarely composed
exclusively of mannosyl residues. On the contrary, they are most of the time associated to
other glycosyl residues, linked with various linkages. Therefore, in order to complete
mannoside degradation, bacteria produce a highly diverse panel of glycan breakdowning
activities, of which the specificities are directly related to the mannoside structures they
have to face in their environment.

3.4.1. Soil and spring bacteria

Plant and algal B-mannans are one of the preferred substrates of bacteria living in soil
and water (Moreira and Filho 2008). B-mannan degradation is generaly carried out by a
cocktail of B-mannanases and B-mannosidases (Stoll et al. 1999), of which some have been
crystallized (Le Nours et al. 2005). Additional GH1, GH3, GH5, GH9, GH30, or GH116 f-
glucosidases, GH4, GH27, GH36, GH57, GH97 or GH110 o-galactosidases (Luonteri et al.
1998) are often associated to ensure complete assimilation of gluco- and galactomannans
(Duffaud et al. 1997). These enzymes are often permanently expressed at basal level, and
associated with CBMs in order to sequester polymeric substrates that cannot be internalized
by the cells because of their high polymerization degree (Zhang et al. 2014).

Recently, two PULs involved in [p-mannan degradation by Caldanaerobius
polysaccharolyticus ATCC BAA-17, a thermophilic bacterium isolated from hot spring
sediment, have been discovered by transcriptomics (Chekan et al. 2014). Both PULs function
in tandem in order to complete mannan metabolization. The organization of the proposed
model is typical of mannan assimilation pathway and regulation. Each of the two PULs
contains a GH5 PB-mannanase, Man5A and Man5B. First, Man5A, a membrane anchored
protein expressed at basal level, produces large manno-oligosaccharides, which are sensed
by transcriptional regulators encoded by both mannan PULs (Cann et al. 1999). These also
encode for permeases, which are probably involved in the import of these manno-
oligosaccharides. The Man5B protein, the other B-mannanase, lacks a signal peptide, which
also suggests that the subsequent steps of mannan metabolization occur intracellularly.
Interestingly, each PUL contains a putative PB-manno-oligosaccharide phosphorylases
belonging to the recently created GH130 family.

Another mannoside degrading pathway by soil bacteria, also involving GH130
enzymes, was recently discovered in Thermoanaerobacter sp.X-514, a soil bacteria specific
for B-1,2 linked manno-oligosaccharides (Chiku et al. 2014). The genomic environment of the
two GH130 encoding genes lead Chiku et al. to suggest that the two [3-1,2-oligomannan
phosphorylases are part of a salvage pathway for GDP-mannose biosynthesis, as they are
surrounded by a GH5 B-glycoside hydrolase and a GT4 mannosyltransferase (fig. 19 C2).
Indeed, in the proposed model, an ABC transporter found in the same gene cluster would
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import 3-1,2 manno-oligosaccharides gathered from phosphopeptidomannan found in the
yeast C. albicans, or from intracellular B-1-2 manno-oligosaccharides of Leishmania
mexicana (Ralton et al. 2003). The specificity of these GH130 -1,2 mannobiose and [3-1,2
manno-oligosaccharides phosphorylases, named Teth514 1789 and Teth514 1788
respectively, would allow for production of a-bD-Mannose-1-phosphate from the imported 3-
1,2 manno-oligosaccharides, thus feeding the GT4 GDP-mannosyltransferase. This study
constitutes the sole reported example of mannoside degradation mechanism coupled to a
biosynthetic pathway.

The GH130 mannosyl-glucose phosphorylase RmMGP, isolated from the alkaline hot
spring Rodothermus marinus ATCC 43812 bacterium (Jaito et al. 2014), degrades the 3-1,4
bond of the B-pD-manp-1,4-p-glc (Man-Glc) motif of plant glucomannans. Based on the the
analysis of the RmMGP containing PUL, RmMGP would be involved in p-mannan
degradation, similarly to what proposed for their Bacteroides fragilis and Rumminococcus
albus (human gut and ruminal bacteria) horthologs, we are about to discuss. The genomic
environment is conserved between these bacteria, and contains a cellobiose 2-epimerase
(CE) and two GH26 mannanases. In this model (fig. 19 A1), B-1,4-mannobiose units are
generated from mannans by GH26 mannanases, which are imported through a conserved
transporter and subsequently converted into Man-Glc by the CE. The Man-Glc disaccharide is
degraded by RmMMGP into ManlP and glucose, which feeds the central metabolism. The
generated ManlP molecules are then converted into mannose-6-phosphate by
phosphomannomutase, then into fructose-6-phosphate by phosphomannose isomerase.

3.4.2. Plant associated bacteria

In addition to the hemicellulosic B-mannans, plant associated bacteria also have a
privilegiate acces to plant N-glycans. Synergic processes are also required in order to
efficiently degrade these complex structures. Recently, the full characterization of the
bacterial plant pathogen Xanthomonas campestris pv. Campestris ATCC 33913 N-glycan
degradation PUL-like operon has been published (Dupoiron et al. 2015), demonstrating in
vitro the sequencial involvement of glycoside hydrolases in N-glycan degradation.

This PUL-like structure is composed of eight genes organized as an operon, encoding
for the eight NixE to NixL proteins involved in the synergetic degradation of the plant type,
a-1,3 fucosylated, B-1,2-xylosylated MansXylGINAc,Fuc N-glycan. In this study, the eight
targeted genes were cloned and expressed, and individually characterized, in order to
elucidate their precise role in the deconstruction of this complex glycan. These analyses
conducted to the assignement of a-fucosidase, -N-acetylglucosaminidase, 3-mannosidase,
-xylosidase, a-mannosidase and [-galactosidase activities to each of the Nix proteins. All
Nix enzymes contain a signal peptide, but characterization of type-ll secretion system
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mutants revealed that NixG is intracellular, while NixK and Nixl are the sole excreted
glycoside hydrolases of this system, the other ones being periplasmic. Basing on this very
complete analysis, the authors proposed a functional model for plant N-glycan degradation
(fig. 19 A2). In this model, the extracellular GH92 NixK removes the a-1,3 mannosyl residue,
followed by removal of the 3-1,2 xylosyl residue by the GH3 Nixl. Then, contrary to what
happens for human pathogens, a hypothetical asparaginase, Aspg, would release the glycan
from the protein. TonB-dependent transporters would import the Man,GIcNAc,Fuc into the
perisplam for further deconstruction. The GH125 NixJ would remove the a-1,6 mannosyl
residue, followed by action of the GH2 [(-1,4 mannanase. The resulting monomers and
chitobiose molecules would be translocated to the cytosol through specific transporters,
where NixG would hydrolyse the chitobiose molecule. Ultimately, the released GIcNAc
molecules would enhance the expression of the Nix operon.

3.4.3. Mammal gut bacteria

Glycan degradation by gut bacteria has been extensively studied. In particular, the
human gut microbiota has been at the centre of attention these last years, as it is directly
involved in human health. Bacteroidetes gut bacteria are prominent glycan degraders in this
ecosystem, due to the extreme diversity of CAZymes they produce, allowing them for
feeding on various diet and host polysaccharides (Martens et al. 2009a).

As the other bacteria cited above, mammal gut bacteria have a direct acces to plant
mannosides, which are part of ‘dietary fibers’. In the human gut, dietary mannans are mainly
found in the cell wall of grains and nuts. Several examples of plant B-mannan degradation
pathways have been reported in the literature. For instance, Bacteroides fragilis NCTC 9343,
a prominant human gut bacterium, possesses a PUL dedicated to mannan assimilation.
Constituting an operon, the BFO771-BF0774 genes encode for the putative GH26 mannanase
ManA, the GH130 mannosylglucose phosphorylase BfMGP (Senoura et al. 2011), a putative
sugar/cation symporter, and a cellobiose 2-epimerase (Ojima et al. 2011). As for RmMGP,
BfMGP phosphorolyzes 3-db-Manp-1,4-D-Glc into Man1P and glucose in presence of P;. This
study, which leads to the creation of the GH130 family in the CAZy database, unravelled a
unigue mannan assimilation pathway. The authors proposed a model similar to the one
decribed for RmMGP, in which the GH26 mannanase produces mannobiose units from
mannan degradation, which are translocated by the BF0073 symporter to undergo
subsequent epimerization into Man-Glc, followed by its phosphorolysis into Man1P and
glucose. Then, the end products reach the central metabolim either directly (for glucose), or
after being converted into Mannose-6-Phosphate and Fructose-6-Phosphate by
phosphomanno mutase and phosphomanno isomerase (fig. 19 Al).
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Figure 19: Pathways for mannoside degradation.

Al. Plant B-1,4-Mannan degradation by a Gram positive bacterium (example : Rumminococcus albus 7 (Kawahara et al. 2012)), A2. Plant N-glycan degradation by a Gram negative
bacterium (example: Xanthomonas campestris pv. campestris (Dupoiron et al. 2015)). B. Human High mannose and complex N-glycans degradation by Gram negative bacteria (example
Bacteroides fragilis NCTC 9343 (Nihira et al. 2013, Ladevéze et al. 2013)).

C1. S. cerevisisae N-glycan degradation by a Gram negative bacterium (example: Bacteroides thetaiotaomicron VPI-5482 (Cuskin et al. 2015)), C2. C. albicans B-1,2-Mannoside containing N-
glycan degradation coupled with GDP-Man synthesis, for a Gram positive bacterium (example : Thermoanaerobacter sp.X514 (Chiku et al. 2014)).

CE: Cellobiose 2-Epimerase; PMM: PhosphoMannose Mutase; PMI: PhosphoMannose Isomerase; FruP: Fructose-6-phosphate; MPG: MannosylPhosphate Glucuronyltransferase, TBDT:
TonB Dependant Transporter.
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Such a pathway has then be identified in other mammal gut bacteria, like
Ruminococcus albus 7, a ruminal anaerobic bacterium which efficiently degrades plant -
mannan using two synergistic GH130 mannoside phosphorylases (Kawahara et al. 2012b).
These two enzymes, RaMP1 and RaMP2, act onto B-D-manp-1,4-D-glc and [3-1,4-manno-
oligosaccharides of DP<4 respectively. RaMP1, the BfMGP hortholog, is thought to
participate to the same mannan degradation pathway together with a GH26 [3-mannanase
and a cellobiose 2-epimerase (fig. 19 Al). RaMP2, on the contrary, appeared to be different.
In addition to be able to process 3-1,4 linked manno-oligosaccharides until DP4, it showed a
much more wide tolerance to acceptor sugars in reverse-phosphorolysis reactions. Although
it is able to phosphorolyse Man-Glc, its natural substrate was demonstrated to be the
imported -1,4 linked manno-oligosaccharides generated by the GH26 mannanase. These
manno-oligosaccharides would therefore be processed by RaMP2 to yield a-dD-mannose-1-
phosphate and B-1,4 linked manno-oligosaccharides of reduced chain length, ultimately -
1,4-mannobiose, converted into Man-Glc and then processed by RaMP1.

Relying on their host to ensure their survival, gut bacteria developed other strategies
to survive in case of host’s starvation. When diet components are lacking, gut bacteria such
as Bacteroides thetaiotaomicron VPI-5482 have been demonstrated to mine on host glycans,
especially those found on the heavily glycosylated mucins proteins continuously secreted by
the host’s epithelium (Martens et al. 2008a).

In addition to plant hemicellulosic mannans, many gut bacteria are able to feed on
host N-glycans. Recently several studies targeting N-glycan metabolisation by human gut
bacteria were published, allowing to revisitate this process, which might be correlated to
inflammatory bowel diseases. Here again, these studies revealed that N-glycan
metabolisation both involves glycoside hydrolases and phosphorylases (Renzi et al. 2011;
Nihira et al. 2013b; Ladeveze et al. 2013).

In particular, several Bacteroidetes bacteria harbor GH130 enzymes involved in N-
glycan metabolization. The human gut symbiont B. thetaiotaomicron VPI-5482 possesses a
mannoside phosphorylase specific for the disaccharide 3-D-manp-1,4-D-GlcpNAc, a N-glycan
core motif. The analysis of the sourrounding genes present in the Bt1033 containing PUL
revealed the presence of four GH92, GH20, GH33 and GH18 glycoside hydrolases assigned to
a-mannosidase, B-N-acetylhexosaminidase, exo-a-sialidase, and endo-B-N-
acetylglucosaminidase activities, which would act synergistically to completely breakdown
host N-glycans. In addition, this gene cluster encodes a major facilitator superfamily
transporter, a protein of unknown function, an outer membrane lipoprotein and a TonB-
dependent oligosaccharide transporter. Based on these elements, Nihira et al., elaborated a
model of N-glycan metabolization (fig. 19B). The presence of a putative sialidase, together
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with endo-B-N-acetylglucosaminidase activities, orientated the authors to a specific
degradation of complex type host N-glycans. The proposed model is therefore in complete
accordance with the characteristics of Sus-like systems encountered in Bacteroidetes species
(Terrapon and Henrissat 2014b). First, the N-glycan would be bound by the SusC/D homologs
and released from the protein by action of GH18 endo-B-N-acetylglucosaminidase. Contrary
to plant N-glycan degradation, the deglycosylation of the host protein woud keep one N-
acetylglucosamine residues bound onto the protein. Sequestration of the N-glycan into the
periplasm would allow for subsequent deconstruction by the action of whether
characterized GH92 a-mannosidase or the hypothesized a-sialidase, 3-galactosidase and -
N-acetylhexosaminidase (Zhu et al. 2010). The resulting B-D-Manp-1,4-GIcNAc disaccharide
would finally be internalized by a predicted transporter before being processed by the
GH130 (fig. 19B).

Analysis of GH130 containing PUL-like structures at the scale of the human gut
microbiome allowed for the redefinition of the GH130 family in three sequence clusters. The
GH130_1 subfamily, which contains RaMP1, RmMGP, and BfMGP is specifically encountered
in PULs containing GH5 mannanases and GH26 mannosidases, and was therefore associated
with plant B-mannan degradation. On the contrary, the GH130_2 subfamily, which contains
Bt1033 and Uhgb_MP, another mannoside phosphorylase belonging to an unknown human
gut bacterium related to Bacteroidetes, are contained in PULs together with GH families
harbouring the required activities necessary for degradation of mature and immature
complex and high mannose type N-glycans, namely GH92 o-mannosidases, GH18 N-
acetyglucosaminidase or GH97 a-glucosidases. Specifically, Uhgb_MP, identified by high
throughput functional screening of the human gut metagenome (Tasse et al. 2010b),
presented high affinity for B-D-manp-1,4-D-GlcpNAc and B-D-manp-1,4-B-D-GlcpNAc-1,4-D-
GlcpNACc, the core trisaccharide of all N-glycans (Ladevéeze et al. 2013) (fig. 19B). Intriguingly,
this enzyme showed wide promiscuous reactions, being efficient in the degradation and
synthesis by reverse-phosphorolysis of various -1,4 manno-oligosaccharides, and is the sole
known mannoside phosphoryase active on 3-mannan. All the other GH130 sequences, which
do not show sufficient homology to be grouped under a unique subfamily, are grouped in a
non-classified group of sequences (GH130_NC). These genes are contained in PULs
associating mixed functional synergetic activities, indicating that other mannoside
degradation pathways exist (including the [B-1,2 mannoside degradation pathway of
Thermoanaerobacter sp. X-514, which falls into this group).

N-glycan foraging also occurs in mammal oral cavity. Indeed, the pathogen
Capnocytophaga canimorsus 5 possesses a large transmembranary multi-protein complex
involved in deglycosylation of complex N-glycans held on human IgG (Renzi et al. 2011). This
organism contains a PUL encoding for 5 proteins, GpdC to GpdG, sharing homology with Sus
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binding proteins. All are membrane anchored proteins associated in a stable complex. This
complex has been demonstrated to deglycosylate human IgG in vitro, the catalytic protein
being GpdG, a N-acetylglucosaminidase. One of the multiproteic constituent, GpdC, is a
porin-like protein, probably involved in import of the released N-glycan to the periplasmic
space. In addition, SiaC, a periplasm orientated membrane anchored sialidase would remove
the capping sialic acids of the complex and hybrid N-glycans. Still unidentified periplasmic
glycoside hydrolases would likely hydrolyze the internalized N-glycan.

Finally, the human gut bacterium B. Thetaiotaomicron VPI-5482 was also found to
feed on the yeast mannan, a component of the human diet (Cuskin et al. 2015b), thanks to
highly complex enzymatic machinery encoded by three PULs. The biochemical
characterization of the 15 proteins encoded by these PULs allowed elaborating the precise
mechanism by which this bacterium is so efficient to metabolise yeast mannans in the
human gut. These PULs, orchestrated around SusC/D homologs to bind and sequester
mannosides, mainly code for GH92, GH76, GH99 or GH125 a-mannosidases. The
degradation model is similar to the one of Bt1033 for complex N-glycan foraging (fig. 19 C1).
However, in that case, many extracellular a-manosidases are involved in the limited, but
sufficient, degradation of o-1,2 side chains, thus suppressing the sterical hindrance that
would restrain GH18 endo-B-N-acetylglucosaminidase from releasing the glycans from the
protein, and the subsequent translocation to the periplasm. Additional periplasmic a-1,2, a-
1,3 and a-1,6 mannosidases have been specifically demonstrated to act in a sequential
manner, in order to progressively release mannosyl units that are imported to the cytosol.
Here again, these PULs also encode for still uncharacterized GH130 enzymes, which thus
may be involved in yeast mannan degradation.

3.5.Conclusion

The widespread distribution of mannosides in nature is at the scale of their
importance in biological processes. Being present in all reigns, these glycans are central
elements of life, playing a key role as structural molecules or energy sources and in the cell-
cell interplay.

To face their structural diversity, bacteria developed many complex catabolic
pathways, involving various carbohydrate active enzymes to efficiently catalyze glycan
assimilation and ensure metabolic regulation. These strategies, especially those designed by
Bacteroidetes species, rely on dedicated PULs for complex glycan assimilation. These
particular genomic loci, which are often exchanged between bacteria by horizontal gene
transfers (Lozupone et al. 2008; Tasse et al. 2010b), are at the basis of their successful
distribution in ecosystems. If the role of glycoside hydrolases in mannoside catabolism is
known for many years, an increasing number of studies continuously reveal the involvement
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of mannoside phosphorylases in plant, mammal, and probably also yeast mannoside
breakdown. Many anaerobic bacteria rely on their specific use in order to optimize energy
consumption during glycan metabolisation. Using phosphorolysis rather than hydrolysis may
also serve other purposes. Indeed, Bacteroides fragilis and other Bacteroidetes species are
lacking the phosphotransferase sugar import system, (Brigham and Malamy 2005), an active
transport relying on the immediate phosphorylation of imported simple sugars which
generates a continuous flow of metabolites towards the cell, preventing carbohydrate
leakage. Therefore, phosphorylation appears as serving a dual interest, saving energy and
maximizing carbohydrate speed entry. Moreover, sugar-1-phosphate molecules are pivotal
metabolites linking catabolic processes to anabolism, as most of them are substrates of
nucleotidyltransferases that yield nucleotide-activated sugars that can readily be used by
bacteria to produce a broad array of glycans.

However, the role of glycoside phosphorylases in glycan foraging is probably
underestimated, due to the difficulty to differenciate them from real glycoside hydrolases
and Leloir glycosyltransferases by using only sequence-based functional genomics and
metagenomics.

More generally, bacterial metabolization of mannosides is susciting an increasing
interest, and continuously reveals novel pathways of mannose foraging. Particular efforts
should be dedicated to the study of human glycan catabolism of pathogenic bacteria with
the ultimate goal of controlling deleterious bacterial-host interactions.
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Thesis goals

As introduced in the previous chapters, CAZymes play a key role in the
metabolization of the numerous plant, host and microbial glycans by human gut bacteria. In
particular, mannoside recognition and degradation are central elements of interactions
between gut microbes, their host, and dietary components. However, despite the recent
fascinating studies on mannoside metabolization by gut bacteria, in particular those
belonging to the Bacteroides genus, much remains to be done in order to identify and
characterize some of the main actors of these catabolic pathways. In particular, the role of
glycoside phosphorylases in glycoside metabolization by anaerobic bacteria is probably
underestimated, because of the lack of studies targeting these original enzymes, which are
both able to breakdown and to create glycosidic linkages.

In this context, the main goal of my thesis was to identify the function of enzymes
classified in the glycoside hydrolase GH130 family, that are produced by highly prevalent
cultivated and uncultivated Bacteroides species. When this project started, in October 2011,
the picture of the GH130 family was the following: only one GH130 member was functionally
characterized (BfMGP, a monospecific enzyme acting on B-D-Mannopyranosyl-1,4-p-glucose,
a disaccharide released during the last steps of glucomannan breakdown), and four GH130
3D structures were available, with no associated function.

At that stage, a lot of questions arose, to which we were committed to answer during this
thesis:

» Are GH130 enzymes dedicated to B-D-Manp-1,4-D-Glcp phosphorolysis, or do they
process various other substrates?

» In particular, are they all specific for mannosides?

» What is the catalytic amino acid of these enzymes, and which mechanism do they use?

» What are the structural determinants of their substrate specificity?

» What are their physiological roles in the human gut ecosystem?

» Would it be possible to control their activity if it is deleterious for human health?

» Does the GH130 family also contain members acting as hydrolases, as it is the case for
several GPs containing CAZy families?

» If so, which are the structural differences harbored by GH130 hydrolases and

phosphorylases?
» Are the activities displayed by the GH130 members relevant for biotechnological
applications?

The work carried out for three years to answer these questions is presented in the
four following chapters.
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First article

Functional metagenomics is a powerful tool to mine ecosystems by directly focusing
on the catalytic activities of interest. It is a valuable strategy to save money, optimize and
rationalize research efforts. In our team, the functional metagenomics of the human gut
microbiota (Tasse et al., 2010), focusing primarily on dietary fiber deconstruction, allowed
one to identify dozens of original enzymes of unknown function, belonging to novel CAZy
families. One of them in particular, called latter on Uhgb_MP, caught our attention. First,
this enzyme of unknown function appeared to be very prevalent in the human gut.
Characterizing it regarding its activity, with the aim of understanding its in vivo role, was the
first objective of this PhD project. In 2011, Uhgb_MP sequence was classified in the GH130
CAZy family, which contained at the beginning of my PhD, only one functionally
characterized member. This enzyme is BfMGP, a mannoside phosphorylase from B. fragilis
which was in 2011, the unique known phosphorylase producing a-b-mannose-1-phosphate.

In order to understand which role is played by Uhgb _MP and its homologs in
carbohydrate foraging, we used primary structure analysis, kinetics, NMR, site-directed
mutagenesis, 3D modelling and docking in combination with PUL and GH130 prevalence
analyses at the scale of the entire human gut ecosystem. The results are presented in the
following paper, published in Journal of Biological Chemistry in 2013. They were partly
obtained in collaboration with B. Henrissat and V. Lombard, who hosted me at the AFMB
(CNRS Marseilles) during several weeks for creation of the GH130 subfamilies and
identification of the GH130 containing PULs.

Moreover, this work highlighted the great substrate promiscuity harbored by
Uhgb_MP, which makes it an interesting tool for glycodiversification for industrial purposes.
It concerns not only the synthesis of the expensive [-D-mannopyranosyl-1,4-N-acetyl-D-
glucosamine or [-D-mannopyranosyl-1,4-chitobiose, but also various oligosaccharides
containing B-1,4-D-mannopyranosyl units at the non-reductive end, using mannan, a low
cost agroresource, as feedstock. These applications have been patented in 2013 (European
Patent N° EP13306108.5, international extension N° PCT/EP2014/066565) (Appendix).
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Significance: Glycoside phosphorylases are key enzymes of host glycan catabolism by gut bacteria.

To metabolize both dietary fiber constituent carbohydrates
and host glycans lining the intestinal epithelium, gut bacteria
produce a wide range of carbohydrate-active enzymes, of which
glycoside hydrolases are the main components. In this study, we
describe the ability of phosphorylases to participate in the break-
down of human N-glycans, from an analysis of the substrate speci-
ficity of UhgbMP, a mannoside phosphorylase of the GH130 pro-
tein family discovered by functional metagenomics. UhgbMP is
found to phosphorolyze p-p-Manp-1,4-B-pD-GlcpNAc-1,4-D-
GlcpNAc and is also a highly efficient enzyme to catalyze the syn-
thesis of this precious N-glycan core oligosaccharide by reverse
phosphorolysis. Analysis of sequence conservation within family
GH130, mapped on a three-dimensional model of UhgbMP and
supported by site-directed mutagenesis results, revealed two
GH130 subfamilies and allowed the identification of key residues
responsible for catalysis and substrate specificity. The analysis
of the genomic context of 65 known GH130 sequences belong-
ing to human gut bacteria indicates that the enzymes of the
GH130_1 subfamily would be involved in mannan catabolism,
whereas the enzymes belonging to the GH130_2 subfamily
would rather work in synergy with glycoside hydrolases of the
GH92 and GH18 families in the breakdown of N-glycans. The
use of GH130 inhibitors as therapeutic agents or functional
foods could thus be considered as an innovative strategy to
inhibit N-glycan degradation, with the ultimate goal of protect-
ing, or restoring, the epithelial barrier.
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The human gut microbiota is a dense and complex ecosys-
tem, which plays a crucial role in maintaining human health.
The many meta-omic studies carried out in the last few years
have shown that certain metabolic diseases, such as obesity, and
some inflammatory diseases, such as inflammatory bowel dis-
eases (IBD)?* (1-4), are associated with structural and func-
tional imbalances of the microbiota (5). The catabolism of com-
plex carbohydrates by gut bacteria plays a key role in the
microbial colonization and equilibrium of the digestive tract (6,
7). Indeed, the plant polysaccharides (cellulose, hemicelluloses,
pectin, and resistant starch) that compose dietary fiber supply
the main source of carbon for gut bacteria, in the form of mon-
osaccharides produced by polysaccharide breakdown, such as
glucose, xylose, arabinose, uronic acids, and to a lesser extent,
galactose, mannose, and rhamnose (8). In particular, mannose
is found in plant cell walls, in mannan and glucomannan, the
backbones that consist of a homopolymer of B1,4-linked
D-mannopyranosyl residues and a heterogeneous sequence of
B1,4-linked p-glucopyranosyl and b-mannopyranosyl units (9).
There is, however, a further source of complex carbohydrates in
the gut, namely the heavily O- and N-glycosylated glycopro-
teins that line the intestinal epithelium to form a protective
barrier against pathogens and chemical and mechanical aggres-
sion (10). Although host O-glycans are rich in N-acetylhexo-
samines (GlcNAc, GalNAc, and Neu5Ac), galactose and fucose,
many mature N-glycans contain eight «- and B-linked p-man-
nopyranosyl residues linked to chitobiose (Fig. 1) (11). Human
glycan-microbial interactions in the gastrointestinal tract play a
crucial role in determining the outcome of relations of both
commensals and pathogens with the host. Indeed, alterations in

2 The abbreviations used are: IBD, inflammatory bowel disease; GT, glycosyl-
transferase; GH, glycoside hydrolase; PL, polysaccharide lyase; GP, glycoside
phosphorylase; DP, degree of polymerization; CE, carbohydrate esterase;
BfMP, B. fragilis NCTC 9343 mannosylglucose phosphorylase; HPAEC-PAD,
high performance anion exchange chromatography with pulsed ampero-
metric detection; PDB, Protein Data Bank; pNP, p-nitrophenyl.
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FIGURE 1. Schematic representation of N-glycan processing by glycoside hydrolases and phosphorylases. Green spheres, mannosyl residues; blue
squares, N-acetyl-D-glucosamine residues. The genomic cluster containing the GH130_2 encoding gene and other ones involved in N-glycan processing are
shown for B. stercoris ATCC 43183 genome, and the UhgbMP encoding metagenomic clone (accession number GU94293). CAZyme encoding genes are colored
according to the linkage they break down in the N-glycan structure, based on known biochemical data of the families to which they belong.

the structure and/or quantity of host glycans due to biosyn-
thetic defects or microbial degradation alter their barrier func-
tion and are thought to be involved in the initiation and the
maintenance of mucosal inflammation in IBDs and in the
development of intestinal cancer (12).

To breakdown these complex carbohydrates of either plant
or human origin, gut bacteria produce a full repertoire of car-
bohydrate-active enzymes (CAZymes, listed in the CAZy data-
base (13)), of which glycoside hydrolases (GHs) are the main
constituents, as revealed by Gill et al. (14). In particular, the
degradation of dietary mannans requires both endo-f3-man-
nanases and (B-mannosidases to release mannose (15). The
hydrolysis of N-glycans by a broad consortium of endo- and
exo-, a-, and B-glycosidases, in particular those produced by
the prominent gut bacterium Bacteroides thetaiotaomicron
(16 -20), has also been described. Until August, 2013, only gly-
coside hydrolases (GHs) have been implicated in N-glycan
breakdown.

However, other types of CAZymes participate in the break-
down of complex carbohydrates, particularly those of plant ori-
gin, by working in synergy with GHs as follows: carbohydrate
esterases (CE), polysaccharide lyases (PLs), and glycoside phos-
phorylases (GPs). The presence of CEs and PLs is readily detect-
able in gut bacterial genomes, metagenomes, and metatran-
scriptomes, because they are sufficiently divergent from GHs as
to be classified in their own CAZyme families. This is not the
case for GPs, which are found both in the glycosyltransferase
(GT) and glycoside hydrolase families, depending on the
sequence and catalytic mechanism similarities shared with GT
and GH archetypes, respectively. The prevalence of GPs and
their role in the metabolism of carbohydrates is therefore diffi-
cult to evaluate on the basis of sequence data alone, as a given
family of GHs (or of GTs) may include both GHs (or GTSs) as
well as GPs. GPs catalyze the breakdown of a glycosidic linkage
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from oligosaccharide or polysaccharide substrates with con-
comitant phosphate glycosylation to yield a glycosyl-phosphate
product and a sugar chain of reduced length. These enzymes
are also able to perform reverse phosphorolysis (in the so-called
“synthetic reaction”) to form a glycosidic bond between the
glycosyl unit originating from the glycosyl-phosphate, which
acts as the sugar donor, and a carbohydrate acceptor (23).
Retaining GPs, for which phosphorolysis occurs via overall
retention of the substrate anomeric configuration, are found in
CAZy families GT4, GT35, and GH13. Inverting GPs are clas-
sified in families GH65, GH94, GH112, and GH130. Inverting
GH-related GPs and hydrolytic enzymes use a similar single
displacement mechanism, differing in the requirement of GPs
for a single catalytic residue (the proton donor), and inverting
GHs for two catalytic residues. In GP-catalyzed reactions, the
reaction begins with the direct nucleophilic attack by phos-
phate to the glycosidic bond with the aid of the catalytic residue,
which donates a proton to the glycosidic oxygen atom and then
proceeds through an oxocarbenium cation-like transition state.
In GH reaction mechanisms, the nucleophilic attack of the C-1
of the glycoside is performed by a water molecule activated by
the catalytic base. The natural structural and functional diver-
sity of GPs thus appears to be highly restricted because of the
following: (i) they are found in only 7 of the 226 GH and GT
families listed in the CAZy database (March 2013); (ii) approx-
imately only 15 EC entries are currently assigned to GPs (24);
(iii) their specificity toward glycosyl phosphates is limited to a-
and B-p-glucopyranose 1-phosphate (25-29), which are the
most prevalent substrates; a-D-galactopyranose 1-phosphate
(30); N-acetyl-a-p-glucosamine 1-phosphate (31), and a-b-
mannopyranose 1-phosphate (32). In July 2013, a-pD-mannopy-
ranose 1-phosphate specificity was described for just one
enzyme produced by a human gut bacterium, the Bacteroides
fragilis NCTC 9343 mannosylglucose phosphorylase (BfMP),
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which converts 3-pD-mannopyranosyl-1,4-pD-glucopyranose and
phosphate into a-p-mannopyranose 1-phosphate and p-glu-
cose (32). This enzyme has been implicated in the catabolism of
linear dietary mannans, assisted by a 8-1,4-mannanase and a
mannobiose 2-epimerase. During review of this study, Nihira ez
al. (33) reported the discovery of a metabolic pathway for
N-glycans, which includes a 8-p-mannosyl-N-acetyl-1,4-p-glu-
cosamine phosphorylase named BT1033, produced by the
human gut inhabitant B. thetaiotamicron VPI-5482. BEMP and
BT1033 are two of the four enzymes to be characterized in the
recently created GH130 family, which includes a total of 447
entries, from archaea, bacteria, and eukaryotes. The other char-
acterized GH130 enzymes are RaMP1 and RaMP2 from the rumi-
nal bacterium Ruminococcus albus NE1 (34). These enzymes have
also been proposed to participate in mannan catabolism in the
bovine rumen and are assisted by an endomannanase and an epi-
merase, via RaMP2- and RaMP1-catalyzed phosphorolysis of
B-1,4-manno-oligosaccharides and 4-O-f-D-mannopyranosyl-p-
glucopyranose, respectively (34). X-ray crystallographic studies
show that GH130 enzymes share a 5-fold B-propeller fold. Cur-
rently, atomic coordinates data sets for four protein structures are
available in the RCSB Protein Data Bank (35) as follows:
BACOVA_03624 protein from Bacteroides ovatus ATCC 8483
(3QC2); BDI_3141 protein from Parabacteroides distasonis
ATCC 8503 (3TAW); BT_4094 protein from Bacteroides
thetaiotamicron VPI-5482 (3R67), and TM1225 protein from
Thermotoga maritima MSB8 (1VKD). However, no function has
yet been attributed to these four proteins, thus limiting the under-
standing of structure specificity relations for GH130 enzymes and
the investigation of their catalytic mechanism.

Recently, the sequence of another GH130 enzyme, which we
refer to as UhgbMP (unknown human gut bacterium mannoside
phosphorylase, GenBank™ accession number ADD61463.1), was
discovered by functional metagenomics of the human gut
microbiota (36). The 36.6-kbp metagenomic DNA fragment
containing the UhgbMP-encoding gene was taxonomically
assigned to an as yet unidentified bacterium belonging to the
genus Bacteroides. However, UhgbMP itself presents 99% pro-
tein sequence identity with the hypothetical protein BACSTE_
03540 from Bacteroides stercoris ATCC 43183 (accession num-
ber EDS13361.1).

Here, we present an integrative approach, based on analyses
of UhgbMP substrate specificity and of metagenomic and
genomic data at the level of the entire human gut ecosystem, to
reveal the role of UhgbMP and of 64 other GH130 enzymes
produced by known gut bacteria in the breakdown of host and
dietary mannose-containing glycans. In addition, we establish
the molecular basis of GH130 enzyme catalysis, supported by
the experimental results of rational engineering of UhgbMP
and the analysis of its three-dimensional molecular model.
Finally, we discuss the potential of this enzyme for the develop-
ment of therapeutic agents and functional foods to inhibit
N-glycan degradation, with the ultimate goal of protecting the
epithelial barrier in the IBD context.

EXPERIMENTAL PROCEDURES

Recombinant UhgbMP Production and Purification—First,
the UhgbMP encoding gene was PCR-amplified from the Esch-
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erichia coli metagenomic clone (GenBank™ accession number
GU942931) using primers forward 5-AGTATGAGTAG-
CAAAGTTATTATTCCTTGG-3' and reverse 5'-TCAGATGA-
TGCTTGTACGTTTGGTAAATTC-3’, by using the Expand
Long Template PCR kit (Roche Applied Science).

To allow heterologous UhgbMP production in E. coli with
His, tag at the N-terminal extremity, the PCR product was puri-
fied and subsequently cloned into the pCR8/GW/TOPO entry
vector (Invitrogen), and then into the pDEST17 destination
vector (Invitrogen), according to the manufacturer’s recom-
mendations. E. coli BL21-Al cells (Invitrogen) harboring the
UhgbMP-encoding plasmid were cultured at 20 °C for 24 h in
ZYM-5052 autoinduction medium (37) supplemented with 100
pg/ml ampicillin, inoculated at Agy, ., 0.1. Cells were har-
vested and resuspended in 20 mm Tris-HCI, pH 7.0, 300 mm
NaCl, and lysed by sonication. Soluble lysate was applied to a
TALON resin loaded with cobalt (GE Healthcare) equilibrated
in 20 mm Tris-HCI, pH 7.0, 300 mm NaCl. After column wash-
ing with 8 volumes of the same buffer supplemented with 10
mM imidazole, the protein was eluted in 20 mm Tris-HCI, pH
7.0, 300 mMm NaCl, 150 mum imidazole. Finally, the protein sam-
ple was desalted on a PD-10 column (GE Healthcare) and eluted
in 20 mm Tris-HCI, pH 7.0, 0.1% Tween 80 (v/v). In these con-
ditions, 84% of UhgbMP remained soluble after 8 days at 4 °C,
thus allowing further functional characterization. The purity of
the purified wild-type UhgbMP and mutants was evaluated
higher than 95% by SDS-PAGE using Any kD™ Mini-
PROTEAN® TGX™ Precast Gel (Bio-Rad) (supplemental Fig.
1). After migration, proteins were stained with the PageBlue Pro-
tein Staining Solution (Thermo Scientific) according to the man-
ufacturer’s recommendations. Protein concentrations were
determined by spectrometry using a NanoDrop® ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA)
The NanoDrop® measurement error was 5%. The calculated
extinction coefficient of the purified UhgbMP fused to an N-ter-
minal His® tag was 76 630 M~ '-«cm ™"

UhgbMP Mutagenesis—Site-directed mutagenesis was per-
formed by using the pDEST17 plasmid harboring the wild-type
UhgbMP encoding gene as PCR template and the primers
5'-ATGGCTGTGCCAATACCGTAACCG-3' and 5'-TACG-
GTATTGGCACAGCCATAGTAT-3' for D304N mutant, 5'-
GTATGGCTACAACCCACGCGTGTGCT-3" and 5'-ACGC-
GTGGGTTGTAGCCATACACCCA-3’ to obtain the D104N
mutant, 5'-AACCGTACCAATGCATGGGCGATGT-3" and
5'-ATGCATTGGTACGGTTCGCGC-3’ for the E273Q mutant,
and finally 5'-TGGCGAGGACCCGCGCGT-3" and 5'-TCCTC-
GCCATACACCCAGGTACCGA-3’ for the Y103E mutant. The
PCR products, amplified with the Phusion® High Fidelity DNA
polymerase (New England Biolabs), were purified and digested by
Dpnl (New England Biolabs) before E. coli TOP10 transformation.
Protein production and purification were identical for wild-type
UgbMP and its variants.

Enzyme Assays—All reactions were carried out at 37 °C
(wild-type UhgbMP optimal temperature) in 20 mm Tris-HCI,
pH 7.0 (wild-type UhgbMP optimal pH). Syntheses of manno-
oligosaccharides from a-p-mannopyranose 1-phosphate were
performed with 0.1 mg/ml purified UhgbMP during 24 h at
37 °Cin 20 mm Tris-HCl, pH 7.0, with 10 mm of a-p-mannopy-
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ranose 1-phosphate (Sigma, reference M1755), and 10 mm of
D-glucose, b-mannose, D-galactose, b-fructose, N-acetyl-p-glu-
cosamine, [-p-mannopyranosyl-1,4-N,N’-diacetylchitobiose
(Dextra, UK, reference MC0320), L-rhamnose, D-altrose, p-al-
lose, p-fucose, L-fucose, D-mannitol, D-sorbitol, p-lyxose, xyli-
tol, L-xylose, D-xylose, L-arabinose, or D-cellobiose.

Phosphorolysis kinetic parameters were determined with
0.01 mg/ml of purified enzyme by quantifying a-p-mannose
1-phosphate release rate from 0.5 to 10 mM inorganic phos-
phate (10 mMm corresponding to the intracellular concentration
of inorganic phosphate that was previously measured in bacte-
ria (38)) and 1-10 mm of B-pD-mannopyranosyl-1,4-D-glucose
(Carbosynth, UK, reference OM04754), 0.4—4 mm [3-1,4-D-
mannan (Megazyme, Ireland, reference P-MANCB), 1-20 mm
B-p-mannopyranosyl-1,4-p-mannose (Megazyme, Ireland, ref-
erence O-MBI), 0.1-1 mm pNP-B-pD-mannopyranose, or 0.05—
0.5 mM of B-p-mannopyranosyl-1,4-N,N’'-diacetylchitobiose
(Dextra, UK, reference MCO0320). Reverse phosphorolysis
kinetic parameters were determined with 0.01 mg/ml purified
enzyme by quantifying a-pD-mannopyranose 1-phosphate con-
sumption rate from 0.5 to 10 mM a-pD-mannopyranose 1-phos-
phate and 5-40 mMm of p-mannose, D-glucose, D-galactose,
p-fructose, or N-acetyl-p-glucosamine, or 0.1-40 mMm of N,N'-
diacetylchitobiose (Dextra, UK, reference C8002). The appar-
ent kinetic parameters for phosphorolysis and reverse phos-
phorolysis at fixed initial concentrations of inorganic
phosphate and a-p-mannose 1-phosphate, respectively, were
determined by fitting the initial rates of a-p-mannose 1-phos-
phate release and consumption to the Michaelis-Menten equa-
tion. The kinetic parameters for phosphorolysis and synthesis
of B-p-mannopyranosyl-1,4-N,N’-diacetylchitobiose and 3-D-
mannopyranosyl-1,4-p-mannose were determined by varying
carbohydrates, a-pD-mannose 1-phosphate or inorganic phos-
phate concentrations, and by fitting the initial rates of a-p-
mannose 1-phosphate release and consumption to the sequen-
tial random Bi Bi mechanism equation (39). Nonlinear
regression was performed with SigmaPlot enzyme kinetics
module, version 1.3 (Systat Software, Inc., San Jose, CA).
UhgbMP-specific activity toward 3-1,4-D-manno-oligosaccha-
rides, was determined with 0.1 mg/ml purified enzyme by quan-
tifying a-p-mannopyranose 1-phosphate release rate from 10
mM inorganic phosphate and 10 mM B-pD-manno-oligosaccha-
rides of polymerization degree 2—6 (Megazyme, Ireland). The
percentage of UhgbMP inhibition by exogenous carbohydrates
or polyols was measured with 0.1 mg/ml purified enzyme by
quantifying a-pD-mannopyranose 1-phosphate consumption
rate from 10 mMm a-D-mannopyranose 1-phosphate as glycosyl
donor, with and without 10 mm of L.-rhamnose, p-altrose, p-al-
lose, p-fucose, b-mannitol, b-sorbitol, b-lyxose, xylitol, L-xy-
lose, p-xylose, L-arabinose, or b-cellobiose.

The percentage of reverse phosphorolysis activity of the
D104N, D304N, and E273Q variants, compared with that of the
wild-type enzyme, was determined with 0.1 mg/ml of purified
proteins by quantifying a-p-mannopyranose 1-phosphate con-
sumption rate from 10 mm a-D-mannopyranose 1-phosphate
as glycosyl donor and 10 mM p-mannose as acceptor. a-D-
Mannopyranose 1-phosphate was quantified by using high
performance anion exchange chromatography with pulsed
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amperometric detection (HPAEC-PAD). Carbohydrates and
a-D-mannopyranose 1-phosphate were separated on a 4 X 250
mm Dionex CarboPak PA100 column. A gradient of sodium
acetate (from 0 to 150 mM in 15 min) and an isocratic step of 300
mM sodium acetate in 150 mm NaOH was applied at a 1
ml'min~" flow rate. Detection was performed using a Dionex
ED40 module with a gold working electrode and a Ag/AgCl pH
reference. Finally, the hydrolytic or phosphorolytic behavior of
the wild-type UhgbMP and its Y103E variant was assessed by
using 1 mm pNP-B-p-mannopyranose, in the absence or pres-
ence, respectively, of 10 mm inorganic phosphate. The pNP
release was monitored at A,s,,,, on a carry-100 UV-visible
spectrophotometer (Agilent Technologies). Between three and
five independent experiments were carried out to determine
initial activity, kinetic constants, and percentage of inhibition
by carbohydrates and polyols of wild-type UhgbMP and its
mutants. For all reaction rate measurements, it was checked by
HPAEC-PAD that less than 10% of substrate was consumed
and that the amount of consumed or released a-pb-mannopyra-
nose 1-phosphate increased linearly with time.

NMR Spectroscopy—Freeze-dried reaction media were
exchanged twice with 99.9 atom % D,O and lyophilized. Deu-
terium oxide was used as the solvent, and sodium 2,2,3,3-tetra-
deuterio-3-trimethylsilylpropanoate was selected as the inter-
nal standard. "H and *C NMR spectra were recorded on a
Bruker Advance 500-MHz spectrometer using a 5-mm z-gra-
dient TBI probe at 298 K, an acquisition frequency of 500.13
MHz, and a spectral width of 8012.82 Hz. Spectra were
acquired and processed using TopSpin 3.0 software. The vari-
ous signals were assigned by comparison with signals obtained
from a-p-mannopyranose 1-phosphate, B-D-mannopyranosyl-
1,4-pD-mannose (Megazyme, Irleland, reference O-MBI), B-b-
mannopyranosyl-1,4-p-glucose (Carbosynth, UK, reference
OMO04754), or B-p-mannopyranosyl-1,4-N,N’-diacetylchito-
biose (Dextra, UK, reference MC0320), used as standards.

Three-dimensional Molecular Modeling—The UhgbMP
sequence was submitted to the I-TASSER server for automated
protein structure and function prediction (40). The homolo-
gous T. maritima TM1225 structure (PDB accession code
1VKD) was used to provide spatial restraints. The three-dimen-
sional model of UhgbMP predicted by I-TASSER was then fur-
ther refined by energy minimization using the CFF91 force field
implementation in the DISCOVER module of the InsightII soft-
ware suite (Accelrys, San Diego). The CFF91 cross-terms, a har-
monic bond potential, and a dielectric constant of 1.0 were
specified in the energy function. An initial minimization was
performed with positional restraints on the protein backbone
using a steepest descent algorithm followed by conjugated gra-
dient minimization until the maximum RMS energy gradient
was less than 0.5 kcal mol™* A~'. The system was then fully
relaxed without positional restraints. a-p-Mannopyranose
1-phosphate, B-p-mannoheptaose, and B-p-mannopyranosyl-
1,4-N,N’-diacetylchitobiose were manually docked into the
active site of UhgbMP. The ligand complexes were then opti-
mized according to the minimization protocol described above
with the ligand molecules free to move. Molecular graphics
images were produced using PyMOL software (Schrodinger,
LLC).
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GH130 Multiple Sequence Alignment Analyses—The 369
public sequences of GH130 enzymes listed in the CAZy data-
base in January, 2013, were aligned with MUSCLE version 3.7
(41). A distance matrix was generated from the multiple sequence
alignment using the BLOSUMG62 amino acid residue substitution
matrix. The output result file was subjected to hierarchical cluster-
ingusing Ward’s method (39), and the resulting tree was visualized
using DENDROSCOPE 3 (42). Two sequence clusters were clearly
apparent, members of which were accordingly assigned to the
GH130_1 or GH130_2 subfamilies.

Position-dependent amino acid residue variation in multiple
sequence alignment data were analyzed using the Shannon infor-
mation entropy measure (H), calculated using SEQUESTER soft-
ware. The Shannon entropy (H,) at residue alignment position
(X), corrected for the normalized frequency of residue type occur-
rence, is computed as shown in Equation 1,

20

E P N Py

i=1

HX - 20
Zpi In p;

i=1

where p is the conditional probability of residue type i occur-
rence at alignment position X, and p; is the normalized proba-
bility of residue type i occurrence at any position. To minimize
sampling bias, normalized residue type probability values were
taken as those documented by Ranganathan and co-workers
(43),? garnered from sequence data for all natural proteins. Val-
ues of H, lie in the range 0—1; a zero value corresponds to a fully
conserved residue position, and a value of unity represents a
distribution in which each residue type has an equal chance of
occurrence. SEQUESTER appends Shannon entropies at
aligned residue positions in a chosen reference protein struc-
ture to an atomic coordinate data file for convenient three-
dimensional visual display.

GH130 Genomic Context Analysis—The analysis of the hab-
itat of the organisms displaying these 369 GH130 sequences, as
referenced in the GOLD database, allowed us to sort out 28
public genomes of human gut bacteria that display GH130
sequences. The genomic context of these 63 sequences, as well
as of the UhgbMP and the GenBank™ ADD61810 sequences
belonging to the metagenomic sequences GU942931 and
GU942945, respectively, was analyzed to identify the CAZy
encoding genes that are present in the same multigenic cluster
as a GH130_1 or a GH130_2 encoding gene. CAZy encoding
genes were searched on the same DNA strand as the GH130
encoding gene, with an increment of 10 kbp maximum
upstream or downstream the GH130 sequence. For each glyco-
side hydrolase (GH), polysaccharide lyase (PL), or CE family,
the frequency of co-occurrence in a multigenic cluster with a
GH130_1 or a GH130_2 sequence was calculated, pondered by
the number of GH130_1 or GH130_2 sequences, and used as
edge attributes in a Cytoscape representation. In total, 74 and
62 co-occurrences of GH, PL, or CE sequences with GH130_1

3 0. Rivoire, and R. Ranganathan, unpublished data.
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TABLE 1

Apparent kinetic parameters for phosphorolysis and reverse phos-
phorolysis reactions catalyzed by UhgbMP, calculated from three to
five independent experiments

Substrate concentrations were as follows: phosphorolysis, 10 mm inorganic
phosphate and 1-20 mMm B-D-mannopyranosyl-1,4-pD-mannose; 1-10 mm B-b-
mannopyranosyl-1,4-p-glucose, 0.4 — 4 mmp-1,4-p-mannan, or 0.1-1mm pNP-f3-
D-mannopyranose, and 5 mM inorganic phosphate and 0.05— 0.5 mMm 3-D-mannopy-
ranosyl-1,4-N,N'-diacetylchitobiose; reverse phosphorolysis, 10 mM a-D-mannopyranose
1-phosphate and 5-40 mm D-glucose, D-mannose, D-galactose, D-fructose, or
N-acetyl-p-glucosamine, and 5 mM a-D-mannopyranose 1-phosphate and 0.1-1
mM N,N'-diacetylchitobiose.

Phosphorolysis

Glycoside substrates Ko app Keat anp Keat app/ Kum app

(mM) (s (s'mM™)
B-D-mannopyranosyl-1,4-D-mannose 1.1+0.04 1.1£0.01 1.04
B-D-mannopyranosyl-1,4-D-glucose 47+6 61+6 1.27
B-1,4-D-Mannan 22+04 3.1+03 1.41
B-D-mannopyranosyl-1,4-N,N'-diacety! chitobiose 0.018 + 0.003 0.072 + 0.002 4.0
pNP-B-D-mannopyranose 0.4£0.1 0.009 £ 0.0001 0.02

Reverse-phosphorolysis

Glycoside acceptors Ko app Keat anp Keat app/ Ko app

(mM) (G (s'mM")
D-glucose 30£6 13£2 0.44
D-mannose 153+03 11.2+£0.1 0.73
D-galactose 16+3 13+1 0.80
D-fructose 29+0.9 12.1£0.8 4.24
N-acetyl-D-glucosamine 38+0.6 13.5£0.5 3.57
N,N'-diacetyl chitobiose 0.28 +0.03 9.3+04 33.25

or GH130_2 sequences, respectively, were counted. Prediction
of transmembrane topology and signal peptides was performed
using PHOBIUS.

Analysis of GH130 Encoding Gene Prevalence in the Human
Gut Microbiome—The 369 GH130 sequences referenced in the
CAZy database in January, 2013, were searched by TBLASTN
analysis (E-value = 0, identity =90%) in the catalog of prevalent
genes (as defined by Qin et al. (3)) encoded on contigs of meta-
genomic sequences obtained from fecal samples of 162 individuals
from the MetaHit cohort and of 139 individuals from the National
Institutes of Health HMP cohort in the United States.

RESULTS

Uhgb_MP Substrate and Product Specificity—From the meta-
genomic sequence contained in the recombinant E. coli clone
(accession number GU942931), we subcloned the UhgbMP
encoding gene to produce a soluble protein tagged with a His,
tag at the N terminus, with a yield of 32 mg of purified protein
per liter of culture. We first characterized the substrate speci-
ficity of UhgbMP for carbohydrate phosphorolysis. In contrast
to RaMP1 and BfMP, but similar to RaMP2 and to BT1033,
UhgbMP exhibits a relaxed specificity toward carbohydrate
substrates (Table 1). UhgbMP is able to phosphorolyze B-p-
mannopyranosyl-1,4-p-glucopyranose, 8-1,4-linked p-manno-
oligosaccharides, and mannan (8-p-Manp-1,4-(D-Manp),,, with
n = 1-15), characterized by a notable increase in specific activ-
ity with the degree of polymerization (DP) (Fig. 2). UhgbMP is
thus to date the only characterized GH130 enzyme that is able
to break down mannan, a constituent of hemicellulose in grains
and nuts (45). Interestingly, UhgbMP is also able to phospho-
rolyze 3-pD-mannopyranosyl-1,4-N,N’-diacetylchitobiose (3-b-
Manp-1,4-B-p-GlcpNAc-1,4-p-GlepNAc), a signature motif of
human N-glycans. However, neither cellobiose (3-p-Glcp-1,4-
D-Glcp) nor N,N’-diacetylchitobiose (B-p-GlcpNAc-1,4-D-
GlcpNAc) could be phosphorolyzed, indicating that the UhgbMP
subsite —1 is highly specific for mannosyl residues.

Finally, no trace of oligosaccharide-phosphate was visible, at
any reaction time, on HPAEC-PAD chromatograms of prod-
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FIGURE 2. Dependence of UhgbMP-specific activity with the DP of the phosphorolyzed $3-1,4-p-manno-oligosaccharides.

ucts obtained during phosphorolysis reactions, irrespective of
the carbohydrate substrate. UhgbMP is thus an exo-acting
enzyme, able to breakdown only the first B-mannosidic linkage
at the nonreducing end of oligosaccharides.

a-D-Mannopyranose 1-phosphate was therefore tested as a
glycosyl donor for reverse phosphorolysis. First, even without
any carbohydrate acceptor, UhgbMP produces mannose and,
furthermore, manno-oligosaccharides of DP ranging from 1 to
12, indicating that water itself plays the role of first acceptor at
the beginning of the reaction. The 8-1,4 regio-specific synthesis
of manno-oligosaccharides was characterized by 'H and '*C
NMR (supplemental Fig. 2). Various carbohydrates or polyols
were tested as acceptors (Table 1). D-GlcpNAc and B-p-GlcpNAc-
1,4-D-GlcpNAc were the best recognized acceptors, given that the
UhgbMP K, values for these compounds are 4- and 55-fold lower
than for D-mannose, respectively. Starting from a-p-mannopyra-
nose 1-phosphate and D-GlcpNAc or B-D-GlepNAc-1,4-D-
GlcpNAc, UhgbMP generates series of manno-oligosaccharides
containing D-GlcpNAc or 3-D-GlepNAc-1,4-D-GlepNAc at their
reducing end, with a DP of up to 4. D-Glucose, b-mannose, D-ga-
lactose, and p-fructose are also recognized as acceptors.

The kinetic mechanism of UhgbMP was investigated by
determining the initial reaction velocities for B-p-Manp-1,4-D-
Manp and -p-Manp-1,4-B-D-GlcpNAc-1,4-D-GlcpNAc phos-
phorolysis and synthesis at various initial concentrations of
substrates. First, double-reciprocal plots of 1/v versus 1/[B-D-
Manp-1,4-pD-Manp] at various concentrations of inorganic
phosphate and of 1/v versus 1/[p-Manp] at various concentra-
tions of a-pD-mannopyranose 1-phosphate crossed at a certain
point, on the left of the 1/v axis (Fig. 3). UhgbMP thus catalyzes
the B-p-Manp-1,4-p-Manp phosphorolysis and synthesis
through a sequential Bi Bi mechanism involving the formation
of a ternary complex. The equilibrium constant was calculated
from the Haldane relationship for a sequential random Bi Bi
mechanism (39) (the most probable mechanism fitting with
this kinetic dataset) as shown in Equation 2,

K= (kcatp KS a-D-Manp-1-P Km D-Manp)/(kcats KS B-pD-Manp-1,4-0-Manp Km Pf)
(Ea.2)

(kcats KS B-D-Manpl,4-D-Manp [(m Pi)’ kcatp and kcats being kcat for
phosphorolytic and synthetic reactions, respectively (Table 2).
The value of 2.1 indicates that reaction equilibrium favors phos-
phorolysis. The kinetic parameters calculated for B-p-Manp-1,4-
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B-p-GlcpNAc-1,4-p-GlepNAc phosphorolysis and synthesis are
clearly different. B-p-Manp-1,4-B-p-GlcpNAc-1,4-D-GlcpNAc
synthesis is inhibited by B-p-GlcpNAc-1,4-p-GlcpNAc concen-
trations higher than 1 mwm (Fig. 3). For -p-GlcpNAc-1,4-p-
GlcpNAc and B-p-Manp-1,4-B-D-GlcpNAc-1,4-p-GlepNAc
concentrations lower than 1 and 0.5 mwm, respectively, the most
probable mechanism is also a mixed-type sequential random Bi
Bi mechanism. The K value calculated in these conditions is
0.32, a value similar in magnitude to the value 0.658 obtained
for p-Manp-1,4-B-p-Glcp phosphorolysis by RaMP2 (34). Fur-
ther investigations of UhgbMP mechanism will be necessary to
determine the order of substrate binding and product release
and to better understand how this enzyme works on its natural
substrates, including 8-p-Manp-1,4-D-GlcpNAc.

Finally, with all other compounds tested as acceptors,
UhgbMP synthesizes the same (Man),, series as when a-D-man-
nopyranose 1-phosphate was the sole substrate. This shows
that none of the other tested molecules were good acceptors,
because water and additional mannose and manno-oligosac-
charide units were used preferentially by the enzyme. However,
the presence of cellobiose, D-fucose, L-rhamnose, L- and D-xy-
lose, N-acetyl-p-galactosamine (p-GalpNAc), p-altrose, p-al-
lose, xylitol, b-lyxose, or D-mannitol decreased enzyme-specific
activity, in some cases quite markedly (Table 3). But concentra-
tions of these compounds did not decrease during reaction, and
no significant additional product was produced compared with
reaction in the presence of a-pD-mannopyranose 1-phosphate as
sole substrate. These carbohydrates thus act as UhgbMP
inhibitors. Various sugar-phosphates were also tested as gly-
cosyl donors for reverse phosphorolysis as follows: a-p-fruc-
tose-1- and -6-phosphate, p-ribose 1-phosphate, a-p-galactos-
amine 1-phosphate, a-D-glucosamine 1-phosphate, b-mannose
6-phosphate, and a-D-glucopyranosyl 1- and -6-phosphates.
None of them was consumed by UhgbMP, and no reaction
product appeared on HPAEC-PAD chromatograms after
24 h at 37 °C.

Key Residues Involved in Mannoside Phosphorolysis Mech-
anism—To investigate the UhgbMP catalytic mechanism, we
first built a three-dimensional model of the enzyme using the
atomic coordinates of the TM1225 protein from T. maritima
MSB8 (PDB accession code 1VKD) as a structural template.
The enzyme, which adopts a five-bladed B-propeller fold (Fig.
4A), was identified from structural genomics initiatives. Of the
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FIGURE 3. Double-reciprocal plots for B-p-mannopyranosyl-1,4-N,N’-diacetylchitobiose synthesis (A) and phosphorolysis (B) and for 3-p-mannopy-
ranosyl-1,4-p-mannose synthesis (C) and phosphorolysis (D). The initial velocities of a-D-mannose 1-phosphate consumption and release were measured
atvarious concentrations of substrates. A and C, concentrations of a-D-mannose 1-phosphate were 0.5 mu (filled square), 1 mm (filled circle), 2 mm (filled triangle),
and 5 mm (open square). B and D, concentrations of inorganic phosphate were 0.5 mm (filled square), 1 mw (filled circle), 2 mw (filled triangle) and 5 mm (open
square). Data are the mean values = S.D. for three to five independent experiments.

TABLE 2

Kinetic parameters for the phosphorolysis and synthesis of [-p-
mannopyranosyl-1,4-p-mannose and f3-p-mannopyranosyl-1,4-N,N’-
diacetylchitobiose

Substrate concentrations were as follows: B-D-mannopyranosyl-1,4-p-mannose phospho-
rolysis, 1-20 mMm [B-D-mannopyranosyl-1,4-p-mannose, and 0.5-5 mMm inorganic phos-
phate; B-D-mannopyranosyl-1, 4-D-mannose synthesis, 5-40 mm D-mannose, and 0.5-5
mM a-D-mannopyranose 1-phosphate; B-D-mannopyranosyl-1,4-N,N'-diacetylchitobiose
phosphorolysis, 0.05—0.5 mm B-bD-mannopyranosyl-1,4-N,N'-diacetylchitobiose, and 0.5-5
mM inorganic phosphate; B-D-mannopyranosyl-1,4-N,N'-diacetylchitobiose synthesis,
0.1-1 mm N,N'-diacetylchitobiose, and 1-5 mm a-D-mannopyranose 1-phosphate.

B-D-Manp-1,4-D-Manp

Phosphorolysis kel (57) 117+ 0.02
Ko B-b-Manp-1,4-0-Manp (MM) 1.8+ 0.2
Ko pi (mM) L1+ 0.1
K g-p-Manp-1,4-0-Manp (MM) 1.0+ 0.1
Ks pi (mM) 0.64+ 0.04

Synthesis Kea' (s7) 24+ 6
Kin o-vtany (mM) 42+ 03
Kin geo-Manp-1-p (MM) 1.8+ 0.5
K o-vany (MM) 27+ 1
Ks anManp-1.-p (MM) 12+ 4

B-D-Manp-1,4-B-D-GlcpNAc-1,4-D-GlepNAc

Phosphorolysis ke (s7) 0.074 +0.001
Kin pv-Manp-1 4-p-0-GlepNAc-1.4-0-GlepNae (MM) 0.77+£0.03
Ko pi (mM) 1675+ 180
Ks po-Manp-1.4-p-D-GlepNAe-1.4-p-GlepNac (M) 6x10°+2x10°
Ks pi (mM) 0.13+0.03

Synthesis ket (57) 180+ 03
Kin po-GlepNac-1.4-0-GlepNac (MM) 0.56+ 0.02
Kin a-p-Manp-1- (MM) 42+1
K p-0-GlepNAc-1.4-p-GlepNac (MM) 0.19+ 0.01
Ks o-p-Manp-1-p (MM) 143+ 04

four proteins of known structure that share the same fold,
TM1225 aligns with the highest sequence identity to UhgbMP
(59%), but it has yet to be functionally characterized.
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TABLE 3

Percentage of UhgbMP inhibition by carbohydrates and polyols,
quantified by measuring a-p-mannopyranose 1-phosphate consump-
tion rate from 10 mm a-p-mannopyranose 1-phosphate as glycosyl
donor, with and without 10 mm of carbohydrates or polyols

Inhibitor % of inhibition
0
L-Arabinose 2+04
D-Cellobiose 37%1
p-Fucose 12=*2
L-Fucose 11*4
L-Rhamnose 312
Xylitol 294+ 0.4
D-Lyxose 19*2
L-Xylose 581
D-Mannitol 37 *+4
D-Altrose 84 +3
D-Xylose 86.2 = 0.2
p-Allose 94 *+ 3

To identify putative catalytic amino acid residues, we ana-
lyzed the multiple alignment of the 369 protein sequences ref-
erenced in CAZy family GH130 (January 2013) (supplemental
Fig. 3). The most conserved amino acid residue positions were
then mapped onto the three-dimensional model of UhgbMP.
Of these, Asp-104 and Asp-304 were found to be part of a nar-
row groove putatively considered to be the active site. Another
conserved amino acid residue, Glu-273, present in a short a-he-
lix turn section, was also identified in the groove.

These three amino acid residues were individually mutated
to investigate their potential role in the UhgbMP catalytic
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e
FIGURE 4. A, a-D-mannopyranose 1-phosphate docked into the three-dimensional model of UhgbMP. The most probable proton donor, Asp-104, is colored in
red. Also shown in blue are the three phosphate-stabilizing residues, namely Arg-150, Asn-151, and Arg-168. B, 3-D-mannopyranosyl-1,4-N,N’-diacetylchito-
biose (B-p-Manp-1,4-B-D-GlcpNAc-1,4-D-GlcpNAc) docked into the three-dimensional model of UhgbMP. Tyr-103, Asp-304, His-174, Tyr-240, and Phe-283 are
residues involved in recognition of the glycosyl residue in the +1 subsite. Asp-304, Tyr-242, Pro-279, Asn-280, and Val-278 are residues involved in binding of
the glycosyl residue in the +2 subsite. Yellow shows Arg-65 and Asp-277 residues that form a salt bridge locking the Cys-274-Val-281 loop, represented as a
blueline.C, B-1,4-0-mannoheptaose docked into the three-dimensional model of UhgbMP. Tyr-240, Asn-238, and Val-241 are residues involved in the substrate
accomodation at the +3 subsite. Asn-280 and Asn-238 are residues involved in oligosaccharide binding at the +4 subsite. Tyr-264, Trp-208, and Arg-269 are

residues shaping the +5 subsite.

mechanism. Results showed that mutation of Asp-104 into an
asparagine completely abolished UhgbMP activity, although
D304N and E273Q mutations retained only 3.9 = 0.5and 0.2 =
0.1% of the native catalytic activity, respectively. These three
amino acids were thus considered as candidate catalytic resi-
dues. To further elucidate the functional roles of these residues,
molecular modeling techniques were used to dock a-pD-mann-
opyranose 1-phosphate into the putative active site groove.

Of the identified docking modes, only one appeared compat-
ible with spatial constraints provided by the UhgbMP reaction
mechanism (Fig. 44) as follows: (i) provision for the specific
recognition of mannose at the —1 subsite; (ii) substrate inter-
action with at least one of the (Asp-104, Asp-304, or Glu-273)
putative catalytic acidic residue side chains; (iii) presence of a
favorable phosphate-binding site allowing reverse phosphorol-
ysis to take place; (iv) presence of binding subsites able to
accommodate [-pD-Manp-1,4-3-p-GlcpNAc-1,4-D-GlcpNAc
and 3-1,4-p-mannan chains in catalytically productive binding
modes with respect to active site residue(s) implicated in the
chemical reaction mechanism (Fig. 4, B and C).

In this binding mode, where the a-p-mannopyranosyl
1-phosphate ring structure is stabilized in the —1 subsite
through stacking interactions with Tyr-103, the Asp-104 resi-
due located on the B-face of the catalytic chiral center can act as
the unique proton donor during catalysis, whereas Arg-150,
Arg-168, and Asn-151 amino acid residues can favorably assist
phosphate group positioning consistent with inversion of con-
figuration at C-1 of mannose (Fig. 44). Given the high conser-
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vation of these amino acid residues within the GH130 family
alignment, we suggest that enzymes contained in this family
should share the same single displacement mechanism
described for GH-like inverting phosphorylases. In such a
mechanism, the aspartic acid corresponding to Asp-104 in
UhgbMP would be the sole catalytic residue, having the role of
proton donor (Fig. 5). The phosphate group, stabilized through
ionic interactions with highly conserved Arg-150, Arg-168, and
Asn-151 residues in UhgbMP, would then act as the nucleo-
phile (Fig. 4A4).

Molecular Basis of Substrate Specificity of GH130 Enzymes—
The biochemical data from the kinetic characterization of
BfMP, RaMP1, RaMP2, BT1033, and UhgbMP revealed marked
specificity differences among the five enzymes. The BEMP and
RaMP1 + 1 subsite is highly specific for glucose, whereas
RaMP2, BT1033, and UhgbMP display looser specificity both
toward carbohydrate substrates for phosphorolysis and accep-
tors for synthetic reactions. We therefore investigated whether
the five characterized proteins could represent different GH130
subfamilies. Indeed, in most of the cases, enzymes classified in a
CAZy subfamily share the same substrate and/or product spec-
ificity, reflecting a high degree of conservation in their active
site (46, 47). A phylogenetic tree was constructed, based on
the multiple alignments of the GH130 enzyme sequences.
Three clusters of sequences clearly appeared. BEIMP and RaMP1
are contained in subfamily GH130_1 (79 sequences, Fig. 6 and
supplemental Table 1). UhgbMP, RaMP2, and BT 1033 are con-
tained in subfamily GH130_2 (42 sequences), together with
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FIGURE 5. Proposed catalytic mechanism of B-b-mannopyranosyl-1,4-N,N’-diacetylchitobiose phosphorolysis by UhgbMP, with Asp-104 acting as the

proton donor.
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FIGURE 6. A, phylogenetic tree of the GH130 family. In this radial phylogram, branches corresponding to subfamilies GH130_1 and GH130_2 are colored in blue
and red, respectively. Branches in black correspond to proteins that are not classified into any subfamily (GH130_NC). B-D, detailed views of the phylogentic
tree of the GH130_1 and GH130_2 subfamilies and of not assigned sequences (GH130_NC). Only sequences corresponding to proteins from human gut
bacteria are shown. Label color is relative to their prevalence in the human gut metagenome of 301 different individuals as follows. Blue, sequences found in
the metagenome of 0-5 individuals; light blue, sequences found in the metagenome of 24-40 individuals; green, sequences found in the metagenome of
44 -59 individuals; light green, sequences found in the metagenome of 62-76 individuals; orange, sequences found in the metagenome of 83-118 individuals;
red, sequences found in the metagenome of 121-153 individuals; and black, sequences found in the metagenome of 173-197 individuals. E, cytoscape
representations of CAZy encoding genes surrounding GH130_1 (E7) and GH130_2 (E2) encoding ones. This representation summarizes the number of
co-presence of 65 known GH130 encoding genes and others CAZy ones in operon-like multigenic clusters of human gut bacteria genomes. Each gene
encoding for a CAZy family found in a cluster containing a GH130 encoding gene is represented by a node. The width of the edges connecting the nodes is
proportional to the number of times the co-presence of the two CAZymes encoding genes is observed in all the genomes analyzed.

TM1225 (PDB accession code 1VKD). The GH130_NC cluster
contains 248 sequences of as yet uncharacterized proteins that
are too heterogeneous to permit the creation of univocal sub-
families. This cluster contains the other three proteins of
known structure, namely the BDI_3141 protein from P. dista-
sonis ATCC 8503, the BT_4094 protein from B. thetaiotami-
cron VPI-5482, and the BACOVA_03624 protein from B. ova-
tus ATCC 8483. However, a key residue position occupied by
Tyr-103 in UhgbMP allows the discrimination of the
GH130_NC sequences from those of the two other subfamilies.
The tyrosine residue at position 103 in UhgbMP, which lies
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close to the phosphate group binding site in the three-dimen-
sional model of the docked complex of the enzyme with a-p-
mannopyranose 1-phosphate, is strictly conserved in subfami-
lies GH130_1and _2 but is replaced by a glutamic acid in 234 of
the 248 sequences of the GH130_NC group (supplemental Fig.
3). Moreover, residues Arg-150, Arg-168, and Asn-151 that
could favorably assist phosphate group positioning in UhgbMP
active site are not conserved in the GH_130 NC cluster,
although they are perfectly conserved in the GH130_1 and
GH130_2 sequences (supplemental Fig. 3). We therefore sus-
pect that the majority of the enzymes classified as GH130_NC
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FIGURE 7. Structural conservation of GH130 (A) and GH130_2 (B) enzymes, mapped onto the UhgbMP three-dimensional model, in which -1,4-p-

mannoheptaose has been docked.

are hydrolases and not phosphorylases. The Glu residue corre-
sponding to Tyr-103 in UhgbMP is expected to act as the sec-
ond catalytic residue, taking on the role of base. To validate this
hypothesis, we attempted to transform UhgbMP, which pos-
sesses low intrinsic hydrolase activity when assayed in the
absence of inorganic phosphate, into a hydrolase, through the
replacement of Tyr-Y103 by a glutamic acid. In the presence of
10 mm P,, the pNP-B-p-mannopyranoside breakdown activity
of the wild-type enzyme was 6.3 X 107> = 3 X 10~ *
pmol'min~"*mg ™", a value similar to that obtained for mutant
Y103E (5.7 X 1072 £ 1 X 10~ * wmol'min~"*mg ™). In contrast,
without any phosphate, the hydrolytic activity of the wild-type
was 1.4 X 1072 £ 1 X 10~* wmol'min~ "mg ™", although it was
3.8 X 107? = 3 X 10~ * wmol'min~ "*mg~" for Y103E. Never-
theless, the Y103E mutant pNP release curve versus time
reached a plateau after only 10 min reaction at 37 °C with and
without phosphate, although less than 5% of substrate was con-
sumed (supplemental Fig. 4). This phenomenon was also
observed for the wild-type enzyme without phosphate. This
indicates that inorganic phosphate is probably involved in main-
taining the UhgbMP active site conformation and that the Y103E
mutation may alter this conformation. Because the product yields
are so weak without phosphate, it remains difficult to conclude
that the Y103E mutant is really a hydrolase. Functional and struc-
tural investigations will thus be needed to confirm that the
GH130_NC cluster contains mannoside hydrolases.

Our attempts to check correct folding of the Y103E variant, as
well as that of the wild-type enzyme and of variants D104N,
D304N, and E273Q by circular dichroism using a J-815 UV Spec-
trum spectropolarimeter (Jasco) failed, because of the high absorb-
ance of Tween 80 at wavelengths between 200 and 290 nm (48).

To study the active site conservation in family GH130, we
projected the results of the multiple alignments of the GH130
protein sequences onto the UhgbMP three-dimensional model,
in which B-p-Manp-1,4-B-p-GlcpNAc-1,4-p-GlcpNAc  or
B-1,4-linked p-mannoheptaose (Fig. 7) was docked to enable
the mapping of putative binding carbohydrate subsites. Clearly,
residues lining the UhgbMP catalytic furrow are highly con-
served only among the GH130_2 sequences. The +1 putative
subsite appears delimited by Tyr-103, Asp-304, His-174, Tyr-
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240, and Phe-283 residues that are specifically conserved in the
GH130_2 family (Fig. 4B and supplemental Fig. 5). In the pres-
ence of B-pD-Manp-1,4-B-p-GlcpNAc-1,4-p-GlepNAc, Tyr-103
and Asp-304 residues can form H-bond interactions with the
N-acetyl-p-glucosamine positioned in the +1 subsite. In the
presence of 3-1,4-linked p-mannoheptaose, the Tyr-103 can
interact with the mannosyl residue located in the +1 subsite,
whereas Asp-304 establishes a hydrogen bond with the manno-
syl moiety at +2 subsite. Asp-304 thus probably plays a key role
in substrate binding at +1 and +2 subsites, explaining why its
mutation dramatically alters UhgbMP activity.

The Tyr-242 and Phe-283 residues provide additional stak-
ing platforms at +1 subsite to stabilize the bound glycosyl unit.
At the putative +2 subsite, the N-acetyl-pD-glucosamine residue
at the reducing end of the 3-p-Manp-1,4-B-p-GlcpNAc-1,4-D-
GlcpNAc is found stabilized through hydrogen bonding inter-
actions with Tyr-242, Pro-279, Asn-280, and Asp-304, while
establishing van der Waals interactions with Val-278. Interest-
ingly, in our three-dimensional model of the active site, the
N-acetyl groups of the p-GlcpNAc moieties docked at +1 and
+2 subsites are found to fit nicely into a pocket formed by the
loop Pro-271-Pro-284, which is locked in a “closed conforma-
tion” via a salt bridge ionic interaction between Asp-277 and
Arg-65 residues (Fig. 4B and supplemental Fig. 5). The confor-
mation of this loop may be modified by the E273Q mutation,
thus altering oligosaccharide accommodation in the active site.
Sequence analysis indicates that such a loop is very well con-
served within the subfamily GH130_2 but less within GH130_1
(supplemental Fig. 3). This could thus suggest an involvement
of this loop in the specificity determination of GH130_2
enzymes toward manno-oligosaccharides longer than DP2.

The +3 to +6 putative subsites have been mapped using the
docked mannoheptosaccharide (Figs. 4C and 7 and supplemen-
tal Fig. 5). Surprisingly, very few aromatic residues able to pro-
vide stacking interactions with the manno-oligosaccharide
chain have been found. However, a dense network of likely
hydrogen bonding interactions and van der Waals contacts
could explain the increase of UhgbMP catalytic efficiency with
the polymerization degree of manno-oligosaccharides. In the
+3 putative subsite, the mannosyl residue can be stabilized by
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interactions with Tyr-240, Asn-238, and Val-241 residues,
although at the putative +4 subsite, the sugar moiety is rather
engaged in interactions with Asn-280 and Asn-238 residues.
Residues Tyr-264, Trp-208, and Arg-269 are seen to establish
interactions with the mannosyl moiety located at subsite +5.
The length of the funnel binding site is found to accommodate
up to +5 subsites. Outside this funnel, the +6 subsite has been
putatively defined as sitting on the aromatic Trp-208 residue,
which is almost perfectly conserved among the GH130_2 sub-
family and not in GH130_1.

Finally, two important differences between GH130_1 and
GH130_2 subfamilies, identified by sequence alignment analy-
sis, could explain why GH130_1 enzymes seem to exhibit a very
narrow specificity toward B-pD-Manp-1,4-D-Glcp, as observed
for RaMP1 and BfMP, although GH130_2 enzymes would be
able to act on longer manno-oligosaccharides. First, the
UhgbMP loop Gly-121-Gly-125, which defines the extremity
of the —1 subsite, is very well conserved within the GH130_2
subfamily, whereas an insertion of 12 residues is observed in all
GH130_1 sequences (supplemental Fig. 3). This longer loop
could thus prevent the accommodation of long oligosaccharides in
the negative subsite of GH130_1 enzymes. Second, we observed
that the His-174 residue, which is not conserved in the GH130_1
subfamily and is contained in the UhgbMP Pro-169—Asp-179
loop, interacts with the sugar moiety bound at the +1 subsite.
Interestingly, a motif containing five glycine residues was rather
found within the GH130_1 subfamily in place of His-174 observed
in GH130_2 enzymes that could play a major role in substrate
accommodation within the active site (supplemental Fig. 3).

Genomic Context of GHI130 Encoding Genes, Focus on
Human Gut Bacteria—Differences in substrate specificity of
enzymes belonging to the GH130_1 and GH130_2 subfamilies
may illustrate different roles in the microbial ecosystem in
which they are produced. 23 of the 79 GH130_1, 17 of the 42
GH130_2, and 25 of the 248 GH130_NC enzymes belong to
human gut bacteria. To assess how globally prevalent these
GH130 encoding genes are in gut microbiomes, we compared
the 369 GH130 sequences with the human fecal metagenome
sequences currently available, sampled from 162 individuals of
the MetaHit cohort (3, 49) and 139 individuals of the NIH
Human Microbiome Project (50). No less than 15 GH130_1, 10
GH130_2, and 14 GH130_NC sequences were detected in the
fecal metagenome of at least 50 of the 301 individuals (Fig. 6).
With the exception of four (one each from pig and chicken gut
bacteria and two from cow rumen bacteria), these sequences all
belong to human gut bacteria. The UhgbMP sequence was
detected in the metagenomes of 93 of the 301 considered indi-
viduals. This indicates that it is not a rare gene and that it prob-
ably plays a critical role in mannose foraging in the gut. The
highest occurrence values (sequences found in 173 to 197 indi-
viduals) were found for the GH130_1 sequence of Bacteroides
uniformis ATCC 8492 and the GH130_2 sequences of B. ovatus
ATCC 8483, Bacteroides caccae ATCC 43185, and B. thetaiota-
micron VPI-5482 (BT1033 sequence) (GenBank™ accession
numbers ZP_02068954.1, ZP_02067106.1, ZP_01958898.1, and
AAQO76140.1, respectively), which can be considered as com-
mon genes according to the Qin et al. definition (3), as they
were found in more than 50% of the individuals. Interestingly,
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the mean number of GH130 BLAST hits per Mbp of sequence,
obtained against the metagenomes of the 27 IBD patients (suf-
fering either with Crohn disease or ulcerative colitis) of the
MetaHit cohort, was 12, 28, and 58% higher than that obtained
from the data sampled from the 135 other individuals (healthy or
obese individuals), for GH130_1, GH130_2, and GH130_NC
respectively (supplemental Table 2). This indicates a higher prev-
alence of GH130 encoding genes, and particularly of GH130_2 and
GH130_NC, in the gut microbiome of IBD patients. This preva-
lence difference is thin, but it could be significant, considering that
the gut microbiome of IBD patients harbors, on average, 25% fewer
genes than that of healthy individuals (3).

To explore this question in more depth, we extracted from
the GOLD database the 28 public genomes of human gut bac-
teria presenting sequences contained in the GH130_1,
GH130_2, and GH130_NC subfamilies. We analyzed the
genomic context of these 65 GH130 encoding genes, with a
particular focus on the CAZy-encoding genes surrounding
them. For each of these genomes, we highlighted operon-like
multigenic clusters encoding CAZymes that act synergistically
to break down complex carbohydrate structures, such as those
contained in hemicellulose and human N-glycans. Interest-
ingly, the 23 GH130_1 sequences are mainly surrounded by
sequences of GH3, GH5, and GH26 (Fig. 6). These families con-
tain enzymes that target hemicellulose, in particular 3-man-
nanases and B-mannosidases. In contrast, the 17 GH130_2
sequences are mainly flanked by GH18 and GH92 and, to a
lesser extent, GH97 sequences (Fig. 6 and supplemental Fig. 6).
GH18 and GH92 contain the endo-S3-N-acetylglucosamini-
dases and «l1,2-, a1,3-, or al,6-mannosidases that are impli-
cated in the hydrolysis of human N-glycans (16, 17, 19, 20),
although the only three characterized GH97 enzymes present
a-glucosidase (EC 3.2.1.20) or a-galactosidase (EC 3.2.1.22)
activity. Finally, only two multigenic clusters were found to
encode both a GH130_2 enzyme and a GH2 enzyme, the GH2
family containing B-mannosidases capable of hydrolyzing the
disaccharide B-p-Manp-1,4-D-GlcNAc (17).

The multigenic cluster containing UhgbMP encoding gene
and that from B. stercoris ATCC 43183 containing its homolog
BACSTE_03540 (accession number EDS13361.1) are clear
examples of this gene organization with several GH92, GH18,
and GH97 sequences surrounding a GH130_2 encoding gene
(Fig. 1 and supplemental Fig. 6). In these cases, the results of in
silico detection of signal peptide or transmembrane topology
indicate that UhgbMP and BACSTE_03540 are probably intra-
cellular, although the glycoside-hydrolases encoded by the
same multigenic clusters would rather be secreted.

DISCUSSION

The biochemical characterization of UhgbMP, a representa-
tive of the GH130 enzyme family, revealed its flexibility toward
carbohydrate substrates. UhgbMP is capable of catalyzing the
phosphorolysis of B-pD-mannopyranosyl-1,4-D-glucopyranose,
B-1,4-p-manno-oligosaccharides of DP >5 and mannan, as
well as the N-glycan core oligosaccharide 3-p-Manp-1,4-3-D-
GlcpNAc-1,4-D-GlcpNAc. Based on a sequence analysis of the
GH130 family and on a structural model of UhgbMP, sup-
ported by the experimental findings presented here and else-
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where by Senoura et al. (32), Nihira et al. (33), and Kawahara et
al. (34), we propose the creation of two GH130 subfamilies, of
which the members probably share the same single displace-
ment mechanism involving a single catalytic acidic residue
(corresponding to UhgbMP D104) acting as the proton donor.
Subfamily GH130_1 gathers together enzymes (including
BfMP and RaMP1) exhibiting narrow specificity toward B-p-
Manp-1,4-p-Glc. Conversely, enzymes of the GH130_2 sub-
family show high promiscuity toward their substrates and
products. Their active sites would be sufficiently extensible to
accommodate complex carbohydrate structures such as [-p-
mannan and [-D-manno-oligosaccharides, with or without
B-D-GlcpNAc-1,4-p-GlcNAc, p-GlepNAc, or D-glucose at their
reducing end. The resolution of crystallographic structures of rep-
resentatives of each of GH130 clusters in complex with substrates
and products will, however, be necessary to confirm the role of the
key residues identified here and to deepen our understanding of
the reaction mechanisms operating in these enzymes.

Among the 369 enzymes archived in the GH130 family (Jan-
uary, 2013), 65 belong to human gut bacteria. The strong prev-
alence of the corresponding genes, in particular that coding for
UhgbMP, in the human gut metagenome suggests that these
enzymes have a major role for foraging mannose in this ecosys-
tem. Here, we have demonstrated that UhgbMP, and probably
also the 16 other enzymes in the proposed GH130_2 subfamily
produced by gut bacteria (supplemental Table 1), including
BT1033, are able to participate in breaking down the host man-
nosylated glycoproteins lining the intestinal epithelium.

In vivo, incorporation of GH reaction products into meta-
bolic pathways is energy-consuming, although direct metabo-
lism of the glycoside phosphates synthesized by GPs does not
require ATP. Phosphorolysis reactions mediated by GPs would
thus be more advantageous than hydrolysis under certain phys-
iological conditions, for example during intensive use of carbo-
hydrate resources or in anoxic environments such as the gas-
trointestinal tract, where ATP cannot be efficiently produced
by the respiratory chain-linked phosphorylation process (51).

In common with other GPs, especially those previously iden-
tified in microorganisms having a facultatively anaerobic life-
style like Bifidobacterium sp., Lactobacillus sp., or Clostridium
sp (50), enzymes in the proposed GH130_1 and GH130_2 fam-
ilies can therefore be considered as catabolic enzymes, working
in tandem with catabolic GHs in dietary and host mannoside
breakdown.

Based on the analysis of the genomic context of GH130_2
encoding genes in gut bacteria, and accordingly with Nihira et
al. (33), we propose that mannoside phosphorolysis catalyzed
by GH130_2 enzymes acts in concert with GH activities of
enzymes in the GH18 and GH92 families, to completely break
down N-glycans, as proposed in Fig. 1. The role of the GH97s
whose genes belong to the same multigenic systems as those
coding for the proposed GH130_2 enzymes (for example, in B.
stercoris ATCC 43183) is less clear. Family GH97 contains only
three characterized enzymes, of which two are a-glucosidases
with a-1,4-link specificities (52, 53). However, the functional
diversity of GH97 enzymes has not yet been thoroughly
explored, and if these enzymes were previously thought to con-
tribute to dietary carbohydrates in the human gut, they may
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well also be active in the breakdown of N-glycans, for example
by liberating, like the GH99 enzymes (18), the a-1,3-linked glu-
cosyl residue at the nonreductive end of the immature N-gly-
cans. In the particular case of the unknown gut bacterium pro-
ducing UhgbMP and of B. stercoris ATCC 43183 producing its
homolog BACSTE_03540, and based on the results of in silico
detection of signal peptides, we assume that the UhgbMP and
BACSTE_03540 physiological role would be the intracellular
phosphorolysis of short oligosaccharides that can be internal-
ized in the cell (di- or trisaccharides (54)), like the B-p-Manp-
1,4-p-GlcpNAc disaccharide or the B-p-Manp-1,4-3-D-GlcpNAc-
1,4-p-GlcpNAc trisaccharide resulting from extracellular
hydrolysis of N-glycans by glycoside hydrolases belonging to
the GH18, GH92, and maybe also GH97 families. This deglyco-
sylation arsenal thus allows one to deprotect the glycoproteins
of the intestinal epithelium. Their protein part could also thus
be degraded by the endopeptidases, similarly to those putatively
encoded by the genes ADD61465.1 and ADD61469.1, which
belong to the same metagenomic DNA fragment than the
UhgbMP encoding gene, so as to perforate the intestinal epi-
thelium (Fig. 1). However, further studies will be needed to
confirm the physiological role of these enzymes, like metabolo-
mic and transcriptomic analyses of gut bacteria producing
GH130_2 enzymes (like B. stercoris ATCC 43183) in the pres-
ence of N-glycans as carbon source.

The results presented here show that in vitro, UhgbMP is also
able to effectively degrade manno-oligosaccharides and man-
nan itself. This is also probably the case for other gut bacterial
enzymes of the proposed GH130_2 subfamily, which show a
similar active site topology, allowing the accommodation of
long oligosaccharides. The intestinal bacteria that produce
GH130_2 enzymes would thus be able to use dietary hemicellulo-
ses and their hydrolysis products as carbon sources if needed,
which would give them a competitive advantage with respect to
the other bacteria, to colonize and maintain themselves in the
intestinal tract. The use of mannose-rich carbohydrates (plant or
yeast mannans, linear 3-1,4-linked manno-oligosaccharides, or
B-p-Manp-1,4-B-p-GlcpNAc-1,4-pD-GlepNAc) as functional
foods could thus allow the metabolism of the N-glycan-degrad-
ing bacteria to be bypassed and, eventually, may reduce the
degradation of the epithelial barrier for therapeutic applica-
tions, especially for patients suffering from IBD. Indeed, in their
gut metagenome, the known GH130_2 and GH130_NC encod-
ing genes seem highly prevalent, even if enzyme assays on fecal
samples, as well as metatranscriptomic and metaproteomic
studies, should be performed as evidence that GH130 could be
biomarkers of IBDs. However, this approach presents a risk of
overfeeding this specific type of bacteria and increasing their
prevalence in the gut, and thus the potential for N-glycan break-
down, in the case of reduced intake of exogenous mannose-rich
carbohydrates. The utilization of GH130 enzyme inhibitors,
like p-altrose, p-xylose, and Dp-allose for UhgbMP or suicide
inhibitors that could be specifically designed thanks to the
available or future structural data, would thus be the preferred
strategy in therapeutic contexts.

Finally, we have shown here that the relaxed specificity dis-
played by UhgbMP toward acceptor substrates can be used for
the stereo- and region-selective synthesis of original glyco-con-
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jugates and oligosaccharides. In particular, this enzyme is able
to synthesize 8-1,4-linked D-manno-oligosaccharides, which
have been reported to present prebiotic properties (55), even if
their use as functional food may be risky, from our point of view.
UhgbMP is also highly effective for production of N-glycan core
oligosaccharides, such as 3-p-Manp-1,4-D-GlcNAc and 3-D-
Manp-1,4-B-p-GlcpNAc-1,4-D-GlcpNAc, whose commercial
price today exceeds $10,000 per mg. UhgbMP-based 3-manno-
side synthesis processes appear as highly attractive compared
with those based on mannosyltransferases, which use expensive
activated sugar nucleotides as donors (56, 57), or on transman-
nosylation catalyzed by native or engineered mannosidases or
mannanases (44, 58 —62). Indeed, a two-step UhgbMP-based
process would allow one to use phosphate and 3-mannan as
substrates to first catalyze phosphorolysis and second to
reverse phosphorolysis in the presence of hydroxylated accep-
tors to synthesize mannosylated products. UhgbMP is thus an
enzymatic tool with high potential for synthesizing molecules
like N-glycan core oligosaccharides, of major importance for
studying, and potentially also for controlling interactions
between host and gut microbes.
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Supplemental information

Supplementary Figure 1:

SDS-PAGE gel of the sonication supernatant of recombinant E. coli cells producing Uhgb_MP,
and of purified Uhgb_MP.
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Supplementary Figure 2:

'H (A) and *3C (B) NMR spectra of the products synthesized by Uhgb_MP from 1) 10mM o-D-
mannopyranose-1-phosphate and 10mM D-mannose, 2) 10mM a-D-mannopyranose-1-
phosphate and 10mM D-glucose, 3) 10mM oa-D-mannopyranose-1-phosphate and 10mM
N,N'-diacetyl chitobiose.
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Supplementary Figure 3:

Multiple alignment of 64 GH130 protein sequences, illustrating similitudes and differences of
residue conservation between the GH130_1, GH130_2 and GH130_NC sequence clusters.
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Supplementary Figure 4:

pNP release curves from 1mM pNP-B-D-mannopyranoside, for wild-type Uhgb_MP and its
Y103E mutant, in the absence or presence of 10mM inorganic phosphate at 37°C in 20mM
Tris HCI, pH7.
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Supplementary figure 4
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Supplementary Figure 5:
Stereo views of the 3D model of the docked complexes of Uhgb MP with o-D-
mannopyranose-1-phosphate (A), B-dD-Manp-1,4-B-D-GlcpNAc-1,4-D-GlcpNAc (B) or [B-1,4

linked D-mannoheptaose (C). The most probable catalytic residue D104 is shown in red,
while the phosphate stabilizing residues R150, N151 and R168 are shown in blue.
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Supplementary Figure 6:

Comparison of genomic environments of GH130_2 encoding genes found in human gut
bacterial genomes, and in two metagenomic DNA inserts of metagenomic clones number 14
(Genbank Accession number GU942931) and number 2 (Genbank Accession number
GU942931). This figure only shows the CAZy genes on the same strand as the GH130_2 one,
with a single exception which are the peptidase encoding genes shared by the metagenomic
DNA encoding Uhgb_MP and the B. stercoris ATCC 43183 genome. For the metagenomic
DNA encoding Uhgb_MP, the last GH92 gene is located truncated at the end of the DNA
insert. However, the last 377 residues are 99% identical to EDS13363. The EDS13359 gene,
encodes a 130 residue putative peptidase homologous to ADD61465, which is 171 residue
long. These two proteins are 99% identical on the common part of sequence.
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Supplementary Table 1:

Accession numbers and microbial origin of the enzyme sequences classified in the GH130_1

and the GH130_2 subfamilies.

GH130 subfamily

Accession number

Organism name

GH130_1 AEN74334.1 Rhodothermus marinus SG0.5JP17-172
GH130_1 ACY49318.1 Rhodothermus marinus DSM 4252
GH130_ 1 AFN73750.1 Melioribacter roseus P3M

GH130_1 AFC29298.1 Paenibacillus mucilaginosus 3016
GH130_1 AFH61477.1 Paenibacillus mucilaginosus K02
GH130_1 AEI40684.1 Paenibacillus mucilaginosus KNP414
GH130 1 ACT00812.1 Paenibacillus sp. JDR-2

GH130_1 ADT88764.1 Vibrio furnissii NCTC 11218

GH130 1 ADL52883.1 Clostridium cellulovorans 743B
GH130_1 AEY67874.1 Clostridium sp. BNL1100

GH130_1 ACL77297.1 Clostridium cellulolyticum H10 ATCC 35319
GH130_1 AEE53364.1 Haliscomenobacter hydrossis DSM 1100
GH130_1 AEI50003.1 Runella slithyformis DSM 19594
GH130_1 ADQ19078.1 Leadbetterella byssophila DSM 17132
GH130_1 AFD07545.1 Solitalea canadensis DSM 3403
GH130_1 ACU06175.1 Pedobacter heparinus DSM 2366
GH130_1 ADY53512.1 Pedobacter saltans DSM 12145
GH130_1 ACU62827.1 Chitinophaga pinensis DSM 2588
GH130_1 AEW00652.1 Niastella koreensis GR20-10

GH130_1 AAS19693.1 Cellvibrio mixtus

GH130_ 1 ACE86269.1 Cellvibrio japonicus Ueda 107
GH130_1 ABD79771.1 Saccharophagus degradans 2-40
GH130_1 AFV00487.1 Simiduia agarivorans SA1 = DSM 21679
GH130_1 ACR12108.1 Teredinibacter turnerae T7901
GH130_1 AEE24224.1 Glaciecola sp. 4H-3-7+YE-5

GH130_1 ACY02068.1 Flammeovirga yaeyamensis MY04
GH130_1 ABR41854.1 Parabacteroides distasonis ATCC 8503
GH130_1 ADY36278.1 Bacteroides salanitronis DSM 18170
GH130_1 ADV42257.1 Bacteroides helcogenes P 36-108 ATCC 35417
GH130_1 CBW21403.1 Bacteroides fragilis 638R

GH130_ 1 CAH06518.1 Bacteroides fragilis NCTC 9343
GH130_1 BAD47598.1 Bacteroides fragilis YCH46

GH130_1 AEA20333.1 Prevotella denticola F0289

GH130_1 ADE81775.1 Prevotella ruminicola 23

GH130 1 ADQ79955.1 Paludibacter propionicigenes WB4
GH130 1 ABR38290.1 Bacteroides vulgatus ATCC 8482
GH130_1 CBK67195.1 Bacteriodes xylanisolvens XB1A
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GH130_1 ACA61147.1 uncultured microorganism

GH130 1 ADB80102.1 uncultured microorganism

GH130_1 CAJ19137.1 unidentified microorganism

GH130_1 AAO78134.1 Bacteroides thetaiotaomicron VPI-5482

GH130_1 ADZ77504.1 Sphingobacterium sp. 21

GH130_1 ABQO07954.1 Flavobacterium johnsoniae UW101

GH130_1 ADF50716.1 Zunongwangia profunda SM-A87 SMA-87

GH130_1 ADF53791.1 Zunongwangia profunda SM-A87 SMA-87

GH130 1 EAR01803.1 Flavobacteriales bacterium HTCC 2170

GH130 1 AEJ60368.1 Spirochaeta thermophila DSM 6578

GH130_1 ADN01070.1 Spirochaeta thermophila DSM 6192

GH130_1 AEE17334.1 Treponema brennaborense DSM 12168

GH130_ 1 CBL12374.1 Roseburia intestinalis XB6B4

GH130_1 CBL10429.1 Roseburia intestinalis M50/1

GH130_1 AEN97397.1 Roseburia hominis A2-183

GH130_1 CBK83696.1 Coprococcus sp. ART55/1

GH130_1 CBL01970.1 Faecalibacterium prausnitzii SL3/3

GH130_1 ADU26466.1 Ethanoligenens harbinense YUAN-3

GH130 1 ADU21379.1 Ruminococcus albus 7

GH130_1 AGB19552.1 Thermoanaerobacterium thermosaccharolyticum MQ0795

GH130_1 AFK87330.1 Thermoanaerobacterium saccharolyticum JW/SL-YS485
Thermoanaerobacterium thermosaccharolyticum DSM

GH130_1 ADL69421.1 571

GH130_1 CBL34989.1 Eubacterium siraeum V10Sc8a

GH130_1 CBK96123.1 Eubacterium siraeum 70/3

GH130_1 ADZ85051.1 Clostridium lentocellum DSM 5427

GH130_1 CCl71614.1 Paenibacillus polymyxa M1

GH130_1 ADO59103.1 Paenibacillus polymyxa SC2

GH130_1 ADM72412.1 Paenibacillus polymyxa E681

GH130 1 AET57921.1 Paenibacillus terrae HPL-003

GH130_1 BAM48377.1 Amphibacillus xylanus NBRC 15112

GH130_1 ADU28565.1 Bacillus cellulosilyticus DSM 2522

GH130_1 ACB75590.1 Opitutus terrae PB90-1

GH130_1 ZP_08159838.1 Ruminococcus albus 8

GH130_1 ZP_06243377.1 Victivallis vadensis ATCC BAA-548

GH130_1 ZP_03299223.1 Bacteroides dorei DSM 17855

GH130_1 ZP_02422094.1 Eubacterium siraeum DSM 15702

GH130_1 ZP_02205888.1 Coprococcus eutactus ATCC 27759

GH130 1 ZP_02090883.1 Faecalibacterium Prausnitzii M21/2

GH130 1 ZP_02068954.1 Bacteroides uniformis ATCC 8492

GH130_1 ZP_02065648.1 Bacteroides ovatus ATCC 8483

GH130_1 ZP_02065116.1 Bacteroides ovatus ATCC 8483

GH130_1 ZP_01959662.1 Bacteroides caccae ATCC 43185
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GH130_2 AEY67872.1 Clostridium sp. BNL1100

GH130 2 AFN75330.1 Melioribacter roseus P3M

GH130_2 ADO059098.1 Paenibacillus polymyxa SC2

GH130_2 CCl71609.1 Paenibacillus polymyxa M1

GH130_2 ADD61810.1 uncultured organism

GH130_2 CBL14186.1 Roseburia intestinalis XB6B4

GH130_2 AFK85719.1 Thermoanaerobacterium saccharolyticum JW/SL-YS485
GH130 2 ADA67643.1 Thermotoga naphthophila RKU-10
GH130_2 AAD36300.1 Thermotoga maritima MSB8

GH130 2 ACB09929.1 Thermotoga sp. RQ2

GH130 2 ABQ47551.1 Thermotoga petrophila RKU-1

GH130 2 ACM23522.1 Thermotoga neapolitana DSM 4359
GH130_2 ABV33993.1 Thermotoga lettingae TMO

GH130_2 AGB28392.1 Prevotella dentalis DSM 3688

GH130_2 AFL78596.1 Alistipes finegoldii DSM 17242

GH130 2 ADD61463.1 uncultured organism

GH130_2 EDS13361.1 Bacteroides stercoris ATCC 43183
GH130_ 2 ABX42090.1 Clostridium phytofermentans 1SDg
GH130_2 AFG35891.1 Fervidobacterium pennivorans DSM 9078
GH130_2 ACJ75237.1 Thermosipho africanus TCF52B
GH130_2 ADL43426.1 Caldicellulosiruptor obsidiansis OB47
GH130_2 AEM72946.1 Caldicellulosiruptor lactoaceticus 6A
GH130_2 ACM61623.1 Anaerocellum thermophilum DSM 6725
GH130_2 ABR30874.1 Thermosipho melanesiensis B1429
GH130_2 AFK07300.1 Mesotoga prima MesG1.Ag.4.2
GH130_2 AFK07371.1 Mesotoga prima MesG1.Ag.4.2

GH130 2 AFL98126.1 Ornithobacterium rhinotracheale DSM 15997
GH130_2 AAO076140.1 Bacteroides thetaiotaomicron VPI-5482
GH130_2 ACB75595.1 Opitutus terrae PB90-1

GH130 2 ZP_08158270.1 Ruminococcus albus 8

GH130_2 ZP_06244248.1 Victivallis vadensis ATCC BAA-548
GH130_2 ZP_06243169.1 Victivallis vadensis ATCC BAA-548
GH130_2 ZP_03299783.1 Bacteroides dorei DSM 17855

GH130_2 ZP_02422496.1 Eubacterium siraeum DSM 15702
GH130_2 ZP_02205887.1 Coprococcus eutactus ATCC 27759
GH130_ 2 ZP_02090881.1 Faecalibacterium prausnitzii M21/2
GH130 2 ZP_02071200.1 Bacteroides uniformis ATCC 8492
GH130_2 ZP_02067106.1 Bacteroides ovatus ATCC 8483
GH130_2 ZP_01958898 Bacteroides caccae ATCC 43185
GH130_2 YP_210978.1 Bacteroides fragilis NCTC 9343

GH130 2 YP_004103295.1 | Ruminococcus albus 7

GH130 2 YP_001297942.1 | Bacteroides vulgatus ATCC 8482
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Supplementary Table 2:

Prevalence analysis of 23 GH130_1, 17 GH130_2 and 25 GH130_NC genes in the fecal
metagenome of 27 IBD suffering patients and 135 other healthy European subjects from the
MetaHit cohort, illustrated by the mean number of TBLASTN hits per number of individuals
(E-value = 0, Identity = 90% ).

GH130_1| GH130_2 | GH130_NC
Total number of GH130 hits 193 124 120
Number of subjects 27 27 27
Number of GH130 hits/100 Mb 10.1 6.5 6.3
Number of GH130 hits/subject 7.2 4.6 4.4
Total number of GH130 hits 826 474 372
Number of subjects 135 135 135
Number of GH130 hits/100 Mb 9.0 5.1 4.0
Number of GH130 hits/subject 6.1 3.5 2.8
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Second article

Our previous work allowed us to characterize the function of Uhgb_MP, and identify
its role in mannoside foraging by gut bacteria. By using site-directed mutagenesis, we also
identified the most important residues for catalysis, in particular the proton donor.

However, even if a Uhgb_MP 3D model has been generated and described in our first
paper, structural data were still lacking to explain the particular Uhgb MP specificity.
Indeed, we previously analyzed the characterized representatives of the GH130 family on
the basis of their specific catalytic activities, primary structures and genomic context, which
allowed us to create subfamilies and to link them to their functional role in vivo.
Nevertheless, only one member of the GH130 family (BfMGP) was both structurally and
functionally characterized until January 2015, limiting the understanding of the link existing
between structure and substrate specificity for GH130 enzymes. The following article, which
presents the analysis of the ternary and quaternary Uhgb_MP structures, was published in
Acta Crystallographia section D in 2015. The crystallization trials, X-ray data acquisition and
crystalline structure analysis were carried out thanks to Samuel Tranier and Lionel Mourey,
who hosted me at the IPBS and collected, with and without me, X-ray data at the ESRF and
at the ALBA synchrotron. | was also lucky to collaborate with Pierre Roblin and Gianluca Cioci
for SAXS analysis at the SOLEIL synchrotron radiation facility.

153



154



@ CrossMark

research papers

BIOLOGICAL
CRYSTALLOGRAPHY

ISSN 1399-0047

Received 23 January 2015
Accepted 1 April 2015

Edited by Z. S. Derewenda, University of
Virginia, USA

Keywords: GH130 enzymes; N-glycans;
glycoside phosphorylases; human gut
microbiota.

PDB references: Uhgh_MP, apo, 4udi;
complex with mannose, 4udj; complex with
N-acetylglucosamine, 4udg; complex with
mannose and N-acetylglucosamine, 4udk

Supporting information: this article has
supporting information at journals.iucr.org/d

OPEN (J ACCESS

Structural bases for N-glycan processing by
mannoside phosphorylase
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Narbonne, BP 64182, 31077 Toulouse, France, and fUniversité de Toulouse, Université Paul Sabatier, IPBS,
31077 Toulouse, France. *Correspondence e-mail: samuel.tranier@ipbs.fr, veronese@insa-toulouse.fr

The first crystal structure of Uhgb_MP, a f-1,4-mannopyranosyl-chitobiose
phosphorylase belonging to the GH130 family which is involved in N-glycan
degradation by human gut bacteria, was solved at 1.85 A resolution in the apo
form and in complex with mannose and N-acetylglucosamine. SAXS and crystal
structure analysis revealed a hexameric structure, a specific feature of GH130
enzymes among other glycoside phosphorylases. Mapping of the —1 and +1
subsites in the presence of phosphate confirmed the conserved Aspl04 as the
general acid/base catalytic residue, which is in agreement with a single-step
reaction mechanism involving Man O; assistance for proton transfer. Analysis of
this structure, the first to be solved for a member of the GH130_2 subfamily,
revealed Met67, Phe203 and the Gly121-Pro125 loop as the main determinants
of the specificity of Uhgb_MP and its homologues towards the N-glycan core
oligosaccharides and mannan, and the molecular bases of the key role played by
GH130 enzymes in the catabolism of dietary fibre and host glycans.

1. Introduction

N-linked glycans are present in many living organisms, notably
eukaryotes, and play a key role in major processes, including
cell signalling and recognition, protein stability and activity
tuning (Varki et al., 2009). These oligosaccharides, which are
covalently linked to the asparagine residues of glycoproteins,
display relatively restricted structural diversity (Lehle et al.,
2006; Larkin & Imperiali, 2011). In eukaryotes, N-glycans
share a common core structure composed of the S-p-Manp-
1,4-B-D-GlcpNAc-1,4-D-GlcpNAc  (Man-GlcNAc,)  trisac-
charide, carrying decorations on the nonreducing p-linked
mannosyl residue to form more complex structures (Aebi et
al., 2010; Nagae & Yamaguchi, 2012). Although the whole
pathways of human N-glycan synthesis and maturation have
been well described, little is known about their degradation,
especially by bacteria or fungi, despite the fact that degrada-
tion is a key factor in microbe-host interactions (Suzuki &
Harada, 2014). Until 2013, only glycoside hydrolases (GHs)
had been shown to be implicated in N-glycan breakdown in
the CAZy database (http://www.cazy.org/; Lombard et al.,
2014). Huge efforts have been made in recent years to
understand exactly how this hydrolytic process takes place,
particularly among gut inhabitants, as the alteration of host
glycans by microbes is thought to be related to intestinal
disorders, including Crohn’s disease and other inflammatory
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bowel diseases (IBDs; Martens et al., 2008; Sheng et al., 2012).
The aim of these studies was to identify a broad consortium of
enzymes acting on different parts of the N-glycan structure,
such as exo-mannosidases and endo-mannosidases or endo-/NV-
acetyl-B-p-glucosaminidases produced by gut commensals and
pathogens (Roberts et al., 2000; Burnaugh et al., 2008; Renzi et
al., 2011), particularly by Bacteroides species (Martens et al.,
2009; Zhu et al., 2010).

In 2013, the first evidence for N-glycan breakdown by
phosphorolysis was published, which involved gut bacterial
mannoside phosphorylases belonging to glycoside hydrolase
family 130 (GH130; Nihira et al., 2013; Ladeveze et al., 2013).
Only two enzymes, namely the mannoside phosphorylase (EC
2.4.1.-) Uhgb_MP, an enzyme produced by an uncultivated
Bacteroides bacterium, and Bt1033, produced by B. thetaiota-
omicron VPI-5482, are known to catalyze the conversion of
B-pD-Manp-1,4-B-pD-GlcpNAc (Man-GlcNAc) or p-p-Manp-
1,4-B-p-GlcpNAc-1,4-D-GlcpNAc (Man-GlcNAc,) and inor-
ganic phosphate into «-D-mannopyranose-1-phosphate and
GlcNAc or GlcNAc,, respectively (Nihira et al., 2013; Lade-
veze et al., 2013). CAZy subfamilies are subgroups found
within a family that share a more recent ancestor and that are
usually more uniform in molecular function, reflecting a high
degree of conservation in their active site (Aspeborg et al.,
2012). In the GH130 family, at least two enzyme subfamilies
have been identified (Ladeveéze et al, 2013). Subfamily
GH130_1 gathers enzymes that are highly specific for g-b-
Manp-1,4-p-Glc, while GH130_2 contains enzymes that are
much more flexible towards mannosides. Uhgb_MP and
Br1033 are classified in the GH130_2 subfamily, together with
40 other GH130 sequences, among which 15 originate from gut
bacterial genomes. Integration of metagenomic and genomic
data on the scale of the entire human gut microbiota revealed
that GH130_2 enzymes, especially Uhgb_MP and Br1033,
probably play a critical role in alteration of the intestinal
barrier, as their encoding genes are particularly prevalent in
the human gut microbiome of patients suffering from IBDs
(Ladeveze et al., 2013). Based on genomic context analysis and
on the in silico detection of signal peptides, the physiological
role of Uhgb_MP and Br1033 would be the intracellular
phosphorolyis of B-pD-Manp-1,4-pD-GlcNAc, which can be
internalized in the cell after extracellular hydrolysis of
N-glycans by glycoside hydrolases belonging to the GHIS,
GH92 and possibly also the GH97 families (Ladeveze et al.,
2013). In addition to Uhgb_MP and Br1033, subfamily
GH130_2 contains only one other biochemically characterized
enzyme, the RaMP2 enzyme from the ruminal bacterium
Ruminococcus albus 7. It has been suggested that this enzyme
is involved in mannan catabolism in the bovine rumen, as it
catalyzes the phosphorolysis of $-1,4-manno-oligosaccharides
(Kawahara et al.,2012). In vitro, these three enzymes present a
relaxed substrate specificity compared with all other known
mannoside phosphorylases. This property makes them extre-
mely interesting biocatalytic tools for the synthesis of diverse
manno-oligosaccharides by reverse phosphorolysis. In parti-
cular, Uhgb_MP is extremely efficient at producing N-glycan
core oligosaccharides such as f-pD-Manp-1,4-pD-GlcNAc and

B-D-Manp-1,4-8-D-GlcpNAc-1,4-D-GlcpNAc, the current
commercial price of which exceeds $10 000 per milligram
(Ladeveze et al., 2014). Moreover, it is the only known phos-
phorylase to act on mannans and long manno-oligosacchar-
ides. Uhgb_MP-based B-mannoside synthesis processes are
highly attractive, thanks to its flexible specificity and because it
is the only known enzyme able to produce such high added
value compounds from a hemicellulose constituent as a
substrate. Indeed, a one-pot reaction would allow Uhgb_MP
to produce B-p-Manp-1,4-8-D-GlcpNAc directly from N-acetyl-
glucosamine and mannan following two reaction steps: a first
step of mannan phosphorolysis releasing «-p-Man-1-phos-
phate, and a second step of reverse phosphorolysis converting
a-D-Man-1-phosphate and N-acetylglucosamine into S-D-
Manp-1,4-B-p-GlcpNAc.

Currently, six GH130 enzyme structures are available in the
RCSB Protein Data Bank, sharing a common five-bladed
B-propeller fold. The crystal structure of BfMGP, a B. fragilis
NCTC 9343 enzyme classified with 78 other sequences into the
GH130_1 subfamily, was recently solved in complex with the
genuine substrates 4-O-f-b-mannosyl-D-glucose and phos-
phate and the product @-pD-mannose-1-phosphate (Nakae et
al., 2013; PDB entries 3wat, 3was, 3wau and 4kmi). This
enzyme, which is involved in the final steps of mannan cata-
bolism in the human gut, exhibits a very narrow specificity
towards B-p-Manp-1,4-p-Glc (Senoura et al., 2011), like the
other characterized members of the GHI130_1 subfamily
(RaMP1 from the ruminal bacterium R. albus 7 and the
RmMGP protein from the marine bacterium Rhodothermus
marinus DSM4252; Jaito et al., 2014). This pioneering study on
BfMGP highlighted a probably unique reaction mechanism
among known disaccharide phosphorylases, as the invariant
residue Asp131, which is assumed to be the general acid/base,
was not found close to the glycosidic O atom, which should be
protonated in the catalytic reaction.

The five other three-dimensional structures of GH130
enzymes available to date are the apo forms of (i) four
proteins belonging to the GH130_NC cluster, which gathers
enzymes that are not classified into the GH130_1 and
GH130_2 subfamilies, namely BACOVA_03624 and
BACOVA_02161 from B. ovatus ATCC 8483 (PDB entries
3qc2 and 4onz; Joint Center for Structural Genomics,
unpublished work), BDI_3141 from Parabacteroides distasonis
ATCC 8503 (PDB entry 3taw; Joint Center for Structural
Genomics, unpublished work) and BT_4094 from B. thetaiota-
omicron VPI-5482 (PDB entry 3r67; Joint Center for Struc-
tural Genomics, unpublished work), and (ii) 7m1225 from
Thermotoga maritima MSB8 (PDB entry 1vkd; Joint Center
for Structural Genomics, unpublished work), which belongs to
the GH130_2 subfamily. No function has yet been attributed
to these five proteins, thus limiting our understanding of their
structure—specificity relationships. Until now, nothing has been
established regarding the molecular bases of the relaxed
specificity of the enzymes classified into the GH130_2 family.
In addition, no structural feature has been identified to explain
the efficiency of Uhgb_MP and Brf1033 in binding and
breaking down N-glycan core oligosaccharides.
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Here, we present the first crystal structure of an N-glycan
phosphorolytic enzyme, Uhgb_MP, solved by X-ray crystallo-
graphy in complex with inorganic phosphate, mannose and
N-acetylglucosamine. This study made it possible to review the
previously published three-dimensional model of Uhgb_MP
and provides key information to understand its catalytic
mechanism. Comparative analysis of this new tertiary and
quaternary structure with other GH130 structures allowed us
to identify structural features specific to GH130 subfamilies
that could explain their functional specificities and hence their
key role in mannose foraging in the human gut. This work
therefore paves the way for enzyme optimization by rational
engineering to fit industrial needs as well as for the design of
specific inhibitors to investigate, and potentially to control,
interactions between host and gut microbes.

2. Materials and methods

2.1. Recombinant production of Uhgb MP and enzyme
purification

Uhgb_MP was produced in Escherichia coli BL21-Al cells
(Invitrogen) after its encoding gene had been cloned into the
pET-28a vector, yielding an N-terminally hexahistidine-tagged
protein (detailed procedures are provided as Supporting
Information). After purification by His-tag affinity chroma-
tography and gel filtration, the enzyme was stored in 20 mM
potassium phosphate pH 7.0, 150 mM NaCl (see Supporting
Information).

2.2. Activity measurements

Phosphorolytic activity was assessed using two substrates,
pNP-B-pD-mannopyranose and f-bD-mannopyranosyl-1,4-p-
mannose. All reactions were carried out with 0.1 mg ml™
purified enzyme at 37°C (the optimal temperature for
Uhgb_MP) in 20 mM Tris—HCI pH 7.0 (the optimal pH for
Uhgb_MP). For measurement of the activity in the presence of
10 mM inorganic phosphate and 1 mM pNP-B-p-mannopyr-
anose, the pNP release rate was monitored at 405 nm using a
Cary-100 UV-visible spectrophotometer (Agilent Technolo-
gies). The release rate of w-pD-mannopyranose-1-phosphate
from 10 mM inorganic phosphate and 10 mM B-p-mannobiose
(Megazyme, Ireland) was measured by quantification of «-D-
mannopyranose-1-phosphate using high-performance anion-
exchange chromatography with pulsed amperometric detec-
tion (HPAEC-PAD) as described previously (Ladeveze et al.,
2013).

2.3. Size-exclusion chromatography multi-angle laser light
scattering (SEC-MALLS) experiments

A 30 pl sample of gel-filtered Uhgb_MP at a concentration
of 6 mg ml~" in 20 mM potassium phosphate pH 7.0, 150 mM
NaCl was loaded onto a Superdex 200 HR 10/300 column (GE
Healthcare, Massy, France) using an Agilent 1260 Infinity LC
chromatographic system (Agilent Technology) coupled to a
multi-angle laser light scattering (MALLS) detection system.
The protein was centrifuged for 5 min at 4°C at 10 000g before

the sample was loaded. The column was equilibrated with a
0.1 pm filtered buffer composed of 20 mM potassium phos-
phate pH 7.0, 150 mM NaCl. Separation was performed at a
flow rate of 0.4 ml min~' at 15°C. Data were collected using a
DAWN HELEOS 8+ (eight-angle) light-scattering detector
and an Optilab T-rEX refractive-index detector (Wyatt
Technology, Toulouse, France). The results were analyzed
using the ASTRA v.6.0.2.9 software (Wyatt Technology).

2.4. Protein crystallization

Purified Uhgb_MP protein was concentrated using poly-
ethersulfone Vivaspin concentrators (Vivascience, Sartorius,
Gottingen, Germany). The concentration was determined by
measuring the Asgynm using a NanoDrop instrument
(Wilmington, Delaware, USA). All crystallization experi-
ments were carried out at 12°C by the sitting-drop vapour-
diffusion method using MRC 96-well microplates (Molecular
Dimensions, Newmarket, England) and a Nanodrop ExtY
crystallization instrument (Innovadyne Technologies, Santa
Rosa, USA) to prepare 400 nl droplets. The best Uhgb_MP
crystals were obtained within a week with a 1:1(v:v) ratio of
protein (9-12 mg ml~" in 20 mM potassium phosphate pH 7.0,
150 mM NaCl supplemented with 5mM mannose
and/or 5 mM N-acetylglucosamine for the co-crystallization
assays) to precipitant solution [17.5-20%(w/v) polyethylene
glycol 3350, 0.175-0.2 M ammonium chloride]. Uhgb_MP
crystals grew to dimensions of 0.2 x 0.08 x 0.02 mm in a week.
They diffracted to a maximum resolution of 1.80 A, while
those obtained by co-crystallization with mannose, N-acetyl-
glucosamine or both diffracted to maximum resolutions of
1.94, 1.60 and 1.76 A, respectively.

2.5. Data collection and determination of the structure

X-ray experiments were carried out at 100 K. Crystals of
Uhgb_MP were soaked for a few seconds in reservoir solution
supplemented with 15%(v/v) glycerol (apo) or 15%(v/v) PEG
300 (complexes) prior to flash-cooling. Apo Uhgb_MP
diffraction data sets were collected on beamline ID23-1 at the
European Synchrotron Radiation Facility (ESRF), Grenoble,
France, while those for the complexes were collected on the
XALOC beamline at the ALBA Synchrotron, Cerdanyola del
Valles, Spain (Juanhuix et al., 2014). The diffraction intensities
were integrated and scaled using XDS (Kabsch, 2010) and 5%
of the scaled amplitudes were randomly selected and excluded
from the refinement procedure. All crystals belonged to the
orthorhombic space group P2;2,2;, with six molecules per
asymmetric unit, giving Matthews coefficients of 2.22 and
2.11 A’ Da™! and solvent contents of 44 and 42% for the apo
forms and the three complexes, respectively. The structures
were solved by the molecular-replacement method using
Phaser (McCoy et al, 2007) from the CCP4 software suite
(Potterton et al., 2003) and chain A of the crystal structure of
Tm1225 from T. maritima MSBS8 (PDB entry 1vkd) as a search
model for the apo form. The final translation-function Z-score
was 42.8 and the R and Rg.. values of the refined structure
were 0.155 and 0.190, respectively. Once solved, the apo
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Table 1

Data-collection and refinement statistics for Uhgb_MP.

Values in parentheses are for the outer resolution shell.

Mannose +
Native (P;) Mannose + P; N-Acetylglucosamine + P; N-acetylglucosamine + P;
Data collection
Space group P2,2.2, P2,2:2, P2,2.2, P2,2:2,

Unit-cell parameters (A, °)

No. of molecules in asymmetric unit
Matthews coefficient (A* Da™")
Solvent content (%)
Wavelength (A)
Resolution range (A)
No. of unique reflections
No. of observed reflections
Completeness (%)
Multiplicity
(o (D))
Rmerge (0/0)
Refinement
Ryork/Riree
Root-mean-square deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot
Favoured (%)
Allowed (%)
B factors (A?)
Wilson B
Mean
Main chain
Side chain
Ligand/water
PDB code

a=284.1,b=1412,
¢=1762,
a=B=y=90

6

222

44.66

0.96863

48.16-1.80 (1.91-1.80)

190253 (27574)

927534 (101770)

98.00 (88.70)

4.88 (3.69)

10.46 (1.63)

9.1 (70.0)

0.157/0.190

0.0188
1.9218

91.6
8.1

a=3839,b=1408,
¢ =168.7,
a=B=y=90

6

2.11

41.82

0.97949

75.11-1.94 (1.98-1.94)

148300 (21410)

1217594 (168817)

99.66 (98.85)

8.20 (7.90)

9.30 (3.40)

15.5 (58.9)

0.152/0.193

0.0181
1.8528

91.3
7.9

18
20
18
21
23126
4udj

a =83.8,b=1409,
¢ =168.6,
a=B=y=90

6

2.11

41.74

0.97949

46.68-1.60 (1.64-1.60)

261650 (41727)

2453350 (392431)

99.84 (98.42)

9.37 (7.00)

14.49 (2.07)

9.3 (103.5)

0.155/0.183

0.0191
1.8905

91.3
8.5

22
22
20
24
26/30
4udg

a=83.7,b=1409,
¢ =168.8,
a=B=y=90

6

2.11

41.75

0.97949

45.43-1.76 (1.80-1.76)

197652 (31069)

1818257 (276166)

99.64 (95.24)

9.19 (8.88)

13.70 (2.54)

11.9 (86.5)

0.158/0.192

0.0183
1.9235

91.1
8.6

22
21
19
23
27126
4udk

structure was then used to solve the protein-ligand structures.
The structures of Uhgb_MP in complex with mannose, with
N-acetylglucosamine and with mannose and N-acetyl-
glucosamine were refined to final R/Ry;.. values of 0.150/0.193,
0.154/0.183 and 0.158/0.192, respectively, using REFMACS
(Murshudov et al., 2011). Models were built manually in
as-weighted electron-density maps using Coot (Emsley &
Cowtan, 2004). Water molecules were manually checked after
automatic assignment and ligand molecules were manually
fitted in residual maps. Refinement statistics are listed in
Table 1.

2.6. SAXS measurements

Small-angle X-ray scattering (SAXS) experiments were
performed on the SWING beamline at the SOLEIL
synchrotron, Gif-sur-Yvette, France. The wavelength was set
t0 1.033 A. A 17 x 17 cm Aviex CCD detector was positioned
1800 mm from the sample, with the direct beam off-centred.
The resulting exploitable g-range was 0.006-0.6 A, where q
= 4msind/A, considering 26 as the scattering angle. The samples
were circulated in a thermostated quartz capillary with a
diameter of 1.5 mm and 10 pm wall thickness positioned inside
a vacuum chamber. A 80 pl volume of sample was injected
onto a size-exclusion column (Bio SEC3 300, Agilent) equi-
librated in phosphate-based buffer (20 mM potassium phos-

phate pH 7.0, 150 mM NaCl) or Tris-based buffer (20 mM
Tris-HCl pH 7.0, 300 mM NaCl supplemented with 10%
glycerol) using an Agilent high-performance liquid-chroma-
tography (HPLC) system and eluted directly into the SAXS
capillary cell at a flow rate of 200 pl min~' at a temperature of
10°C. Samples were separated from the pushing liquid (water)
by two air volumes of 6 ul each, as described previously
(David & Pérez, 2009). SAXS data were collected online
throughout the elution time and a total of 149 frames, each
lasting 2 s, were recorded separated by a dead time of 0.5s
between frames. The transmitted intensity was continuously
measured with an accuracy of 0.1% using a diode embedded in
the beam stop. For each sample, the stability of the associated
radius of gyration and the global curve shape in the frames
corresponding to the main elution peak were checked, and the
resulting selection of curves were averaged as described
previously (David & Pérez, 2009). The recorded curves were
normalized to the transmitted intensity and subsequently
averaged using Foxtrot, a dedicated in-house application. The
same protocol was applied to buffer scattering. R, values were
determined by a Guinier fit of the one-dimensional curves
using the ATSAS package (Petoukhov et al., 2007). The P(r)
function was calculated using the GNOM program and the
corresponding ab initio envelopes were calculated using the
GASBOR program. Rigid-body SAXS modelling was
performed using the CORAL program.
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3. Results and discussion
3.1. Conformational stability optimization of Uhgb MP

Previous work on Uhgb_MP allowed the production and
purification of a recombinant form of the protein in amounts
suitable for crystallization (Ladeveze et al., 2013). However,
owing to enzyme instability, an optimized production system
was set up by subcloning the open reading frame of Uhgb_MP
into the pET-28a vector (Supporting Information §S1).
Subcloning into pET-28a made it possible to produce a
recombinant protein with a thrombin-cleavable N-terminal
hexahistidine tag and a five-residue shortened linker between
the tag and the N-terminal extremity of the native enzyme.
After protein purification and processing in the same buffer as
previously described (Ladeveze et al., 2013), the activity on
pNP-B-pD-mannopyranose was increased by 73% to 10.9 x
107% pmol min ' mg ™', indicating that the 16-amino-acid
linker used in the initial construct negatively impacted on the
Uhgb_MP activity. To avoid the use of Tween 80, which is not
suitable for crystallization assays, we then screened for an
optimized buffer composition by differential scanning fluori-
metry (DSF; Supporting Information §S1). In-house-prepared
96 deep-well screens adapted from Ericsson et al. (2006) were
used to assess the effect of buffer nature, pH and NaCl
concentration on protein thermal stability. The denaturation

Figure 1

Monomeric Uhgb_MP fold, substrates and interacting residues. Like
other GH130 enzymes, the Uhgb_MP monomer has a five-bladed
B-propeller fold with a central catalytic furrow. The P;, mannose and
N-acetylglucosamine molecules present at the catalytic site are shown as
sticks, while interacting residues are shown as lines. The catalytic Asp104
is shown in red, P;-interacting residues in green, mannose-interacting
residues in blue and N-acetylglucosamine-interacting residues in orange.
The Asn44 and Aspl104 side chains are shown in the B conformation, i.e.
the conformation that is catalytically active. Water molecules 436, 457 and
656, which mediate interactions between the N-acetylglucosamine and
residues Lys212 and Tyr242, Asp304 and His235, respectively, are shown
as black crosses. Protein—P; interactions: NH, of Argl50 is contacting P;
0O*and O?, while NH, of Asn151 contacts P; O*. wNH, of the Argl68 side
chain binds to P; O! and its o’ NH, is interacting with P; O?. The side-chain
amine of Lys212 binds to P; O? and His231 N*? is at a hydrogen-bond
distance from P; O'. Finally, the hydroxyl of the Tyr242 side chain is in
contact with P; O°.

curves revealed two fusion temperatures, T, = 65.7°C and
Two = 70.8°C, in the initial Tris—-HCI buffer, indicating that
Uhgb_MP may adopt different oligomeric states in solution.
The DSF results showed unambiguously that phosphate-based
buffers (sodium and potassium phosphate) largely stabilize
the Uhgb_MP structure at all of the assayed pH values (5.0,
5.5, 6.0, 6.5 and 7.0) and NaCl concentrations (136, 159, 287
and 439 mM). The best result was observed using 100 mM
potassium phosphate pH 6.0 with 136 mM NaCl, leading to an
increase in Ty, and T, of 6.82 £ 0.07 and 8.47 £+ 0.07°C,
respectively. We therefore chose to use potassium phosphate
buffer supplemented with 150 mM NaCl to purify and store
the protein produced using pET-28a::Uhgb_MP. In addition,
the pH was set to 7.0 to allow sufficient separation efficiency
of the protein in the affinity-purification step (T, and Ty
increased by 4.80 & 0.30 and 6.45 £ 0.30°C, respectively, at this
pH value). Under these optimal conditions, the protein
production yield reached 90 mg pure protein per litre of
culture. Finally, the p-1,4-p-mannobiose phosphorolytic
activity of the enzyme stored in these conditions was increased
tenfold compared with that of enzyme previously expressed in
pDEST17 and purified in Tris buffer (Ladeveze et al., 2013).

3.2. Crystallographic structure of Uhgb MP subunits

The overall structure of Uhgb_MP was determined by
molecular replacement using the structure of 7m1225 from
T. maritima MSB8 (PDB entry 1vkd), which shares 60%
identity with Uhgb_MP, as a model. The crystal structure of

Figure 2

Alternative conformations of Asn44, Ser45 and the catalytic Aspl04
upon mannose binding in the —1 subsite. Superposition of the apo
structure of Uhgb_MP (PDB entry 4udi) and Uhgb_MP complexed with
mannose (PDB entry 4udj), illustrating the movement of the catalytic
residues when mannose is bound at the —1 subsite. The backbone of the
apo form is shown in grey (A conformation), while the backbone of the
complexed, catalytically active form (B conformation) is in green. Water,
phosphate and glycerol molecules in the apo form are shown. 2F, — F,
electron-density maps are shown (contoured at 1.00) for the catalytic
residues in the apo and mannose-bound forms. Interatomic distances are
labelled in A.
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Uhgb_MP revealed a homohexameric organization. The
homohexamer consisted of a trimer of dimers with D3
symmetry, with six molecules per asymmetric unit. The apo
structure was refined to 1.80 A resolution, while the
complexes with mannose, with N-acetylglucosamine and with
the two combined were refined to 1.94, 1.60 and 1.76 A,
respectively (Table 1). The electron-density maps did not
enable construction of the N-terminal extremity of the poly-
peptide chains. The N-terminal hexahistidine tag and the
following 6-8 first residues have thus been omitted from the
final model. The overall fold of each Uhgb_MP protomer
consists of a five-bladed B-propeller (Fig. 1). The catalytic
centre is located in the central cleft as previously hypothesized
(Ladeveze et al., 2013), as a phosphate ion (P;) and mannose
and N-acetylglucosamine were observed in the central furrow.
P; is deeply buried in the catalytic site, strongly stabilized by
hydrogen bonds and ionic interactions with the surrounding
residues (Fig. 1). Compared with other glycoside phosphor-
ylases, P; appeared to be quite strongly bound, since the P;
dissociation constant values previously determined for the
ternary enzyme-P;—mannobiose and enzyme-P;—f-pD-Manp-
1,4-B-D-GlcpNAc-1,4-D-GlcpNAc  complexes (0.64 and
0.13 mM, respectively; Ladeveze et al., 2013) are more than
200 times lower than that determined for RaMP1 (belonging
to the GH130_1 subfamily), the only other GH130 enzyme for
which a P; dissociation constant has been determined. In the
apo structure, a molecule of glycerol, which was used as a
cryoprotectant, occupied the —1 subsite. This glycerol mole-
cule was hydrogen-bonded to the side-chain carboxylate
moiety of Asp304 (O’ to O5 and O to O,), while its O, atom
was hydrogen-bonded to the P;, mimicking the interactions
between mannose and the surrounding amino acids that were
observed in the protein-ligand complexes. Interestingly, in the
Uhgb_MP structures where binding of mannose in the —1
subsite occurred (PDB entries 4udj and 4udk in Table 1), the
mannose ring was found in a stressed B, s boat conformation
stabilized by hydrogen bonding to Asp304 (O°' to the Cg
hydroxyl and O* to the C, hydroxyl); the mutation of this
critical residue to asparagine abolishes 96% of the activity
(Ladeveze et al., 2013). This unusual conformation of mannose
was present in all six chains (Supplementary Fig. S1) and was
previously observed in the BfMGP structures (PDB entry
3was, for which in cristallo activity was observed, and PDB
entry 3wat). It should be noted that this B, s boat conforma-
tion is less unstable in mannose compared with other mono-
saccharides owing to the pseudo-equatorial position of the C,—
OH, which is in an anti configuration to the ring O atom, thus
bending the C;—~OH towards the B-glycosidic O atom, in a syn
axial position. The binding of mannose in the —1 subsite
induced a large conformational movement in the active site.
Indeed, in the apo form, where a glycerol molecule was
observed in place of mannose, the amino moiety of Asn44
interacts with the C; hydroxyl of glycerol through a water
molecule (conformation A in Fig. 2). Upon mannose binding
(conformation B), the peptide bond between Phe43 and
Asn44 flips in order to allow direct interaction of the Asn44
side chain with the C; and C, hydroxyls of the sugar. The side

chain of the catalytic residue Asp104, mutation of which to
asparagine completely abolished the activity (Ladeveze et al.,
2013), is also moved towards mannose in a position that is
occupied by two water molecules in the apo form. In this B
conformation, Asn44 stabilizes the catalytic Asp104 through
hydrogen bonding, thereby imposing selection of the rotamer
facing the mannose C; hydroxyl, which acts as a proton relay
during catalysis (Fig. 2). This is the first time that such a
concerted movement upon substrate binding in the —1 subsite
has been reported for a glycoside phosphorylase. It must be
noted that the B conformation of the catalytic Aspl04 is
probably the one that is active since it has also been observed
for BfMGP, which was demonstrated to be catalytically active
in cristallo (Nakae et al., 2013). The A conformation of the
catalytic residue Aspl04 of Uhgb_MP was observed in the
structure of the GH130_2 7m1225 protein in the apo form
(PDB entry 1vkd). In the Uhgb_MP structures, the B
conformation was only observed when mannose was bound in
the —1 subsite, and is therefore independent of the presence
of N-acetylglucosamine in the +1 subsite. Indeed, the A
conformation was observed in the complex with N-acetyl-
glucosamine alone (PDB entry 4udg, with glycerol in the —1
subsite and N-acetylglucosamine in the +1 subsite), while the
B conformation was observed in the complex with mannose
and N-acetylglucosamine (PDB entry 4udk, with mannose in
the —1 subsite and N-acetylglucosamine in the +1 subsite). In
the A and B conformations, N-acetylglucosamine bound in the
+1 subsite was found in a *C; relaxed chair conformation,
stacked with Tyr103, and bound through hydrogen bonding to
the C¢ hydroxyl group, the His174 imidazole ring, the Lys212
side chain and the Tyr242 hydroxyl group via a water mole-
cule. The C; hydroxyl interacts with the Arg59 side-chain
amine moiety, as well as with Asp304 O°' through a water
molecule. The N-acetyl moiety is also involved in binding
through hydrogen bonding between its NH group and the S
atom of Met67 and between its carbonyl moiety and the
His235 carbonyl via a water molecule. The hydrophobic
methyl moiety faces the side chain of Ala207 and Met67, with
these residues forming a hydrophobic pocket (Fig. 1).

These data enabled us to revise our previous Uhgb_MP
model, which was built using the atomic coordinates of the
Tm1225 protein from 7. maritima MSB8 (PDB entry 1vkd) as
a structural template, considering a monomeric form of the
enzyme and using geometrical constraints provided by a
classical inverting GH-like single-displacement mechanism. In
this model, we previously hypothesized a +1 subsite formed by
the Tyr103, Asp304, His174, Tyr240 and Phe283 residues,
which are specifically conserved in the GH130_2 family, while
the +2 subsite would be delineated by Tyr242, Pro279, Asn280
and Asp304. In this configuration, the exit of the catalytic
tunnel would be orientated towards the inside of the oligo-
meric structure, thereby reducing access to the catalytic site. In
addition, the conserved His235-Tyr240 loop from a cognate
monomer would block the furrow that we have hypothesized.
These new data emphasize the importance of taking into
account the quaternary organization when modelling oligo-
meric enzymes, using SAXS data when possible to define the
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low-resolution envelope and avoiding restraining the possible
docking modes of substrates too much to envisage original
reaction mechanisms. Here, thanks to the high-resolution
crystallographic structures of hexameric Uhgb_MP, which is
catalytically active (as detailed in the next section), in complex
with mannose and N-acetylglucosamine, we propose a revised
active-site topology in which the oligosaccharide chain rotates
by 180°, inverting the —1 and +1 subsite positions. This new
orientation allows the substrate to enter from the open side of
the tunnel, and is in complete accordance with the orientation
found in the crystal structure of BfMGP in complex with its
substrates (Nakae et al., 2013).

As previously shown by Kkinetic analysis of Uhgb_MP,
phosphorolysis of the N-glycan oligosaccharide core follows a
mixed-type sequential random Bi-Bi mechanism (Ladeveze et
al., 2013). However, the order of substrate binding was not
determined. Functional and structural data now lead us to
suggest that the phosphorolytic catalytic mechanism is
composed of a first step in which the inorganic phosphate is
conveyed to the catalytic centre, followed by entry of the
substrate to be phosphorolyzed. Indeed, the P; binding site is
located deeper in the catalytic site than the glycoside
substrate, meaning that P; could not bind after the disac-
charide. Thus, mannose binding in the —1 subsite would
induce a flip of the Phe43-Asn44 peptide bond from confor-
mation A to conformation B, thus maintaining the side chain
of Aspl04 in a catalytically competent configuration. In
reverse phosphorolysis, entry of mannose-1-phosphate would
be the first step, followed by conformational changes of Phe43,

180°

Figure 3

Asn44, Ser45 and Aspl04. Entrance of the acceptor would
lead to the reverse phosphorolysis reaction. Regarding the
phosphorolytic reaction itself, our data show that when the
mannosyl moiety was present in the catalytic site, no water
molecule was located where it could relay the proton from the
catalytic Aspl04 to the interosidic O atom. In addition,
comparison between the apo and complexed forms showed
that the change in Aspl04 from conformation A to confor-
mation B did not allow the catalytic aspartic acid to be at a
hydrogen-bonding distance from the interosidic O atom,
indicating that this residue is not directly involved in proton
transfer to the interosidic O atom, as seen in the BfMGP
structures. In the latter case, Nakae and coworkers suggested a
catalytic mechanism different from that of known inverting
glycoside phosphorylases (GPs), involving the assistance of
C;—OH to relay proton transfer, because, like us, they did not
observe a water molecule at the catalytic site in any of their
structures (Supplementary Fig. S2). The stressed B,s boat
conformation of mannose bound in the —1 subsite and the B
configuration of Aspl04 which is only stabilized when
mannose present in the —1 subsite was compatible with such a
mechanism. The first step of phosphorolysis would thus be (i)
nucleophilic attack of P; on C; of the mannosyl moiety bound
in the —1 subsite, (ii) a two-step protonation through
Aspl104 O*>~-Man O5-GlcNac Oy, with the Asp104 side-chain
carboxylic acid being located at 2.5 A from the C;-OH
(Supplementary Fig. S2). However, even if the catalytic
mechanism of Uhgb_MP and BfMGP appears to be identical,
clear differences in the substrate specificity of GHI130

Uhgb_MP homohexameric structure. (a¢) Uhgb_MP is a hexameric structure formed by a trimer of dimers. Individual monomers are shown in a single
colour and are labelled A, B, C, A’, B" and C’ for clarity. Each pair of dimers is coloured in pale/dark blue, green and red. (b) Close-up of the catalytic
tunnel of a single Uhgb_MP protomer in the hexameric structure. The quaternary-structure assembly imposes structural constraints on active-site
accessibility. The inorganic phosphate, the mannose and the N-acetylglucosamine molecules present in the catalytic site of protomer A are shown as
sticks deeply buried in the catalytic site, which is accessible by a tunnel whose sides are formed by different protomers. The extremity of the tunnel is
located at the centre of the plane formed by four Uhgb_MP molecules, in this case A, A, B and B'.
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subfamilies have been identified owing to structural motifs
located in other parts of the protein, as further detailed below.

3.3. Uhgb_MP quaternary structure

In the Uhgb_MP crystal structure, each subunit of the
homohexamer is roughly globular in shape. There is a large
cavity inside the homohexamer and large holes at the centre of
each of the three lateral planes formed by the homohexamer
assembly (Fig. 3a). No discretely bound solvent molecules
were found in these cavities, which are 15 A in diameter at
their narrowest point, indicating that these holes are large
enough to enable substrate access to the active site of each
protomer. The association of the surrounding subunits in the
homohexamer caps the furrow of each protomer, giving rise to
a funnel whose entrance is orientated towards the lateral
aperture (Fig. 3b). The catalytic site is therefore deeply buried,
with the phosphate ion and the —1 subsite located at the
bottom of the tunnel.

Each dimer is formed of a large buried surface area of
1300 A2 involving two Uhgb_MP molecules linked by twofold
symmetry (Fig. 4a). The interactions promoting dimer asso-
ciation involve the side chains of the residues at the interface,
such as His123 and His196 stacking, and several hydrogen
bonds or salt bridges involving side-chain atoms, such as
between Argl95 and GIn142, Glu142 and Argl193, Asp93 and
Argl95, and Glul89 and Argl93. Other polar interactions
involve main-chain atoms of Alal44 and His194, Tyr122 and

W191/W191
E189/R193
E142/R193
E142/R195

R195/D93 4
H123/H196

(a)

Figure 4

N238/Y240

His196, and Trp191 and a symmetry mate. The homohexamer
is formed by the association of three dimers arranged around a
pseudo-threefold axis. Each dimer is related to its neighbours
through symmetrical interactions involving each of the two
protomers (covering an interaction surface of 840 A? cach;
Fig. 4b). These interactions involve T-shaped stacking between
the imidazole groups of His174 and His235 and hydrogen-
bond interactions between side chains between Asn40 and
Tyr264 and between Ser64 and Pro263. Main-chain carbonyl
and amino groups are also involved in the assembly. More
precisely, the Thr63 carbonyl is in contact with Tyr264 NH,
while the side chains of Asn238 and Asn280 interact with the
carbonyl group of Gly276 and the amide N atom of Tyr240,
respectively. Finally, the side chain of Asn238 makes contact
with the Pro279 carbonyl moiety.

SEC-MALLS and SAXS analysis confirmed the hexameric
organization of Uhgb_MP in solution. The protein apparent
molecular mass determined by SEC-MALLS was 240 kDa
(n = 6.16; Supplementary Fig. S3). Guinier analysis of the
SAXS data revealed that in phosphate and Tris—glycerol
buffers, the radius of gyration (R,) was considerably larger
than the theoretical R,, indicating protein aggregation. Based
on data collected in Tris—glycerol buffer in the presence of
1 mM TCEP as reducing agent, an R, value of 37.9 &+ 0.08 A
was obtained, which is in good agreement with the theoretical
R, calculated from the apo crystal structure (~37 A). The pair
distribution function P(r) revealed a compact particle with a
Doy of ~110 A that closely matches the largest dimension of

N238/P279

S64/P263
T63/Y264

(b)

Interaction surfaces between the different Uhgb_MP protomers. (¢) The interaction surfaces between two Uhgb_MP protomers involved in dimer
formation. (b) The interaction surfaces between Uhgb_MP dimers to form the hexamer. Only the interactions involving the three upper monomers from
each dimer are shown here, in order to clarify the view, as these surfaces are symmetrical in the lower monomers.
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the hexamer (Supplementary Fig. S4). The ab initio envelope
confirmed the compact shape of Uhgb_MP in solution with a
trimer-of-dimers organization superimposable with the crys-
tallographic structure. SAXS-based rigid-body modelling was
attempted by taking into account the flexibility of the
N-terminal residues missing from the crystal structure. The fit
showed that the theoretical curve closely matched the
experimental data, thus confirming the general hexameric
organization of Uhgb_MP in solution (Supplementary Fig.
S4).

Considering that (i) we never observed the existence of
Uhgb_MP monomers, either in solution or in crystals, (ii) the
quaternary structures deduced from both SAXS and crystallo-
graphic data are superimposable and (iii) the intracellular P;
concentration in bacteria is around 10 mM (Motomura et al.,
2011), meaning that P; binds to Uhgb_MP in vivo as in the
crystals, we conclude that hexamerization is required for
enzyme activity and that the crystal structure presented here is
certainly the most probable organization under physiological
conditions.

All other known GPs belonging to the GH3, GH13, GH65,
GH94, GH112, GT4 and GT35 families crystallize and act as
homodimers. In contrast, it is difficult to find general features
that control the oligomerization of GH130 enzymes, even for
those belonging to the same subfamily. Indeed, all of the data
that we gathered on functionally or structurally characterized
GH130 enzymes showed that no single subfamily contained
homogenous oligomerization profiles. Enzymes belonging to
the GH130_NC group (the BACOVA_03624, BACOVA_
02161, BT4094 and BDI_3141 proteins) crystallized as
monomers, while the two functionally characterized proteins
Teth514_1788 and Teth514_01789 have been shown to be
dimeric and monomeric in solution, respectively (Chiku et al.,
2014). Various oligomeric forms (in solution or crystals) have
been found in the GH130_1 (hexameric BfMGP, pentameric

N44

80 90 ¥ 100 110 ¥

[ R TR IR EURDRAN [RDR (RPN PR P PP
Uhgb_MP DLLPTSNSIFNSAVVPFG---DGFAGVFRCDDTSR
Tm1225- (1VKD) NPVPKGARVENSAVVPYN---GEFVGVFRIDHKNT
RaMP2 DQLPTSNSIFNSAVVPYESEKGKFAGVFRVDDKCR
Bt1033 YHIPSSNSIFNSAVVPFK---DGFAGVERCDNKAV-
BEfMGP MERIGMNATLNAGAIKWD---GKYLMLVRVEGADR
RaMP1 QERLGINAVFNAGAIKLN
RmMGP MERMGINAVENPGAIKLG

BACOVA_03624-(3QC2)
BACOVA_02161- (40NZ)
BT4094- (3R67)
BDI_3141- (3TAW)
Teth514 1788

PIENTKFYCPLTKDSIAWESNDTFNPAATLYN
PQP-TEFYCPMRKQQVKWEESDTFNPAATVKD
PDTTTVFYCPMRQDSVAWESSDTFNPAATIYD
PLP-TKFYCPMREDSVAWEESDTFNPAATIYD

RmMGP and dimeric RaMP1) and GH130_2 (hexameric
Uhgb_MP, dimeric 7m1225, hexameric RaMP2 and tetrameric
Bt1033) subfamilies.

Moreover, the presence of the AxxxAxxxA motif in the
BfMGP N-terminal helix, which was thought to mediate
oligomerization (Nakae et al., 2013), was not found in RaMP1
or RmMGP, demonstrating that this particular motif is not the
only element that is able to promote the formation of oligo-
mers in enzymes belonging to the same GHI130 subfamily.
Finally, no particular secondary-structure element appeared to
mediate interactions between the different Uhgb_MP proto-
mers, which were only associated by surface interactions,
without any involvement of secondary-structure elements, in
contrast to what was observed for BfMGP (the only GP of
known structure with a similar homohexameric conforma-
tion). Indeed, the BfMGP loop Thr42-Met68, which was
found in contact with the N-terminal tab helix and is thought
to help contact the cognate protomer, is completely absent in
Uhgb_MP, and more generally in all GH130_2 sequences.
Taken together, these data highlight the structural originality
of GH130 enzymes among glycoside phosphorylases. Never-
theless, the solutions of many other GH130 structures will be
required to be able to highlight possible structural markers of
oligomerization.

3.4. Molecular bases of specificity towards mannosides

Uhgb_MP is the first member of the GH130_2 subfamily to
be characterized both functionally and structurally. 7m1225
has only been structurally characterized, and no structural
data is available for the functionally characterized GH130_2
members RaMP2 and Br1033. In contrast to the known
enzymes classified into the GH130_1 subfamily (including
BfMGP, the only crystallized member of this subfamily;
Senoura et al., 2011; Nakae et al., 2013), which exhibit a narrow
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Sequence alignment of characterized GH130 enzymes. This alignment highlights the conservation of the catalytic and substrate-interacting residues

among characterized GH130 enzymes, as well as family-specific loops.
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specificity towards f-p-Manp-1,4-pD-Glc, GH130_2 enzymes
present a highly relaxed substrate specificity. Moreover, the
Uhgb_MP structure is the first structure of an inverting
glycoside phosphorylase that is active on a polysaccharide.
Indeed, the only enzymes of known structure that are able to
phosphorolyze polysaccharides are the retaining o-maltosyl
phosphate:x-1,4-p-glucan-4-a-p-maltosyltransferases belonging
to GH13 and glycogen or starch phosphorylases belonging to
the GT35 family (Egloff et al., 2001; Mirza et al., 2006).
Uhgb_MP structures were compared with the six structures
available for GH130 enzymes in order to identify any struc-
tural features that could explain the enzyme specificity, in
particular towards N-glycan oligosaccharides, long manno-
oligosaccharides and mannans. The residues involved in the
catalytic machinery and in substrate binding are highly
conserved in both the sequences and the three-dimensional
structures, with the notable exception of the side chains of
Aspl04, Asn44 and Ser45 in the A configuration (Fig. 5 and

MGP Loop T42-M68

Loop D61-R65

Loop G121-P125

MGP (GH130_1)
Uhgb_MP (GH130_2)
BACOVA_03624 (GH130_NC)

Figure 6

Fig. 6), with overall r.m.s.d. values after C* superposition of
2.1,2.1,2.1,2.0,2.0 and 1.0 A for BFMGP (25% identity with
Uhgb_MP), BACOVA_03624 (23% identity), BACOVA_
02161 (22% identity), Bt4094 (23 % identity), BDI_3141 (25%
identity) and 7m1225 (61% identity), respectively (Fig. 6). In
addition, the P; and glycosyl moieties in the —1 and +1 subsites
superimposed perfectly with those present in the structure of
BfMGP in complex with inorganic phosphate, mannose and
glucose. The electron density of mannose was separated from
that of N-acetylglucosamine, in contrast to what would have
been observed for the disaccharide 8-p-Manp-1,4-D-GlcpNAc,
because of the impossible superimposition of mannose O, and
N-acetylglucosamine O,4. However, some structural features
that are conserved in the subfamily explain the differences in
substrate specificities observed between subfamilies (Fig. 6).
The most significant structural changes were identified in
the Uhgb_MP Gly121-Pro125 loop, which is 11 residues
longer in GH130_1 enzymes compared with those belonging
to the GH130_2 and GH130_NC clus-
ters (Fig. 6). This longer loop appeared
at the extremity of the catalytic tunnel
and, in the case of BfMGP, actually
filled it. Therefore, the accommodation
of longer substrates than disaccharide
would be impossible for GHI130_1
enzymes, which is in accordance with
the biochemical data published to date
(Senoura et al., 2011; Kawahara et al.,
2012; Jaito et al, 2014). In GH130_2
enzymes the shorter loop would enable
the entry of longer substrates, such as
long manno-oligosaccharides or even
mannans for Uhgb_MP, into the large
cavity formed inside the quaternary
structure between the three lateral
planes of the homohexamer. Moreover,
the +1 subsite flexibility of the GH130_2
members, which are able to accom-
modate N-acetylglucosamine and the C,
epimer of glucose, would be explained
by the location of the Uhgb_MP Arg65
residue. Indeed, the arginine side chain
is at a distance of 6.43 A from the O,

Loop D171-F177

Superposition of GH130 structures. Superposition of Uhgb_MP (GH130_2; red) with mannosyl-
glucose phosphorylase (BfMGP) from B. fragilis NCTC 9343 (GH130_1; PDB entry 4kmi; blue),
and BACOVA_03624 from Bacteroides ovatus ATCC 8483 (GH130_NC; PDB entry 3qc2; green),
illustrating the structural differences between GH130 subfamilies. The catalytic Asp104 is shown in
the B conformation. With the exception of the BfMGP loop Thr42-Met68, which does not exist in
the Uhgb_MP structure, the loops are numbered with respect to the Uhgb_MP sequence. The
11-residue longer Glyl121-Pro125 loop, which is specific to GH130_1, fills the entrance to the
Uhgb_MP tunnel. In place of the Asp61-Arg65 loop, an extension is observed for GH130_NC,
capping the catalytic site. These two loops, which are specific to GH130_1 and GH130_NC,
respectively, may explain the inability of enzymes belonging to these subfamilies to phosphorolyze
long substrates. Loop Asp171-Phel77 (the so-called ‘lid loop’ in BfMGP) is shorter in GH130_NC
enzymes than in GH130_1 and GH130_2, thus allowing access to the active site. In addition, in
GH130_1 enzymes loop Aspl171-Phel77 is very mobile because of the GSGGG motif located at its
base, which is locked close to the catalytic site only when a substrate is bound, as shown for BfMGP
structures. In contrast, in Uhgb_MP the loop is not so mobile and holds His174, which is conserved
in GH130_2 and which has already been shown to be involved in the +1 subsite. The BfMGP loop
Thr42-Met68 in contact with the N-terminal helix involved in oligomerization is completely absent
in Uhgb_MP even when both proteins are assembled as homohexamers.

atom compared with 2.96 A for the side
chain of the corresponding BfMGP
residue, Arg94, which would be
responsible for the specificity of the
GH130_1 members for f-p-Manp-1,4-p-
Glc through hydrogen bonding to O, of
glucose.

In addition, the stronger specificity of
GH130_2 towards N-acetylglucosamine
at the +1 subsite compared with glucose
or mannose is explained by hydro-
phobic interactions of the N-acetyl-
methyl moiety with Met67, which is not
conserved in the GH130_1 subfamily,
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while being present in half of the GH130_2 members, espe-
cially those acting on B-pD-Manp-1,4-D-GIcNAc (Bt1033 and
RaMP2).

Moreover, in the structures containing N-acetyl-
glucosamine, the Phe203 side chain of a cognate monomer was
found close to Met67; these two residues form a hydrophobic
pocket that interacts with the methyl group of the N-acetyl
moiety. On the contrary, in the apo form and in the structure
containing mannose alone in the —1 subsite, the Phe203 side
chain was rather found rotated towards the exit of the catalytic
tunnel. Therefore, Phe203, which is not conserved in the
GH130_1 subfamily, while being present in 25% of GH130_2
members, would thus be a specific feature of GH130 enzymes
that are able to phosphorolyze S-p-Manp-1,4-8-p-GlcpNAc.

The C; stereochemistry at the +1 subsite also appears to be
critical since all pyranoside inhibitors of Uhgb_MP (allose,
L-rhamnose and altrose) share an inversion of configuration at
this position compared with that of mannose. This effect is
probably owing to the proximity of Tyr103 (or the equivalent
Tyr130 in BfMGP), thus implying a steric constraint that
would select an equatorial hydroxyl at this position in the case
of a *C, chair, which is the case for N-acetylglucosamine in
the structure of the corresponding complex. We previously
observed that a YI103E mutation strongly destabilizes
Uhgb_MP, as is the case for the wild-type enzyme without
phosphate. The Y103E mutation also significantly increases
the ratio between hydrolysis and phosphorolysis, with the
glutamic acid playing the role of the second catalytic acid
required for hydrolysis (Ladeveze et al, 2013). The role of
Tyr103 in stabilizing the active-site conformation in the
presence of phosphate is owing to hydrogen-bonding inter-
actions between its lateral chain and that of Argl50, which
interacts with phosphate (Fig. 1). The Y103E mutation would
decrease hydrogen-bonding interactions, while positioning the
glutamic acid at a hydrogen-bonding distance (less than 4 A)
from the interosidic O atom to allow hydrolysis to occur.

3.5. Significance

In this paper, we present the first structure of a phosphor-
olytic enzyme involved in N-glycan degradation in its apo
form and in complex with mannose and N-acetylglucosamine.
As previously highlighted by the integration of biochemical,
genomic and metagenomic data, Uhgb_MP and GHI130
enzymes more generally can be considered as interesting
targets to study interactions between host and gut microbes,
especially since GH130_2 sequences are overrepresented in
the metagenomes of IBD patients. Further studies will be
needed to confirm the physiological role of these enzymes and
their potential involvement in damage to the intestinal barrier,
such as metabolomic and transcriptomic analyses of the gut
bacteria that produce them in the presence of N-glycans as a
carbon source or inoculated in model animals with and
without inhibitors. This three-dimensional structure paves the
way for such studies through the design of specific GH130_2
inhibitors that could mimic substrate binding.

In addition, analysis of tertiary and quaternary structures
led to the identification of structural features involved in the
accommodation of long oligosaccharides and polysaccharides.
This is a key feature that is unique to Uhgb_MP and is of great
biotechnological interest for the conversion of hemicellulose
into compounds with high added value. Identification of the
structural determinants of the strong specificity of Uhgb_MP
and other GH130_2 enzymes towards Man-GlcNAc also paves
the way for the rational engineering of GH130 enzymes
optimized for manno-oligosaccharide synthesis and diversifi-
cation. Functional investigations of structurally characterized
enzymes classified in the different GH130 sequence clusters
would significantly advance our knowledge of the molecular
bases of substrate specificities and improve our understanding
of their role in key catabolic pathways, especially in the
mammalian gut.

4. Related literature

The following references are cited in the Supporting Infor-
mation for this article: Studier (2005).
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Figure S1 2Fo-Fc electron density maps contoured at 1,0 ¢ around the ligands. A) apo form, with a

glycerol bound in the -1 sub-site; B) mannose bound in the -1 sub-site; C) N-acetylglucosamine bound

in the +1 sub-site.
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Figure S2 Proposed catalytic mechanism of 3-D-Manp-1,4-D-GlcpNAc phosphorolysis by UhgbMP.
This mechanism is similar to the one described by Nakae et al. for the GH130 1 BfMGP protein. It
involves the assistance of the C3-OH of the mannosyl residue in the -1 sub-site to relay the proton

from the catalytic D104 to the N-acetylglucosamine Oa.
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Figure S3 Size Exclusion Chromatography Multi-Angle Laser Light Scattering (SEC-MALLS)
profile of Uhgb MP. Protein apparent molecular mass was 240 kDa (n= 6.16). The main peak
corresponding to the hexameric form accounted for 94% of the total mass fraction (Rh of 5.4 nm),
with the presence of a small peak (3% of the total mass) that could correspond to a higher oligomeric
form, possibly a dodecamer. A. Profile of the SEC-MALLS experiment displaying the light scattering
signal (red curve) and the differential refractive index signal (green curve) versus elution time (min)
for Uhgb MP. The blue curve represents the molar mass (g.mol ™) calculated across the elution peak
according to SLS measurement. The average molar mass (2.277x10° £0.025% g.mol™) is indicated by
the dashed black line. B. Profile of the SEC-MALLS experiment showing the light scattering signal
(red curve) and the differential refractive index signal (green curve) versus elution time (min) for
Uhgb_ MP. The blue curve represents the hydrodynamic radius (nm) calculated across the elution peak

according to SLS measurement.
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Figure S4 SAXS analysis. A. SAXS curve of Uhgb MP in Tris-glycerol buffer supplemented with
ImM TCEP. B. Guinier fit and P(r) function. C. Fits of the ab-initio envelope (blue curve) and the

crystal structure with modelled N-terms (red curve). D. Two orthogonal views of the model (shown as

ribbon) superposed to the ab-initio envelop.

S$1. Supplemental experimental procedures

S$1.1. Uhgb_MP production and purification

The Uhgb MP encoding gene was subcloned from pDEST17 vector (Ladeveéze et al. 2013) into pET28a
between Ndel and BamHI restriction sites, yielding a 6-histidine N-terminal thrombin cleavable tagged
protein. Primers forward 5 TACGCTAGCCATATGAGTATGAGTAGCAAAGTT 3’ and reverse 5’
TACGCTGGATCCTCAGATGATGCTTGTA 3’ were used to amplify the gene, using the Phusion®

High-Fidelity DNA Polymerase (New England Biolabs), and to introduce Ndel and BamHI restriction
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sites on both ends of the PCR product. They were subsequently digested, purified and ligated together.
After E. coli TOP10 transformation, the construct was extracted and checked by Sanger sequencing.
To allow heterologous Uhgb MP production, E.coli BL21-Al cells (Invitrogen) transformed with the
Uhgb_MP::pET28a plasmid were cultured at 20°C for 24 hours in 200mL ZYM-5052 auto-induction
medium (Studier 2005) supplemented with 50 pg/mL Kanamycin, inoculated at ODgpo nm of 0.1. Next,
two purification protocols were designed, protocol 1 to prepare the protein in 20 mM Tris-HCI pH 7.0,
300 mM NaCl for DSF experiments and first SAXS trials, and protocol 2, to prepare it in 20 mM
potassium phosphate pH 7.0, 150 mM NaCl, for protein crystallization, SEC-MALLS and further SAXS
experiments. Protocol 1: After culture, the cells were harvested and resuspended at an ODggo nm of 80
in lysis buffer 1 (50 mM Tris-HCI, pH 7.0, 300 mM NaCl, 10% (w/v) glycerol, 40 mM imidazole),
supplemented with Complete Protease Inhibitor Cocktail Tablets (Roche), 0.75 mg/ml lysozyme, and
lysed by sonication. After centrifugation at 15,000 g for 30 min, soluble lysate was filtered through
0.2um disposable filters (Sartorius) before loading onto a Histrap HP 1ml column equilibrated with lysis
buffer 1 and connected to an AKTA Express (GE Healthcare) device. The column was washed with 15
volumes of affinity buffer 1 (20 mM Tris-HCl, pH 7.0, 300 mM NaCl, 10% (w/v) glycerol)
supplemented with 200 mM imidazole, and the protein was then eluted in affinity buffer 1 supplemented
with 500 mM imidazole. Fractions containing pure protein were identified by SDS-PAGE, pooled, and
concentrated to 9-12 mg/ml. The concentrated pool was then applied onto a HiLoad 16/60 Superdex
200 (Amersham Biosciences) column and eluted using gel filtration buffer 1 (20 mM Tris-HCI pH 7.0,
300 mM NaCl). Uhgb MP was purified to homogeneity with a yield of 70 mg/L of culture.

Protocol 2: After culture, the cells were harvested and resuspended in lysis buffer 2 (50 mM potassium
phosphate pH 7.0, 150 mM NaCl, 10% (w/v) glycerol, 40 mM imidazole) supplemented with Complete
Protease Inhibitor Cocktail Tablets (Roche) and 0.75 mg/ml lysozyme to an ODgo nm of 80. The
subsequent purification steps were the same as in Protocol 1, but affinity buffer 1 was replaced withby
affinity buffer 2 (20 mM potassium phosphate pH 7.0, 150 mM NaCl, 10% (w/v) glycerol), and gel
filtration buffer 1 was replaced with gel filtration buffer 2 (20 mM potassium phosphate pH 7.0, 150

mM NaCl).
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$1.2. Differential Scanning Fluorimetry

Two in-house 96-well plates were designed to monitor pH stability in the range 4.5-9.0 using various
common buffer species (citrate, acetate, phosphate, MES, PIPES, HEPES, TRIS, Imidazole, Bicine, and
CHEYS) at a final concentration of 100 mM and increasing NaCl concentrations ranging 136 to 439 mM
NaCl. Samples were loaded into a 96-well PCR plate (Bio-Rad) at a final volume of 11 ul. The
concentration of protein in each well was 11 uM (0.4 mg.ml™"), and 5X SYPRO Orange (Invitrogen)
was added. DSF experiments were carried out using a CFX96 real-time PCR system (Bio-Rad) set to
use the 480nm/500nm excitation and 560nm/580nm emission channels. The samples were heated from
20°C to 89.9°C. A single fluorescence measurement was taken every 0.3°C and each measurement lasted
6.5s. Tm was given by the inflection point of the curve of relative fluorescence unit (rfu) as a function
of temperature (rfu=f(7)). The degree of thermal shift (A7m) was calculated as follows: ATm=Tm(x)-
Tmo, Tm(x) being the Tm measured in each condition, and 7my being the Tm of reference, measured in

the purification buffer.

Ladeveéze S, Tarquis L, Cecchini DA, Bercovici J, André I, Topham CM, Morel S, Laville E, Monsan
P, Lombard V, Henrissat B, Potocki-Véronése G (2013) J Biol Chem 288:32370-32383.

Studier FW (2005). Protein Expr Purif 41:207-234.
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As explained in the first chapter of the ‘Results’ section, the over representation of
GH130 sequences in the gut metagenome of IBD suffering patients, and especially those
belonging to the GH130_2 subfamily, may indicate that these enzymes may be somehow
involved in these diseases, by participating to the breakdown of the epithelium mucus layer.
Designing inhibitors that would specifically inhibit host glycan degrading enzymes would
therefore appear as a seducing strategy for IBD treatment. Various strategies can be
adopted for enzyme inhibitor design. Among them, multivalency has been demonstrated to
be very efficient for the specific inhibition of glycosidases involved in various human
pathologies. However, the mechanism by which these molecules can reduce the activity of
these enzymes remains to be elucidated. The following article describes the effects and
limits of multivalent functionalization of iminosugars derivatives for inhibition of a panel of
CAZymes including glycoside hydrolases, glycosyltransferases and glycoside phosphorylases
(namely Uhgb_MP). The results of kinetic analyses and biophysical experiments also allowed
us to propose a physical interaction model. Unexpected inhibition/activation concentration
dependent effects of ultravalent compounds are also discussed. This work, to which | had
the chance to contribute by testing the effect of multivalent imminosugars on Uhgb_MP
activity and aggregation behavior, was directed by Sebastien Gouin (CNRS Nantes). The
following paper was published in Bioconjugate Chemistry in 2015.

Note: In order to reduce the document length, a reduced version of this article’s
supplemental information is provided, without purification procedures, NRM and infrared
spectra. The complete version of the supplemental information is accessible at the following
address: http://pubs.acs.org.gatel.inist.fr/doi/suppl/10.1021/acs.bioconjchem.5b00081.
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ABSTRACT: Multivalent iminosugars have recently emerged as powerful tools to inhibit
the activities of specific glycosidases. In this work, biocompatible dextrans were coated with
iminosugars to form linear and ramified polymers with unprecedently high valencies (from
20 to 900) to probe the evolution of the multivalent inhibition as a function of ligand
valency. This study led to the discovery that polyvalent iminosugars can also significantly
enhance, not only inhibit, the enzymatic activity of specific glycoside-hydrolase, as observed
on two galactosidases, a fucosidase, and a bacterial mannoside phosphorylase for which an
impressive 70-fold activation was even reached. The concept of glycosidase activation is
largely unexplored, with a unique recent example of small-molecules activators of a
bacterial O-GIcNAc hydrolase. The possibility of using these polymers as “artificial enzyme
effectors” may therefore open up new perspectives in therapeutics and biocatalysis.

Multivalent Multivalent

inhibition b activation
=
D = 2 Q>

v a-galactosidases
v a-fucosidase
v mannoside phosphorylase

vV a-mannosidases
v a-galactosidase

Q- \‘,\‘A =r=

w-10-300 b

B INTRODUCTION

Multivalency is a well-established and powerful approach to
develop strong and selective inhibitors of carbohydrate-binding
proteins called lectins.' > The so-called “glycoclusters”, in
which ligands are displayed in multiple copies on a synthetic
core, mimic the glycocalyx displayed at the surface of cells and
can lead to strong affinity enhancements compared to
monovalent references. The simplicity and efliciency of the
concept has led many groups to choose the multivalent way
rather than improving the potency of a monovalent lead in a
“lock and key” approach.

Until recently, the multivalent approach has been most
successful with lectins, with only a few studies reported on
carbohydrate-processing proteins. A striking example in the
field was the development of multi- and polyvalent inhibitors of
influenza neuraminidase, which showed outstanding ability to
inhibit influenza virus replication in vivo.*> To estimate the
potential of the multivalent approach in glycosidase inhibition,
we previously designed a set of mono-, di-, and trivalent
inhibitors of the deoxynojirimycin (DNJ) iminosugar, a broad
specificity glycosidase inhibitor.’ The inhibitory activity of these
compounds measured on nine glycosidases demonstrated that

-4 ACS Publications  © 2015 American Chemical Society

766

the multivalent strategy cannot be considered a general mode
of inhibition of these enzymes as it is with lectins. However, a
small but significant multivalent effect was detected for the first
time on Jack bean @-mannosidase (JbMan). Much lower
inhibitory activities and higher multivalent effects were then
observed on the same enzyme with DNJ compounds of higher
valencies.”® Interestingly, multivalent effects were also seen on
therapeutically relevant carbohydrate-processing enzymes in-
cluding (i) f-glucocerebrosidase for which the deficiency in
hydrolyzing glucosylceramide can lead to Gaucher disease,” the
most common form of lysosomal storage disorders, (i) the
bacterial heptosyl-transferase WaaC incorporating heptosyl
subunits in the outer membrane of Gram-negative bacteria, ™’
(iii) human liver glycogen phosphorylase, a target for the
treatment of noninsulin dependent diabetes mellitus,"" and (iv)
Manllb as a representative of Golgi a-mannosidase II, a
potential target of anticancer therapy.'> Multivalent iminosu-
gars were also shown to be able to correct the cell-deficiency of
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Figure 1. Schematic representation of the work. Linear (1—5) and ramified (6,7) dextran scaffolds were coated with DNJ and DMJ iminosugars. The
effect on the enzymatic activity of the resulting biopolymers was assessed against six glycoside-processing enzymes.

a transmembrane regulator causing cystic fibrosis."> Taken
together, these results highlight that the multivalent approach
in inhibiting carbohydrate-processing enzymes is a rapidly
expanding field,"*"* with real pharmaceutical potential. The fact
that all targeted enzymes do not respond positively to
multivalency limits the potential applications, but is very
beneficial in terms of selectivity.

Although the possibility of improving inhibitory activities is
now well established, the crucial question of the multivalent
binding mode(s) operating with this class of molecules is far
from being answered. We,'? and others,"®"” addressed this
question using the JbMan model and iminosugar or sp’-
iminosugar conjugates,'® showing that the corresponding
multivalent displays could promote the formation of large
alggregates12 and interact in enzyme subsites,'® respectively.
Recently, the importance of the density of iminosugar ligands
was also studied with micellar glycopeptides.'

In this work, we were interested in studying the potential
limit of the multivalent effect in the inhibition of glycoside-
processing enzymes. As glycoclusters designed for lectins often
show a plateau of affinity after exceeding a discrete valency, it is
of interest to determine whether the same interaction profile
also occurs with the enzymes targeted in this study.
Importantly, this led to the discovery that polymeric
iminosugars can also function as significant activators of
specific glycoside hydrolases.

B RESULTS AND DISCUSSION

Hydrophilic polymers, with an unprecedentedly high average
number of DN]J or deoxymannojirimycin (DM]J) iminosugars
ranging from 20 to 900, were designed from commercial
dextrans. Inhibitory activities were assessed on a panel of five
retaining glycosidases from the GH 29 (a-L-fucosidase from
Thermotoga maritima, TmFuc), GH 36 (a-p-galactosidases

767

from T. maritima, TmGal, and Geobacillus stearothermophilus,
AgaB), and GH38 families (a-D-mannosidases from Canavalia
ensiformis, JbMan, and Drosophilia melanogaster, Manllb) and
an inverting N-glycan phosphorylase (Uhgb_MP) belonging to
the GH130 family. Multivalent effects were quantified as a
function of the valency of the ligands for the model JbMan, the
anticancer target Golgi a-mannosidase (Manllb), and for
TmGal

We selected various commercial dextrans products of
different molecular weights for the design of the polymeric
iminosugars. Dextrans are highly hydrophilic and nontoxic
scaffolds. They are homogeneous polymers of glucosyl units
composed of approximately 95% a-(1,6) linkages.”>*' The
three available hydroxyls of each glucose unit can be
functionalized and further loaded by iminosugars leading to
highly dense DNJ and DM]J-coated dextrans (DNJ-DEX and
DM]J-DEX). As the spatial presentation of DNJ in low valency
ligands is a critical factor for enzyme affinity and selectivity,"*
the set of linear dextrans was completed with two ramified
analogues bearing ~33% of a-1,2 linked glucosyl units (Figure
1).

To produce scaffolds 6 and 7, linear a-1,6 dextrans from
Leuconostoc mesenteroides NRRL B-512F were incubated with
sucrose and the a-1,2 branching sucrase, GBD-CD2, a
truncated enzyme derived from the DSR-E dextransucrase
from L. mesenteroides NRRL B-1299.>* Their MW mass was
calculated from the size of their backbone and their degree of
branching, evaluated by NMR. Purification was achieved by
preparative ion exchange followed by C18 chromatography.>®

Dextrans were first functionalized by propargylic groups
following a previously described protocol for arabinogalactans
using a biphasic mixture of solubilized dextrans in an aqueous
basic solution and propargyl bromide in toluene.”* A catalytic
amount of triethylbenzylammonium chloride (TEBAC) was

DOI: 10.1021/acs.bioconjchem.5b00081
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Scheme 1. Chemical Synthesis of the Linear and Ramified Ultravalent DNJ-DEX 31-37 and DMJ-DEX 38—44
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Ohc 17 (58%) 22 (55%) 24 (58%) 29 (49%)  then
O, 18 (55%) 23 (52%) 25 (54%) 30 (44%)  Sephadex G100
RQ AcO, ephadex
RO Re NN 19 (66%) 26 (49%) ksl
OR AcO NN s 20 (64%) 27 (58%)
? e 21 (50%) 28 (46%)
v
g DNJ-DEX DMJ-DEX o
oA n nr nr
RO ¢} 317 (55%) 366 3 (45%) 387 (75%) 436 3 (71%)
R0 HO,, N/\/\N/\\\ 3232 (53%) 373718 (46%) 3932 (75%) 4437 18 (70%)
orR  [R= NeN N 3372 (60%) 4072 (71%)
o i 34 147 (50%) 41 147 (69%)
e 35 300 (62%) 42 300 (53%)

shown to improve significantly the reaction yields of the linear
8—12 and ramified 13—14 alkynyl-dextrans (Scheme 1).
Relative integration of the 'H NMR signals for the sugar
anomeric and propargylic protons indicated a full propargyla-
tion of the dextrans. This was further confirmed by infrared
spectra showing the disappearance of the large 2700—3600
cm ™! (vo_g) band and new characteristic (v—c_g) and (vc—c)
bands at around 3290 and 2120 cm™!, respectively.

Azidopropyl-DM]J 16 was obtained in nine steps (Figure S1)
using a smmlar procedure to that described for the DN]J
analogue 15."> Both iminosugars were grafted onto alkynyl-
dextrans 8—14 by a microwave-assisted copper-catalyzed
azide—alkyne cycloaddition to give multivalent iminosugars
17—-30. The complete conversion of the alkynes was evidenced
by 'H and "*C NMR and the unique formation of the 1,4
cycloadduct was shown by the large A(6C-4—6C-5) values
(>20 ppm).>® Hydroxyl groups were deprotected with the basic
Amberlite resin IRN 78 and the crude dextrans 31—44 were
purified by size-exclusion chromatography on a Sephadex G100
column.

In addition, adequate monovalent references were synthe-
sized to assess the level of potential multivalent effects (Figure
2). A tetravalent derivative based on a similar scaffold was also
designed and included in the assays (Figure 2).

Monovalents jFi Tetravalents
B OR
(o]
AT R
N N%OH %o
N=N OR
45 (DNJ) 47 (DNJ) le)
OH 46 (DMJ) 48 (DMJ) ~

Figure 2. Structure of the monovalent DNJ 45 and DM]J 46 references
and the tetravalent DNJ 47 and DMJ 48.

Inhibitory activities were first evaluated on JbMan, for which
the first and highest multivalent effects were reported with
irninosugars.é_8

The inhibitory activities (K. values) reported in Table 1 are
expressed in total concentration of iminosugars (valency-
corrected) and not in polymer molecules concentrations (K

768

Table 1. Inhibitory Activities against JbMan®

Vim | DNJ- K, B DMJ- K, B
Cpd (uM) Cpd (M)

1 45 394428 1 46 16717 1
4 47 19664 2.0 48 13248 1
23 31 6.0+15 66 38 2+0.5 79
29 36 25+1.8 16 43 4412 40
98 32 57403 69 39 22401 74
167 37 324138 12 44 34+0.1 49
218 33 12424 34 40 20+04 83
443 34 26436 15 41 23403 71
902 35 11+2.6 36 42 1401 121

“Vim = average valency of iminosugars. K. = inhibitory activity (4M)
calculated per iminosugar, average of three measurements. f = affinity
enhancement for each iminosugar calculated by dividing K; values of
the adequate monovalent reference (45 for DNJ compounds and 46
for DMJ) by the valency-corrected K, value of the ultravalent
compound. Ramified compounds in gray cells.

values), for a fair assessment of the multivalent effect. As an
example, the best compound 42, with an average DM]J valency
of 902, displayed a K; value of 1.5 nM and a valency-corrected
K, value of 1.4 uM (1.5 X 902) (Table 1). We also calculated
the /3 value, a factor frequently used to quantify the multivalent
effect observed with a glycocluster against a specific lectin.
Similarly, the f factor represents here the improved inhibitory
potency per iminosugar, and is calculated by dividing the K;
value of monovalent references 45 or 46 by the K. value of the
ultravalent DNJ-DEX or DMJ-DEX, respectively. As an
example, the f factor for 36 is calculated as follows (394:25
= 16).

The results showed that a significant multivalent effect
occurred for the whole set of DNJ- and DMJ-DEX. In all cases,
the linear DMJ-DEX were better inhibitors than their DN]J
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analogues and showed higher multivalent effects in the valency
range considered (Figure 3). Ramified polymers 36, 37, 43, and

140

—=— JbMan, DMJ

1204 —o— JbMan, DNJ

—4A— TmGal, DNJ
100+
80

B
60
40
20
0" T T T T 1
0 200 400 _ 600 800 1000
Vim

Figure 3. Evolution of the multivalent inhibitory effect # in function of
the average iminosugar valency.

44 showed significantly lower f values than the linear ones,
indicating the detrimental role of the spatial presentation of the
ligands. 8 values rapidly reached a peak for valencies around 20
(Figure 3), then a subsequent decrease was observed for the
DNJ-DEX series. The increased f value of +65% for the longest
DMJ-DEX 42 compared to 38 can be seen as moderate
considering the high valency gap between these two
compounds (from 23 to 902 DM]J units). The maximal f
value of 121 observed here for 42 can also be compared with
published S values of the most potent ligands, with lower and
discrete valencies, such as a tetravalent DNJ based porphyrine
(B = 200),"* and a tetradecavalent DNJ-based cyclodextrin (5 =
610).° The higher  values obtained with these low valency
compounds and the moderate improvement observed here at
high DNJ or DMJ loading suggest that focusing on discrete
compounds with adequate iminosugar topologies is more
relevant for JbMan inhibition than overincreasing the ligand
valency.

The Drosophilia melanogaster enzyme homologous to the
human ManlIb was used for the assay. Results obtained with
DMJ-DEX are presented in Table 2. They confirm that ManlIIb
is a potentially interesting target for multivalent inhibition."”
However, this class of compounds only showed a significant
multivalent effect at the highest valencies.

DNJ-DEX and DMJ-DEX were then assessed against TmGal
which is a monomeric type I a-galactosidase belonging to the
GH36 family. The DM]J derivatives did not show significant
inhibition in preliminary assays and were not considered
turther. K;. and f values for DNJ-DEX are reported in Table 2
and Figure 3. Although the whole set of DNJ compounds were
competitive binders against JbMan, an uncompetitive binding
mode prevailed with TmGal, as evidenced by the Lineweaver—
Burk representations (Figures S8, S9).

Interestingly, the DNJ-DEX 31-35 showed significant
multivalent effects against TmGal (Table 2), which is therefore
a newly identified glycosidase target sensitive to multivalency.
Consistent with the observations made with JbMan, the
ramified compounds 36 and 37 showed much lower 8 values
than linear DNJ-DEX. The inhibition profile of DNJ-DEX was
also very similar to that observed on JbMan, with a peak at low
valency, followed by a plateau of inhibition (Figure 3).
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Table 2. Inhibitory Activities against ManlIb and TmGal”

Manllb TmGal
Vim &%J Kie(uM) B 8?&] Kic(uM) B

1 46 435 +68 1 45 960 +£150 1

4 48 62 £11 1.8 47 276 +44 3.5
23 38 306 £84 1.4 31 23£2.0 42
29 43 -- -- 36 45 £3.6 21
98 39 321 +96 1.4 32 34+£1.8 28
167 44 141 +48 3.1 37 159 £27 6.0
218 40 -- -- 33 38 +£2.1 25
443 41 66 £12 6.6 34 44 £3.0 22
902 42 S51+£18 8.5 35 43 £2.6 22

“Vm = average valency of iminosugars. K. = inhibitory activity (M)
calculated per iminosugar, average of three measurements. # = affinity
enhancement for each iminosugar calculated by dividing K; values of
the adequate monovalent reference (45 for DNJ compounds and 46
for DMJ) by the valency-corrected K. value of the polyvalent
compound. Ramified compounds in gray cells. — = not evaluated.

Interestingly, the tetravalent 47 and ultravalent 31-3$
showed dramatically different behavior at low concentrations
(below 8 pM), switching from being inhibitors to significant
activators of the enzymatic activity (Figure S12). This
activation phenomenon was not observed with the monovalent
DNJ derivatives. A similar scenario, but at a lower level, was
observed with the whole set of DNJ-DEX and DMJ-DEX 31—
42 against TmFuc, which belongs to the GH29 family and
forms a hexameric complex in solution.”® In comparison, the
monovalent derivatives 45 and 46 showed only a slight
inhibition.

This enhancing effect was more prevalent with our next
target, the a-galactosidase B from G. stearothermophilus (AgaB).
This enzyme is a tetrameric a-galactosidase belonging to the
GH36 family. High activity enhancements were observed with
the whole set of ultravalent compounds, with tetravalent DN]J
47 showing a specific behavior being either an enzyme activator
or an inhibitor depending on the concentration.

To quantify the enhancing or inhibitory effect better, we
calculated the variation in the initial turnover number (k,),
which represents the number of substrate molecules converted
to product by AgaB per unit of time. The activation effect of
different concentrations of iminosugars on the activity of AgaB
was tested at a fixed concentration of pNP-Gal as substrate
(Figure 4), where F represents the relative activity compared to
the rate in the absence of iminosugar (activation if F > 100%,
inhibition if F < 100%).

The F values obtained for tetravalent 47 and 48 and ramified
compounds 37 and 44 with ~167 DNJ and DM]J units,
respectively, are presented in Figure 4. The results clearly
showed different inhibition and activation profiles depending
on both the valency and nature of the iminosugar. Tetravalent
DNJ-based 47 activated AgaB below 80 uM but switched to
being an inhibitor at higher concentration, consistent with what
was observed against TmGal.

The DMJ analogue 48 showed a pure AgaB activation with
an F value of 140% at 250 uM. Ultravalent compounds 37 and
44 were potent activators in the concentration range tested. 37
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Figure 4. Activation of AgaB promoted by compounds 37, 44, 47, and
48. Average of three measurements per value.

was the most potent of the series, reaching 220% of the initial
AgaB activity. Such an activation phenomenon was never
reported with multivalent iminosugars.

Changing the concentration of a specific ultravalent
compound raises the unexpected possibility of fine-tuning the
enzymatic activity. This is possible because some ultravalent
compounds have a specific activation/inhibition profile depend-
ing on the concentration as illustrated by compound 37 in
Figure S. For example, AgaB and TmGal would be activated in

—=- AgaB
—o— TmGal

TmFuc
—— JbMan

150
F (%)

100 [

200 —

50 —

! T T T I T T T 1
1 2 4 8 16 31 63 125 250
[ (um)

Figure 5. Activation or inhibition of AgaB, TmGal, TmFuc, and
JbMan, promoted by compound 37, average of three measurements
per value.

the presence of low concentrations of 37 (8 M and below). In
contrast, higher concentrations of 37 (20 uM and above) will
activate AgaB while inhibiting TmGal. As AgaB and TmGal are
two enzymes from the same family (GH36), these results
illustrate that ultravalent iminosugars are potential modulators
able to discriminate between related glycosidases.

The iminosugars were then tested on another biologically
relevant target, the mannoside-phosphorylase (EC 2.4.1.-)
Uhgb_MP. Belonging to the GHI130 family, this enzyme
produced by an uncultivated Bacteroides human gut bacterium,
is involved in N-glycan degradation.”” Uhgb MP and its
homologues are encoded by highly abundant genes in the gut
microbiome, especially that of patients suffering from
inflammatory bowel diseases. They could thus participate in
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the alteration of the intestinal barrier, through human N-glycan
degradation. 44 was a very strong activator of Uhgb MP up to
500 uM. A 70-fold activation was even reached at this
concentration when phosphorolysis activity was quantified by
using pNP-f-D-mannopyranose as substrate (Figure 6). At 3

120

=3
o

—o—with 44

Released pNP (uM)
o
o

—S—without 44

N
S

20

1,5 2
Time (min)

2,5 3

Figure 6. Activation of Uhgb_MP promoted by compound 44 at 500
UM, average of three measurements per value.

mM 44, an inhibition was observed, due to enzyme aggregation
and precipitation, which was clearly visible in the reaction
medium. Uhgb MP aggregation was confirmed by DLS
analysis, which revealed particles increasing in size with
increasing 44 concentration. At 500 M particle size of 1990
nm was observed (Figure S13).

B CONCLUSION

In summary, we have developed a set of polymeric DNJ and
DM]J iminosugars to explore the multivalent effect on the
inhibition of carbohydrate-processing enzymes of various
structures and functions, at high iminosugar valencies ranging
from 20 to 900.

DNJ- or DM]J-based polymers were shown to reach high j-
values rapidly at low valencies against JbMan, the most studied
glycosidase target for multivalency, and TmGal, a new
glycosidase identified here as sensitive to multivalency, which
extend the multivalent concept to the inhibition of a-
galactosidases. At higher valencies, a drop in f-values was
observed, followed at best by a moderate increase, or by a
plateau of inhibition. These results suggest a threshold limit in
the multivalent enzyme inhibition, as often observed with
lectins. However, it should be noted that the multivalent effect
limits observed here apply strictly only to dextran conjugates
and may not be extrapolated to other iminosugar-coated
polymers with different spatial presentation of the ligands.

Importantly, the polymeric DNJ and DM] were shown to
promote enzyme activity significantly on several targets. High
activity enhancements were observed on a galactosidase (AgaB,
F =220%) and a mannoside-phosphorylase (Uhgb MP, X70-
fold). We will next investigate the mechanism(s) leading to the
enhanced enzymatic activity to decipher if DNJ- and DMJ-DEX
are potential allosteric effectors or if a trans-glycosylation (or
reverse-phosphorylation for Uhgb_MP) process occurs.
Enzyme activations have been previously described with
cyclodextrin-conjugates stabilizing the protein conformation
through multiple hydrogen bonds and electrostatic interac-
tions.”® We do not favor this hypothesis here, as no signs of
self-decreasing catalytic efficiency were seen during the
experiments.
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Glycosidase activation remain an unexplored area and as far
as we know this work is only the second example describing
glycoside hydrolase activators. Small-molecule effectors of a
bacterial glycoside hydrolase (O-GlcNAc hydrolase) have been
recently published.*” The fact that multivalent iminosugars can
function as “artificial enzyme effectors” is an interesting finding
that may open up new biological perspectives in therapy and
biocatalysis where fine-tuning glycoside-hydrolase activity is
required.
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Materials NMR spectra were recorded at room temperature with a Bruker Avance 300 Ultra
Shield or eBruker Avance III 400 spectrometer and chemical shifts are reported in parts per
million relative to tetramethylsilane or a residual solvent peak peak (CHCls: 'H: §=7.26, 1*C:
8=77.2; DMSO-d6: 'H: §=2.54, 13C: 6=40.4). Peak multiplicity is reported as: singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). High resolution mass spectra
HRMS where obtained by Electrospray Ionisation (ESI) on a Micromass-Waters Q-TOF Ultima
Global or with a Bruker Autoflex III SmartBeam spectrometer (MALDI). Low-resolution mass
spectra (MS) were recorded with a Thermo electron DSQ spectrometer. All reagents were
purchased from Acros Organics or Aldrich and were used without further purification. Column
chromatography was conducted on silica gel Kieselgel SI60 (40-63 um) from Merck. Reactions
requiring anhydrous conditions were performed under argon. Dichloromethane was distilled
from calcium hydride under nitrogen prior to use. Microwave experiments were conducted in
sealed vials in commercial microwave reactors especially designed for synthetic chemistry.
(MultiSYNTH, Milestone). The instrument features a special shaking system that ensures high
homogeneity of the reaction mixtures. Optical rotations were measured on a 343 PERKIN
ELMER at 20°C in a 1cm cell in the stated solvent; [o]p values are given in 107! deg.cm? g'!

(concentration c given as g/100 mL).
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General procedure for propargylation of dextrans (Method A):

A solution of propargyl bromide (0.76 g, 4.92 mmol) in toluene (0.6 mL) was added dropwise
to a stirred solution of dextran (0.1 g, 0.615 mmol) in 0.3 mL water, KOH-H20 (0.64 g, 8.6
mmol) and TEBAC (8.4 mg, 36.9 umol) were added and the mixture was stirred for 20 min at
10—15 °C. The reaction was further carried out for 48 h at rt. Then acetone (1 mL) was added,
the organic layer was separated and precipitated in ethanol (75 mL). The precipitate was filtered
on millipore, sequentially washed with water (25 mL) and ethanol (25 mL) then dried under

vacuum.

General procedure for 1,3-dipolar cycloadditions (Method B):

Copper sulfate (0.75 eq per alkyne function) and sodium ascorbate (1.5 eq per alkyne function)
were added to a solution of the alkyne dextran (mmol of monosaccharide unit) and the azido-
derivative (1.4 eq per alkyne function) in dioxane-H20 (5 mL, 4-1). The mixture was irradiated
at 80 °C for 2 x 45 min in a sealed vessel, with addition of 0.25 eq of copper sulfate and 0.5 eq
of sodium ascorbate for the second run. Residual copper was removed with EDTA (1,5 eq per
alkyne function) for 2 h, and the mixture was poured into a NH4Cl satd. solution (20 mL) and
extracted with ethyl acetate (20 mL). The organic layer was dried (MgSOs), filtered and the
solvent removed under reduced pressure. The crude product was dissolved in a small amount
of CH2Clz2 and the product was precipitated with Et2O (50mL). The precipitate was collected by
filtration, washed with Et2O (50mL) and precipitate twice from Et2O.

Exemple:

Copper sulfate (40 mg, 0.16 mmol) and sodium ascorbate (65 mg, 0.32 mmol) were added to a
solution of 8 (20mg, 72.4 pumol of monosaccharide unit) and 15 (126 mg, 0.30 mmol) in
dioxane-H20 (5 mL, 4-1). The mixture was irradiated at 80 “C for 2 x 45 min in a sealed vessel,
with addition of copper sulfate sulfate (13.3 mg, 53.3 umol) and sodium ascorbate sulfate (21.7
mg, 0.11 mmol) for the second run. Residual copper was removed with EDTA (94 mg, 0.32
mmol) for 2 h, and the mixture was poured into a NH4Cl satd. solution (20 mL) and extracted
with ethyl acetate (20 mL). The organic layer was dried (MgSOs), filtered and the solvent
removed under reduced pressure. The crude product was dissolved in a small amount of CH2Cl2

and the product was precipitated with Et2O (30mL). The precipitate was collected by filtration,
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washed with Et2O (50mL) and precipitate twice from Et20, to afford 17 (64 mg, 58%) as a

yellow solid.

General procedure for acetates deprotection (Method C):

Compound 17 (60 mg, 39.5 umol of monosaccharide unit) was dissolved in MeOH/H20 (1:1,
5 mL). Amberlite resin IRN 78 1.25 meg/mL (4 g) was added to the solution, and the mixture
was stirred for 48 h at rt. The resin was filtered off and washed with methanol and water. The
solvent was evaporated under reduced pressure. The crude product was purified by Sephadex

G100 gel filtration, affording 31 (22 mg, 55%) as a pale yellow solid.

Compound 8:
3
#/
R= o "

R

R

o
0
Eé&k
R

Obtained following method A. This reaction afforded the compound 8 (107 mg, 63%) as a

R
4 %50
RR =)'
3°%
RR

n=5
R

R

yellow solid.

'"H NMR (400 MHz, CDCl3) §(ppm): 5.15-4.93 (m broad, 1H, H-1), 4.54-4.19 (m broad, 6H,
H-2, 3,4, 5, 6), 3.94-3.65 (m broad, 4H, H-1’), 3.62-3.44 (m broad, 2H, H-1"), 2.70-2.35 (m

-1
broad, 3.2H, H-3"); FT-IR: (cm ) 3307 (V) 2932 (Verz), 2120 (Ve=c), 1355 (Veo), 1085 (Ve

0-C).
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Compound 9:

2R R= O
3 o)
n=30 fe)

Obtained following method A. This reaction afforded the compound 9 (116 mg, 68%) as a

yellow solid.

"H NMR (400 MHz, CDCl3) 8(ppm): 5.17-4.94 (m broad, 1H, H-1), 4.58-4.14 (m broad, 6H,
H-2, 3,4, 5, 6), 3.96-3.67 (m broad, 4H, H-1"), 3.64-3.42 (m broad, 2H, H-1"), 2.71-2.42 (m

-1
broad, 2.8H, H-3"); FT-IR: (cm ) 3306 (Vc-n), 2927, 2856 (Vcuz), 2120 (ve=c), 1358 (vc-o),
1084 (vc-o-c).

Compound 10:

2R R= O
3 (0]
(0]
RR
Ri
(@]
n=70 n o)
RR

R R
Obtained following method A. This reaction afforded the compound 10 (114 mg, 67%) as a

yellow solid.

'H NMR (400 MHz, CDCl) 8(ppm): 5.22-4.90 (m broad, 1H, H-1), 4.66-4.12 (m broad, 6H,
H-2,3, 4, 5, 6), 4.00-3.64 (m broad, 4H, H-1"), 3.64-3.3.37 (m broad, 2H, H-1°), 2.77-2.41 (m

-1
broad, 2.94H, H-3"); FT-IR: (cm ) 3290 (vcn), 2929 (Venz), 2118 (Ve=c), 1358 (vc-0), 1084

(Vc-0-).
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Compound 11:

.
&
“ R,

Obtained following method A. This reaction afforded the compound 11 (133 mg, 78%) as a

yellow solid.

"H NMR (400 MHz, CDCl3) 8(ppm): 5.14-4.92 (m broad, 1H, H-1), 4.55-4.19 (m broad, 6H,
H-2, 3, 4,5, 6), 3.94-3.64 (m broad, 4H, H-1"), 3.63-3.37 (m broad, 2H, H-1"), 2.63-2.40 (m

-1
broad, 2.92H, H-3"); FT-IR: (cm ) 3291 (vc-n), 2932 (venz), 2118 (ve=c), 1357 (vc-0), 1085

(Vc-0-0).

Compound 12:

2R R= O
3%
0
RR
R
0
n=208 AL o
RR

R R
Obtained following method A. This reaction afforded the compound 12 (135 mg, 79%) as a

yellow solid.

'H NMR (400 MHz, CDCl3) 6(ppm): 5.14-4.92 (m broad, 1H, H-1), 4.55-4.19 (m broad, 6H,
H-2, 3, 4, 5, 6), 3.94-3.64 (m broad, 4H, H-1°), 3.63-3.37 (m broad, 2H, H-1°), 2.63-2.40 (m

-1
broad, 2.92H, H-3"); FT-IR: (cm ) 3291 (vc-n), 2932 (Venz), 2118 (ve=c), 1357 (vc-0), 1085

(Vc-0-).
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Compound 13:

Obtained following method A. This reaction afforded the compound 13 (111 mg, 65%) as a

yellow solid.
'"H NMR (400 MHz, CDCl3) §(ppm): 5.22-4.93 (m broad, 1H, H-1), 4.60-4.11 (m broad, 6H,
H-2,3,4,5,6),3.94-3.31 (m broad, 6H, H-1"), 2.70-2.35 (m broad, 3.17H, H-3"); FT-IR: (cm_

1
) 3293 (vc-n), 2930 (venz), 2118 (ve=c), 1357 (vc-0), 1082 (Vc-o-¢), 638 (Vc-n).

Compound 14:

Obtained following method A. This reaction afforded the compound 14 (131 mg, 77%) as a

yellow solid.

'"H NMR (400 MHz, CDCl3) §(ppm): 5.22-4.91 (m broad, 1H, H-1), 4.60-4.09 (m broad, 6H,
H-2,3,4,5,6),3.99-3.37 (m broad, 6H, H-1"), 2.73-2.37 (m broad, 3.2H, H-3"); FT-IR: (cm_

1
) 3293 (Vcn), 2932 (vemz), 2119 (ve=c), 1358 (vc-0), 1083 (Vc-o-¢), 668 (Vc-n).
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OBn OBn N3/\/\NH2 OBn é
OH : OH _OH
44 %: 4 steps DCM, Et3N 0 NaBH;CN
OH RefX BnO" oBn DMSO, (COCI): |gno™ oBn| MeOH, MW gno OBn
OoBn 1' 2' OBn 3' OBn
36 %: 2 steps
NH;*ClI N3
(0N
Ho OAc
Pd(OH),/C

HCI(1M)
—_—
MeOH

CuSO0y4, KyCO3 Ac,0, pyridine

OH AcO"
16 OAc
32%: 3 steps

OAc

Figure S1: Chemical synthesis of the iminosugar 16

X :Y. Jiang, Z. Fang, Q.Zheng, H. Jia, J. Cheng, B. Zheng, Synthesis 2009, 16, 2756-2760.

3
) g
6
BnO >N 1
\_4
BnO" 3 OBn

OBn

Compound 3’
N3

To a solution of DMSO (196 pL, 2.8 mmol) in CH2Cl2 (5 mL) at —78 °C was added dropwise
under N2, a solution of oxalyle chloride at 2M in CH2CLz (1.1 mL, 2.2 mmol) and the mixture
was stirred for 45 min at —78 °C. Then a solution of diol 1’ (300 mg, 0.55 mmol) in CH2Cl2 (3
mL) was added dropwise; with the temperature of the mixture kept below —78 °C during the
addition. The mixture was stirred for 2 h at —78 °C. A solution of Et3N (0.9 mL, 6.62 mmol) in
CH2ClI2 (2.0 mL) was then added dropwise and the mixture was warmed to rt. After 30 min, the
solvent was removed under vacuum, and the crude residue was dissolved in MeOH (3 mL). 3-
azido-1-propylamine (220 mg, 2.2 mmol) was added dropwise at 0°C. The mixture was stirred
at 0°C for 30 min. Then, sodium cyanoborohydride (114 mg, 2.2 mmol) was added and the
mixture was irradiated for 1 h at 50 °C (300 W) in a sealed vessel. After evaporation of the
organic solvent under reduced pressure, the residue was dissolved in DCM (15 mL) and the
organic layer was washed with NaHCO3 satd. (2 x 20 mL), dried over MgSOs4 and filtered. The

solvent was removed under reduced pressure and the residue was purified by flash
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chromatography (Cyclohexane/EtOAc: 95/5) to afford 3’ (120 mg, 36% on two steps) as a

colorless oil.

[a]p? = -12 (¢ = 1, CHCl3); 'H NMR (400 MHz, CDCl3)) 8(ppm): 7.37-7.18 (m, 20H, 20 x
Har), 4.73 (d, 1H, J = 11.4 Hz, CH2Ph), 4.68-4.38 (m, 7H, CH2Ph), 3.84-3.76 (m, 2H, H-2, H-
4), 3.74-3.65 (m, 2H, 2xH-6), 3.58 (dd, 2H, J2,3 =3. 2 Hz J3,4 =6.8 Hz, H-3), 3.25 (2H, t,
J3,2°=6.8 Hz, H-3%),2.97 (1H, dd, Jia,1b =12.2 Hz, Jla,2 =6.2 Hz, H-1a), 2.88-2.77 (m, 1H,
H-140),2.75-2.69 (m, 1H, H-5), 2.69-2.60 (m, 1H, H-1°), 2.34 (dd, 1H, Jia,1b =12.2, JIb,2
=2.2 Hz, H-1b), 1.76-1.59 (m, 2H, 2 x H-2%); 3C NMR (100 MHz, CDCls) §(ppm): 138.9,
138.8, 138.7,138.5 (Car), 128.5, 128.4, 128.0, 127.9, 127.8, 127.7,127.6 (CHar), 80.2 (C-3),
76.2 (C-4), 73.8, 73.2 (CH2Ph), 72.4 (C-2), 72.2, 71.3 (CH2Ph), 68.2 (C-6), 62.8 (C-5), 50.8

(C-1°), 50.3 (C-1), 49.7 (C-3’), 26.0 (C-2’); ES-HRMS [M+H]+ m/z 607.3279 requires for
C37H42N404; found 607.3277; FT-IR: (ATR, cm ) 3088 (Vca), 3063 (Ven), 3030 (Vean), 2923
(ven), 2866 (ve-n), 2094 (vn3), 1636 (ve=c), 1493(vc=c), 1453 (Vc=c), 1207(Vc-cN), 1097 (ve-
o-c), 1070, 1028, 736 (Vc-n), 698 (Vc-n), 669 (Ve-n).

3|
1'2/2'
6
AcO >N 1
\‘4
AcO' 3 OAc

OAc

Compound 16

Catalytic hydrogenation of 3’ (2.8 g, 4.66 mmol) was carried out with PA(OH)2 (3.3 g, 4.66
mmol) in MeOH-1M aq. HCI solution (50 mL, 3:1) at 1 atm for 15 h. Then, the catalyst was
filtered over celite, the solvents were removed under reduced pressure. Imidazole-1-sulfonyl

azide (1.21 mg, 7.00 mmol) was added to a crude mixture of 4’ (1.2 g, 4.66 mmol) with K,CO,
(2.57 g, 18.64 mmol) and CuSO,.5H,0 (12 mg, 46.6 pmol) in MeOH (45 mL) and the mixture

was stirred overnight at rt. The solvent was evaporated under reduced pressure and the crude
mixture was dissolved in pyridine-acetic anhydride (1:1, 50 mL) and stirred for 24 h. Water (25
mL) was slowly added at 0°C to quench the reaction. The aqueous phase was extracted with
CH2Cl2 (2 x 25 mL). The combined organic layers were washed with an aqueous solution of
HCI (1M, 2 x 25 mL) and a saturated aqueous NaHCOs solution (1 x 25 mL). The mixture was

dried over MgSOs, filtered and concentrated under reduced pressure. The residue was purified
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by flash chromatography (Cyclohexane/EtOAc: 7/3) affording 16 as a yellow oil (620 mg, 32

% for three steps).

[a]p?*=-42 (c = 1, CHCI3); '"H NMR (300 MHz, CDCl3) &(ppm): 5.27-5.23 (m, 1H, H-2), 5.20
(t, 1H, H-4), 5.02 (dd, J = 3.5 Hz, J = 7.8 Hz, 1H, H-3), 4.32-4.18 (m, 2H, H-6), 3.40-3.27 (m,
2H, H-3"), 3.05 (dd, /= 5.9 Hz, J=13.1 Hz, 1H, H-1.), 2.92-2.82 (m, 1H, H-1"2), 2.71-2.63 (m,
1H, H-1"v), 2.60 (dd, J = 2.4 Hz, J = 13.1 Hz, 1H, H-1v), 2.09, 2.08, 2.06, 2.03 (4s, 12H,
C=0CH3), 1.74-1.65 (m, 2H, H-2"); *C NMR (75 MHz, CDCl3) §(ppm): 170.9, 170.5, 170.0,
169.8 (C=0), 71.1 (C-3), 68.3 (C-4), 67.0 (C-2), 61.5 (C-5), 60.2 (C-6), 49.9 (C-1), 49.8 (C-
17), 49.1 (C-3"), 25.9 (C-2°), 21.1, 21.0, 20.9, 20.8 (CH3); ES-HRMS [M+H]+ m/z 415.1823
requires for C17H27N4Os; found 415.1823; FT-IR: (ATR, cm-l) 2940 (vcn), 2821 (ven), 2099

(VN3), 1743 (Vc=0), 1457, 1372 (Ve=c), 1231 (Vc-cN), 1050 (Ve-o-c), 737, 668 (Vc-n).

Compound 17:

(0]
RR 1 6 OAc
3 2 R ) 6" 4" 3"
o) AcO, 4 5 N/\S{\NM{..
= 2' N=|
RR O R= a0 > Noo
R OAc
0 DNJ
n=5 n le)
RR
R R

Obtained following method B. This reaction afforded the compound 17 (64 mg, 58%) as a

yellow solid.

'H NMR (500 MHz, CDCls) 8(ppm): 8.38-7.56 (m broad, 3H, H-3""), 5.20-4.51 (m broad, 16H,
H-1,2°,3°,4°,17"), 4.48-4.26 (m broad, 6H, H-4""), 4.21-4.04 (m broad, 6H, H-6"), 3.89-3.48 (m
broad, 6H, H-2,3.,4,5,6), 3.28-3.11 (m broad, 3H, H-1"), 2.98-2.78 (m broad, 3H, H-6""»), 2.75-
2.48 (m broad, 6H, H-5",6""s), 2.39-2.23 (m broad, 3H, H-1"g), 2.18-1.80 (m broad, 42H, H-
5°,0=CHs); '*C NMR (125 MHz, CDCls) §(ppm): 171.7, 170.3, 170.0, 169.8 (C=0), 145.1
(C-27), 123.9 (C-3"), 97.1 (C-1), 81.3 (C-3), 80.1 (C-2), 76.4 (C-4), 74.6 (C-3"), 71.3 (C-5),
69.5 (C-4’), 69.2 (C-2°), 66.0-64.0 (C-6,1"), 62.0 (C-5"), 59.8 (C-6°), 52.9 (C-1"), 48.7 (C-6""),
48.1 (C-4""), 26.9 (C-5°"), 21.0, 20.8 (CHs).
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Compound 18:

R
6
4 o]
"R 2 R1 ° OAg 4" 3
o ACO,I4 5 N/\s{\’\llwu
= 2' 4 N=
RR O R= s o3dt N o
R OAc
0 DNJ
=30 nC o

Obtained following method B. This reaction afforded the compound 18 (61 mg, 55%) as a

yellow solid.

"HNMR (500 MHz, CDCl3) d(ppm): 8.20-7.56 (m broad, 3H, H-3""), 5.13-4.59 (m broad, 16H,
H-1,2°,3°,4°,1""), 4.50-4.27 (m broad, 6H, H-4""), 4.17-4.06 (m broad, 6H, H-6"), 3.91-3.55 (m
broad, 6H, H-2,3,4,5,6), 3.27-3.11 (m broad, 3H, H-1"4), 2.95-2.79 (m broad, 3H, H-6"), 2.75-
2.49 (m broad, 6H, H-5°,6"’s), 2.41-2.24 (m broad, 3H, H-1"s), 2.19-1.83 (m broad, 42H, H-
57?,0=CH3); 3C NMR (125 MHz, CDCl3) §(ppm): 171.6, 170.2, 170.0, 169.7 (C=0), 145.1
(C-277), 123.7 (C-3"’), 96.7 (C-1), 79.9 (C-3), 79.0 (C-2), 76.4 (C-4), 74.4 (C-3°), 70.6 (C-5),
69.4 (C-4"),69.2 (C-2’), 66.1-64.1 (C-6,1""), 62.0 (C-5"), 59.8 (C-6’), 52.8 (C-17), 48.6 (C-6""),
48.0 (C-4""),27.0 (C-57"), 21.1, 20.9, 20.8 (CH3).

Compound 19:

R

4 @ 0
RR 1 6 OAc
3 2 R . 6" 4" 3"
o) AcO, 4 5 N/\S{\NM{"
- 2. N=|
RR O R= a0 o N o
Ro DNJ OAc
n=70 R n o)
R
R R

Obtained following method B. This reaction afforded the compound 19 (73 mg, 66%) as a

yellow solid.

"H NMR (500 MHz, CDCl3) §(ppm): 8.30-7.51 (m broad, 3H, H-3"), 5.08-4.56 (m broad, 16H,
H-1,2°,3°,4°,1""), 4.45-4.27 (m broad, 6H, H-4’"), 4.18-4.04 (m broad, 6H, H-6"), 3.86-3.30 (m
broad, 6H, H-2,3,4,5,6), 3.26-3.10 (m broad, 3H, H-1"4), 2.96-2.81 (m broad, 3H, H-6’"A), 2.75-
2.49 (m broad, 6H, H-5",6"8), 2.41-2.23 (m broad, 3H, H-1’8), 2.16-1.86 (m broad, 42H, H-
52,0=CH3); 3C NMR (125 MHz, CDCl3) (ppm): 171.7, 170.3, 170.0, 169.8 (C=0), 145.1
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(C-27), 123.9 (C-3"), 97.1 (C-1), 81.3 (C-3), 79.9 (C-2), 76.4 (C-4), 74.6 (C-3), 70.9 (C-5),
69.4 (C-4), 69.2(C-2"), 66.0-64.0 (C-6,1""), 62.0 (C-5"), 59.8 (C-6"), 52.8 (C-1), 48.7 (C-6""),
48.0 (C-4°"), 26.9 (C-5°"), 20.9, 20.8 (CH3).

Compound 20:
R
46 0
RR 1 6 OAc
2 "
3 R . 6" 4" 3
o ACO,I4 'N/\/\NM{"
N=
RR O R= 0 gl N o
R OAc
5 DNJ
n=145 n le)
RR
R R

Obtained following method B. This reaction afforded the compound 20 (71 mg, 64%) as a

yellow solid.

'HNMR (500 MHz, CDCls) 8(ppm): 8.27-7.68 (m broad, 3H, H-3""), 5.16-4.55 (m broad, 16H,
H-1,2°,3°,4°,17), 4.53-4.22 (m broad, 6H, H-4""), 4.20-3.96 (m broad, 6H, H-6"), 3.85-3.29 (m
broad, 6H, H-2,3.4,5,6), 3.27-3.07 (m broad, 3H, H-1"), 2.98-2.77 (m broad, 3H, H-6""»), 2.75-
2.48 (m broad, 6H, H-5",6"’8), 2.40-2.22 (m broad, 3H, H-1"g), 2.16-1.60 (m broad, 42H, H-
5>°,0=CHs); 3C NMR (125 MHz, CDCls) 6(ppm): 171.7, 170.3, 170.0, 169.8 (C=0), 145.0
(C-27), 125.4 (C-3"), 97.6 (C-1), 81.3 (C-3), 79.9 (C-2), 76.4 (C-4), 74.6 (C-3), 70.6 (C-5),
69.5 (C-4°), 69.2(C-2°), 66.3-64.8 (C-6,1""), 62.0 (C-5"), 59.8 (C-6"), 52.8 (C-1°), 48.7 (C-6""),
48.0 (C-4""), 26.9 (C-5°"), 20.9, 20.8 (CH).

Compound 21:
R
46 o)
RR 1 6 OAc
2 W ogn
3 R , 6" 4" 3
O AcO, 4 o N/\S{\NM{"
- Ja NS
RR O R= a0 3'f 1 Noo
Rl OAc
5 DNJ
n =298 n
o)
RR
R R

Obtained following method B. This reaction afforded the compound 21 (55 mg, 50%) as a

yellow solid.

"H NMR (500 MHz, CDCl3) §(ppm): 8.20-7.65 (m broad, 3H, H-3"), 5.16-4.55 (m broad, 16H,
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H-1,2°,3,4°,1""), 4.52-4.27 (m broad, 6H, H-4"’), 4.24-4.03 (m broad, 6H, H-6"), 3.90-3.36 (m
broad, 6H, H-2,3.,4,5,6), 3.28-3.04 (m broad, 3H, H-1"4), 2.97-2.79 (m broad, 3H, H-6"), 2.76-
2.48 (m broad, 6H, H-5°,6"’), 2.41-2.21 (m broad, 3H, H-1"8), 2.15-1.72 (m broad, 42H, H-
52,0=CH3); 13C NMR (125 MHz, CDCl3) d(ppm): 171.8, 170.3, 169.8 (C=0), 145.2 (C-2""),
123.4 (C-3"), 96.8 (C-1), 81.5 (C-3), 79.7 (C-2), 76.4 (C-4), 74.5 (C-3’), 70.8 (C-5), 69.5 (C-
4%),69.2(C-2’), 65.9-63.7 (C-6,1""), 62.1 (C-5"), 59.8 (C-6"), 52.8 (C-17), 48.6 (C-6"), 48.1 (C-
4°%),26.9 (C-5), 21.0, 20.8 (CHs).

Compound 22:

n= 1, m=3 R'R
Obtained following method B. This reaction afforded the compound 22 (61 mg, 55%) as a

yellow solid.

"H NMR (500 MHz, CDCl3) §(ppm): 8.32-7.56 (m broad, 3H, H-3"), 5.22-4.55 (m broad, 16H,
H-1,2°,3,4°,1""), 4.55-4.26 (m broad, 6H, H-4"’), 4.22-4.04 (m broad, 6H, H-6"), 3.89-3.48 (m
broad, 6H, H-2,3,4,5,6), 3.28-3.09 (m broad, 3H, H-1"4), 3.00-2.81 (m broad, 3H, H-6"), 2.77-
2.53 (m broad, 6H, H-5’,6""8), 2.43-2.27 (m broad, 3H, H-1"s), 2.20-1.81 (m broad, 42H, H-
52,0=CH3); 3C NMR (125 MHz, CDCl3) (ppm): 171.7, 170.3, 170.0, 169.8 (C=0), 145.0
(C-2%), 124.2 (C-3""), 96.7 (C-1), 81.2 (C-3), 79.1 (C-2), 76.4 (C-4), 74.6 (C-3), 70.2 (C-5),
69.5 (C-4"), 69.2 (C-2"), 66.0 (C-6,1""), 62.0 (C-5"), 59.8 (C-6"), 52.9 (C-1"), 48.7 (C-6""), 48.0
(C-4),26.9 (C-5""),21.1, 21.0, 20.8 (CH3).
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Compound 23:

o R
R O 6 OAc
RA—7 R1 . & 4 3
3 A, & AN AR 1
RO o) 5 5 s
R R= Aco 3™y 1 N (@]
R/OFEN_o Ny OAC
RR RR
(@) RO
R =
_ _ RRn 2
fi=17,m=18 R"R

Obtained following method B. This reaction afforded the compound 23 (57 mg, 52%) as a

yellow solid.

"H NMR (500 MHz, CDCl3) §(ppm): 8.33-7.67 (m broad, 3H, H-3"), 5.20-4.59 (m broad, 16H,
H-1,2°,3°,4°,1""), 4.52-4.25 (m broad, 6H, H-4’"), 4.22-4.01 (m broad, 6H, H-6"), 3.88-3.39 (m
broad, 6H, H-2,3,4,5,6), 3.25-3.12 (m broad, 3H, H-1"4), 3.01-2.97 (m broad, 3H, H-6"), 2.74-
2.55 (m broad, 6H, H-5",6"8), 2.41-2.25 (m broad, 3H, H-1’B), 2.14-1.86 (m broad, 42H, H-
5?,0=CH3); 3C NMR (125 MHz, CDCl3) é(ppm): 171.7, 170.3, 170.0, 169.8 (C=0), 144.9
(C-27), 124.2 (C-37), 95.2 (C-1), 81.3-80.0 (C-3,2), 76.3 (C-4), 74.5 (C-3’), 69.4 (C-5, 4°),
69.2 (C-2’), 66.3-66.0 (C-6,1""), 62.1 (C-5"), 59.8 (C-6"), 52.9 (C-1"), 48.6 (C-6""), 48.0 (C-
4°),26.8 (C-5), 20.9, 20.8, (CH3).

Compound 24:
R
6
4 o]
"R 2 R1 ° OAg 4 3
AcO, 4 5 N/\/\N VIRT
- > " N=p
RR O R= p0d o)
Rl DMJ OAc
n=5 n [e)
RR
R R

Obtained following method B. This reaction afforded the compound 24 (32 mg, 58%) as a

yellow solid.

'"H NMR (500 MHz, CDCI3) é(ppm): 8.25-7.70 (m broad, 3H, H-3""), 5.35-5.10 (m broad, 7H,
H-1,2°,4"),5.07-4.94 (m broad, 3H, H-3"), 4.94-4.60 (m broad, 6H, H-1""), 4.52-4.29 (m broad,
6H, H-4""), 4.29-4.14 (m broad, 6H, H-6"), 3.87-3.41 (m broad, 6H, H-2, 3, 4, 5, 6), 3.15-3.00
(mbroad, 3H, H-1"4), 2.95-2.77 (m broad, 6H, H-1"8,5"), 2.76-2.55 (m broad, 6H, H-6""), 2.23-
1.76 (m broad, 42H, H-5"",0=CH3); 1*C NMR (125 MHz, CDCl3) é(ppm): 170.8, 170.4, 170.0,
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169.8 (C=0), 145.1 (C-2°"), 123.8 (C-3"), 97.1 (C-1), 81.5 (C-3), 80.2 (C-2), 76.7 (C-4), 71.4
(C-3%), 70.5 (C-5,6), 68.2 (C-4"), 67.0 (C-2°), 66.5-65.2 (C-1°"), 61.3 (C-5"), 60.1 (C-6), 50.0
(C-17,6""), 47.9 (C-4°"), 27.3 (C-5""), 21.2, 21.0, 20.9 (CH3).

Compound 25:
R
4 R o)
RR 1 6 OAc
2 " "
3 4R 6" 4" 3
le) AcO, 4 N/\S/\Nw
- N=
RR 0 R= Ac0™3 1 N (0]
R OAc
0 DMJ
n=30 n fo)
RR
R R

Obtained following method B. This reaction afforded the compound 25 (30 mg, 54%) as a

yellow solid.

'"H NMR (500 MHz, CDCls) §(ppm): 8.26-7.65 (m broad, 3H, H-3"), 5.38-5.14 (m broad, 7H,
H-1,2°,4"), 5.09-4.98 (m broad, 3H, H-3"), 4.92-4.65 (m broad, 6H, H-1""), 4.53-4.34 (m broad,
6H, H-4""), 4.32-4.15 (m broad, 6H, H-6"), 3.86-3.47 (m broad, 6H, H-2, 3, 4, 5, 6), 3.18-3.02
(mbroad, 3H, H-1"4), 2.99-2.79 (m broad, 6H, H-18,5”), 2.77-2.52 (m broad, 6H, H-6""), 2.38-
1.78 (m broad, 42H, H-5",0=CH3); 3C NMR (125 MHz, CDCI3) §(ppm): 170.9, 170.5, 170.0,
169.9 (C=0), 145.2 (C-2""), 124.2 (C-3""), 97.3 (C-1), 81.5 (C-3), 80.1 (C-2), 76.6 (C-4), 71.1
(C-37), 70.7 (C-5,6), 68.0 (C-4°), 67.0 (C-2’), 66.3-65.5 (C-1""), 61.4 (C-5"), 60.0 (C-6"), 50.0
(C-1°,6""),47.9 (C-4>),27.2 (C-5"), 21.2, 21.0, 20.9 (CH3).

Compound 26:
R
4 é 0
RR 1 6 OAc
2 " "
3 R , 6" 4" 3
O AcO, 4 ~ N/\{\NM{H
(0] R = 2 ° N=N
RR AcOT%3' (0]
R OAc
0 DMJ
n= 70 n [e)
RR
R R

Obtained following method B. This reaction afforded the compound 26 (27 mg, 49%) as a

yellow solid.

"H NMR (500 MHz, CDCI3) é(ppm): 8.19-7.72 (m broad, 3H, H-3""), 5.33-5.13 (m broad, 7H,
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H-1,2°,4%),5.07-4.97 (m broad, 3H, H-3"), 4.89-4.60 (m broad, 6H, H-1""), 4.52-4.31 (m broad,
6H, H-4""), 4.30-4.15 (m broad, 6H, H-6"), 3.87-3.41 (m broad, 6H, H-2, 3, 4, 5, 6), 3.17-3.02
(mbroad, 3H, H-1"4), 2.95-2.77 (m broad, 6H, H-1"8,5"), 2.77-2.53 (m broad, 6H, H-6""), 2.24-
1.77 (m broad, 42H, H-5"",0=CH3); 1*C NMR (125 MHz, CDCl3) é(ppm): 170.8, 170.5, 170.0,
169.8 (C=0), 145.0 (C-2""), 123.9 (C-3""), 97.3 (C-1), 81.2 (C-3), 80.1 (C-2), 76.5 (C-4), 71.2
(C-37), 70.7 (C-5,6), 68.1 (C-4"), 67.0 (C-27), 66.3-6402 (C-1""), 61.3 (C-57), 60.1 (C-6"), 49.7
(C-1,6"),47.9 (C-4),27.3(C-5"),21.2,21.0, 20.9 (CH3).

Compound 27:
R
8 o]
RR 1 6 OAc
2 " "
3 2R , 6" 4" 3
o) AcO, 4 5 N/\S{\NM{..
- N=
RR 0 R= Ac0™3 1 N (0]
R OAc
5 DMJ
n=145 A o
RR
R R

Obtained following method B. This reaction afforded the compound 27 (32 mg, 58%) as a

yellow solid.

'"H NMR (500 MHz, CDCls) §(ppm): 8.21-7.68 (m broad, 3H, H-3"), 5.27-5.10 (m broad, 7H,
H-1,2°,4"), 5.04-4.93 (m broad, 3H, H-3"), 4.89-4.53 (m broad, 6H, H-1""), 4.50-4.28 (m broad,
6H, H-4""), 4.27-4.13 (m broad, 6H, H-6"), 3.80-3.35 (m broad, 6H, H-2, 3, 4, 5, 6), 3.14-2.98
(m broad, 3H, H-14), 2.91-2.74 (m broad, 6H, H-1’8,5"), 2.74-2.56 (m broad, 6H, H-6"), 2.13-
1.85 (m broad, 42H, H-5",0=CH3); 3C NMR (125 MHz, CDCI3) §(ppm): 170.8, 170.4, 169.9,
169.8 (C=0), 145.0 (C-2""), 123.9 (C-3""), 97.7 (C-1), 81.4 (C-3), 79.9 (C-2), 76.5 (C-4), 71.3
(C-37), 70.7 (C-5,6), 68.2 (C-4’), 67.0 (C-2°), 66.4 (C-1""), 61.3 (C-5°), 60.1 (C-6), 49.6 (C-
1°,6”"),47.9 (C-4"),27.2 (C-5"),21.1, 21.0, 20.8 (CH3).
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Compound 28:

Obtained following method B. This reaction afforded the compound 28 (25 mg, 46%) as a

yellow solid.

"H NMR (500 MHz, CDCI3) 6(ppm): 8.10-7.70 (m broad, 3H, H-3"’), 5.29-5.14 (m broad, 7H,
H-1,2°,4"),5.07-4.97 (m broad, 3H, H-3"), 4.91-4.63 (m broad, 6H, H-1""), 4.50-4.31 (m broad,
6H, H-4""), 4.30-4.16 (m broad, 6H, H-6), 3.84-3.41 (m broad, 6H, H-2, 3, 4, 5, 6), 3.14-3.02
(mbroad, 3H, H-1"4), 2.92-2.76 (m broad, 6H, H-18,5”), 2.77-2.59 (m broad, 6H, H-6""), 2.38-
1.80 (m broad, 42H, H-5",0=CH3); 3C NMR (125 MHz, CDCI3) §(ppm): 170.9, 170.5, 170.0,
169.8 (C=0), 145.2 (C-2""), 123.7 (C-3""), 97.0 (C-1), 81.5 (C-3), 80.2 (C-2), 76.5 (C-4), 71.1
(C-3"), 70.7 (C-5,6), 68.2 (C-4’), 67.0 (C-2"), 66.3-65.0 (C-1""), 61.3 (C-5"), 60.1 (C-6"), 49.8
(C-1",6"),47.9 (C-4"),27.3 (C-5),21.2,21.0,20.9 (CHs3).

Compound 29:
R
6' OAc
RRA 1 -
3 RO o AcO, 4 N/\/\NM{
R N=
R R= Ac0™3 1 N o
R OO = o DMJ OAc
RR RR
o R
R RORﬁ o)
n=1,m=3 R"R

Obtained following method B. This reaction afforded the compound 29 (27 mg, 49%) as a

yellow solid.

"H NMR (500 MHz, CDCI3) é(ppm): 8.25-7.70 (m broad, 3H, H-3"’), 5.30-5.10 (m broad, 7H,
H-1,2°,4%), 5.03-4.94 (m broad, 3H, H-3"), 4.92-4.59 (m broad, 6H, H-1""), 4.51-4.28 (m broad,
6H, H-4""), 4.26-4.13 (m broad, 6H, H-6), 3.82-3.37 (m broad, 6H, H-2, 3, 4, 5, 6), 3.12-2.99
(mbroad, 3H, H-1"4), 2.92-2.74 (m broad, 6H, H-18,5"), 2.76-2.56 (m broad, 6H, H-6""), 2.23-
1.85 (m broad, 42H, H-5",0=CH3); 3C NMR (125 MHz, CDCI3) é(ppm): 171.9, 170.5, 170.0,
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169.9 (C=0), 145.0 (C-2°"), 124.2 (C-3"), 97.1 (C-1), 81.4 (C-3), 79.7 (C-2), 76.6 (C-4), 71.2
(C-3%), 70.5 (C-5,6), 68.1 (C-4"), 67.0 (C-2°), 66.2-63.8 (C-1°"), 61.2 (C-5"), 60.0 (C-6), 50.0
(C-17,6""), 47.9 (C-4°"), 27.0 (C-5""), 21.2, 21.0, 20.9 (CH3).

Compound 30:
o R
R 0 6 OAC
R 1 D g
3 RO o AcO, 4 N/\/\'\\‘M{
R N=|
R 3 R= aAc0"3 g 1 Noo
R o) omy  OA°
rR RR
e} Ro
R
— — RRn R
n=17,m=18 R"R

Obtained following method B. This reaction afforded the compound 30 (25 mg, 44%) as a

yellow solid.

'"H NMR (500 MHz, CDCI3) é(ppm): 8.18-7.71 (m broad, 3H, H-3""), 5.31-5.08 (m broad, 7H,
H-1,2°,4"),5.05-4.95 (m broad, 3H, H-3"), 4.89-4.54 (m broad, 6H, H-1""), 4.53-4.31 (m broad,
6H, H-4""), 4.30-4.10 (m broad, 6H, H-6"), 3.93-3.37 (m broad, 6H, H-2, 3, 4, 5, 6), 3.16-3.00
(mbroad, 3H, H-1"4), 2.95-2.76 (m broad, 6H, H-1"8,5"), 2.76-2.55 (m broad, 6H, H-6""), 2.23-
1.73 (m broad, 42H, H-5"",0=CH3); 1*C NMR (125 MHz, CDCl3) é(ppm): 170.7, 170.3, 169.8,
169.6 (C=0), 145.7 (C-2""), 124.0 (C-3""), 96.7 (C-1), 81.2 (C-3), 80.1 (C-2), 76.5 (C-4), 71.1
(C-37), 70.9 (C-5,6), 68.1 (C-4’), 66.9 (C-2°), 66.4 (C-1""), 61.1 (C-5"), 60.0 (C-6), 49.8 (C-
1,6°),47.9 (C-4"’),27.0 (C-5"7), 21.1, 20.9, 20.8, 20.7 (CH3).

Compound 31:
R
6
4 0
RR 5 1 6 OH
3 2R , 6" 4" 3
(@) HO/4 5 N/\{\NM{H
N=
RR O R= o 3’? 1 N o
R ong  OH
r_1=5 n o)
RR
R R

Obtained following method C. This reaction afforded the compound 31 (22 mg, 55%) as a pale

yellow solid.

"H NMR (500 MHz, D20) é(ppm): 8.20-7.95 (m broad, 3H, H-3"’), 5.28-5.10 (m broad, 1H,
H-1), 5.03-4.70 (m broad, 6H, H-1""), 4.56-4.30 (m broad, 6H, H-4°"), 4.03-3.67 (m broad, 11H,
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H-3,4,5,6,6’),3.62-3.49 (m broad, 4H, H-2, 2°), 3.49-3.36 (m broad, 3H, H-4’), 3.35-3.23 (m
broad, 3H, H-3"), 3.07-2.91 (m broad, 3H, H-1"4), 2.91-2.74 (m broad, 3H, H-6"’), 2.74-2.57
(m broad, 3H, H-6""8), 2.38-2.18 (m broad, 6H, H-1g, 5°), 2.18-1.94 (m broad, 6H, H-5""); 13C
NMR (125 MHz, D20) é(ppm): 144.4 (C-2"’), 125.0 (C-3""), 96.5 (C-1), 80.7 (C-3), 79.3 (C-
2), 78.5 (C-37), 77.0 (C-4), 70.1 (C-5, 4’), 69.0 (C-2’), 65.7 (C-6), 65.0 (C-5"), 63.3 (C-17"),
57.7 (C-6"), 55.6 (C-17), 48.9 (C-6"), 48.7 (C-4""), 24.2 (C-5"").

Compound 32:
R 5
o}
RR 5 1 6 OH
3 2R , 6 3
o) HO, 4 5 N/\/\Nw..
_ : N=|
RR O R= o 3'? 1 Noo
R ong O
n=30 nC o
RR
R R

Obtained following method C. This reaction afforded the compound 32 (25 mg, 53%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) §(ppm): 8.20-7.98 (m broad, 3H, H-3""), 5.25-5.07 (m broad, 1H,
H-1), 5.03-4.81 (m broad, 6H, H-1""), 4.49-4.36 (m broad, 6H, H-4""), 4.05-3.69 (m broad, 11H,
H-3,4,5,6,6),3.64-3.52 (m broad, 4H, H-2, 2”), 3.49-3.36 (m broad, 3H, H-4"), 3.35-3.26 (m
broad, 3H, H-3"), 3.07-2.95 (m broad, 3H, H-1"4), 2.91-2.76 (m broad, 3H, H-6"’A), 2.76-2.60
(m broad, 3H, H-6""8), 2.41-2.21 (m broad, 6H, H-1g, 5°), 2.21-2.00 (m broad, 6H, H-5""); 13C
NMR (125 MHz, D20) d(ppm): 144.2 (C-2"), 125.1 (C-3"’), 96.0 (C-1), 80.8 (C-3), 79.1 (C-
2), 78.4 (C-3°), 77.4 (C-4), 72.4 (C-5), 70.1 (C-4’), 69.0 (C-2"), 65.8 (C-6), 65.0 (C-5"), 63.3
(C-1"),57.7 (C-6"), 55.5 (C-1"), 48.9 (C-6""), 48.7 (C-4""), 24.1 (C-5"").
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Compound 33:

R
6
4 o]
RR 5 1 6 OH
3 R , 6" 4H 3!!
0 HO, 4 5 N/\S{\NM{..
= 2' 5 N=
RR O R= o3 ¥ Noo
R OH
0O DNJ
=70 o
RR
R R

Obtained following method C. This reaction afforded the compound 33 (24 mg, 60%) as a pale

yellow solid.

'H NMR (500 MHz, D20) d(ppm): 8.23-7.98 (m broad, 3H, H-3"’), 5.30-5.07 (m broad, 1H,
H-1),5.04-4.75 (m broad, 6H, H-1""), 4.57-4.28 (m broad, 6H, H-4""), 4.05-3.67 (m broad, 11H,
H-3,4,5,6,6%),3.67-3.47 (m broad, 4H, H-2, 2°), 3.46-3.3.34 (m broad, 3H, H-4"), 3.34-3.23
(m broad, 3H, H-3), 3.05-2.93 (m broad, 3H, H-1"4), 2.90-2.74 (m broad, 3H, H-6"4), 2.74-
2.55 (m broad, 3H, H-6"’s), 2.37-2.20 (m broad, 6H, H-1’s, 5°), 2.20-2.00 (m broad, 6H, H-
57"); 13C NMR (125 MHz, D20) §(ppm): 144.2 (C-2"), 125.0 (C-3"), 96.2 (C-1), 80.7 (C-3),
79.1 (C-2), 78.4 (C-3°), 77.1 (C-4), 72.4 (C-5), 70.1 (C-4’), 69.0 (C-2’), 65.6 (C-6), 65.0 (C-
5%),63.1 (C-1""), 57.7 (C-6), 55.5 (C-1"), 48.9 (C-6"), 48.7 (C-4""), 24.2 (C-5"").

Compound 34:
R
22 o)
R 3 2R ° OHe 4 3
0 HO, 4 ~ N/\/\NM{
RR O R= 4o 3? 1 N6
R ong OH

R 'R
Obtained following method C. This reaction afforded the compound 34 (20 mg, 50%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) §(ppm): 8.20-7.99 (m broad, 3H, H-3""), 5.27-5.16 (m broad, 1H,
H-1), 5.04-4.81 (m broad, 6H, H-1""), 4.60-4.28 (m broad, 6H, H-4""), 4.05-3.66 (m broad, 11H,
H-3,4,5,6,6),3.66-3.50 (m broad, 4H, H-2, 2”), 3.46-3.34 (m broad, 3H, H-4"), 3.34-3.23 (m
broad, 3H, H-3"), 3.10-2.90 (m broad, 3H, H-1’4), 2.90-2.72 (m broad, 3H, H-6’’4), 2.72-2.54
(m broad, 3H, H-6""), 2.38-2.18 (m broad, 6H, H-1g, 5°), 2.20-1.95 (m broad, 6H, H-5""); 13C
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NMR (125 MHz, D20) (ppm): 144.4 (C-2>), 125.0 (C-3"), 96.6 (C-1), 80.6 (C-3), 79.1 (C-
2), 78.4 (C-3"), 77.0 (C-4), 71.9 (C-5), 70.1 (C-4’), 68.8 (C-2°), 65.6 (C-6), 65.0 (C-5), 63.2
(C-1°"), 57.7 (C-6), 55.6 (C-1°), 48.9 (C-6"), 48.7 (C-4°"), 24.1 (C-5>").

Compound 35:
R
46 o
RR 5 1 6 OH
3 2R , 6" 4" 3"
o HO 4 5 N/\/\NM{"
' N=|
RR O R= opdi N o
R OH

R R
Obtained following method C. This reaction afforded the compound 35 (25 mg, 62%) as a pale

yellow solid.

'H NMR (500 MHz, D20) d(ppm): 8.22-7.99 (m broad, 3H, H-3"’), 5.27-5.09 (m broad, 1H,
H-1),5.05-4.89 (m broad, 6H, H-1""), 4.58-4.37 (m broad, 6H, H-4""), 4.03-3.70 (m broad, 11H,
H-3,4,5, 6, 6’), 3.67-3.48 (m broad, 4H, H-2, 2°), 3.47-.3.35 (m broad, 3H, H-4"), 3.35-3.24
(m broad, 3H, H-3"), 3.09-2.95 (m broad, 3H, H-1"4), 2.90-2.76 (m broad, 3H, H-6"a), 2.76-
2.61 (m broad, 3H, H-6’8), 2.40-2.22 (m broad, 6H, H-1"s, 5°), 2.20-2.00 (m broad, 6H, H-
5°"); 13C NMR (125 MHz, D20) §(ppm): 144.3 (C-2"), 125.2 (C-3""), 96.3 (C-1), 80.6 (C-3),
79.1 (C-2), 78.4 (C-3), 76.5 (C-4), 72.5 (C-5), 70.2 (C-4’), 69.0 (C-2’), 65.8 (C-6), 65.0 (C-
5%),63.1 (C-1""), 57.7 (C-6), 55.6 (C-1"), 48.9 (C-6"), 48.7 (C-4’"), 24.1 (C-5"").

Compound 36:
o R
RATN 1 g
3 RO o HO, 4 5 N/\/\,\‘IM{
R N=|
R R= hoad i Noo
R/ Ol o] png OH
rR RR
o R
R RORﬁ 0
n=1m=3 R"R

Obtained following method C. This reaction afforded the compound 36 (16 mg, 45%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) §(ppm): 8.19-7.92 (m broad, 3H, H-3""), 5.42-5.22 (m broad, 1H,
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H-1), 5.20-4.72 (m broad, 6H, H-1""), 4.55-4.29 (m broad, 6H, H-4’"), 4.00-3.66 (m broad, 11H,
H-3, 4,5, 6, 6%), 3.66-3.48 (m broad, 4H, H-2, 2°), 3.48-3. 35 (m broad, 3H, H-4"), 3.34-3.21
(m broad, 3H, H-3"), 3.08-2.93 (m broad, 3H, H-1"A), 2.89-2.75 (m broad, 3H, H-6""4), 2.73-
2.52 (m broad, 3H, H-6""8), 2.38-2.18 (m broad, 6H, H-1’g, 5°), 2.18-1.97 (m broad, 6H, H-
5°*); 3C NMR (125 MHz, D20) é(ppm): 144.3 (C-2""), 125.0 (C-3""), 96.4 (C-1), 80.6 (C-3),
79.3 (C-2), 78.3 (C-3°), 76.7 (C-4), 70.0 (C-5,4"), 68.9 (C-2), 65.5 (C-6), 64.9 (C-5"), 63.4 (C-
1’*), 57.6 (C-6"), 55.5 (C-17), 48.9 (C-6""), 48.7 (C-4""), 24.1 (C-57").

Compound 37:
o R
R 0 6' OH
R 1 3
3 RO o HO, 4 5 N/\/\,\‘IM{
R N=,
R R= o 3? 1 Noo
R Cb' (0] ong oM
rR RR
9) Ro
R
_ _ RR
n=17,m=18 R"R

Obtained following method C. This reaction afforded the compound 37 (22 mg, 46%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) §(ppm): 8.19-7.92 (m broad, 3H, H-3""), 5.41-5.15 (m broad, 1H,
H-1), 5.06-4.65 (m broad, 6H, H-1""), 4.60-4.27 (m broad, 6H, H-4’"), 3.95-3.66 (m broad, 11H,
H-3,4,5, 6, 6%), 3.65-3.48 (m broad, 4H, H-2, 2°), 3.48-3. 34 (m broad, 3H, H-4"), 3.34-3.21
(m broad, 3H, H-3"), 3.06-2.90 (m broad, 3H, H-1"A), 2.90-2.72 (m broad, 3H, H-6"’4), 2.72-
2.53 (m broad, 3H, H-6""8), 2.38-2.18 (m broad, 6H, H-1’g, 5°), 2.18-1.92 (m broad, 6H, H-
5°*); 3C NMR (125 MHz, D20) é(ppm): 144.3 (C-2""), 124.9 (C-3""), 96.6 (C-1), 80.7 (C-3),
79.3 (C-2), 78.4 (C-3°), 76.9 (C-4), 70.1 (C-5,4"), 69.0 (C-2), 65.7 (C-6), 65.0 (C-5"), 63.0 (C-
1°), 57.7 (C-6"), 55.6 (C-17), 48.9 (C-6"), 48.7 (C-4""), 24.3 (C-57").
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Compound 38:

R
6,
4 o)
RR 3 1 6 OH
3 R . 6 4" 3"
le) HO, 4 5 N/\S{\NM{..
2' N=|
RR O R= jorpdi Noo
R oms O
r_1=5 n le)
RR
R R

Obtained following method C. This reaction afforded the compound 38 (12 mg, 75%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) d(ppm): 8.19-8.00 (m broad, 3H, H-3""), 5.26-5.10 (m broad, 1H,
H-1),5.04-4.82 (m broad, 6H, H-1""), 4.56-4.32 (m broad, 6H, H-4""), 4.07-3.61 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’), 3.54-3.44 (m broad, 3H, H-3"), 3.04-2.87 (m broad, 3H, H-1"4), 2.87-
2.72 (m broad, 3H, H-6"4), 2.69-2.55 (m broad, 3H, H-6"’B), 2.55-2.39 (m broad, 3H, H-1’B),
2.33-1.99 (m broad, 9 H, H-5", 5°*); 3C NMR (125 MHz, D20) é(ppm): 144.4 (C-2""), 125.0
(C-37"), 96.4 (C-1), 80.8 (C-3), 79.3 (C-2), 77.0 (C-4), 74.5 (C-37), 70.1 (C-5), 67.9 (C-2,4"),
65.4 (C-6,5), 63.5 (C-1""), 58.0 (C-6"), 54.9 (C-17), 49.0 (C-6""), 48.7 (C-4"’), 24.6 (C-5").

Compound 39:
R
6
4 0
RR 5 1 6 OH
3 2R , 6" 4" 3
lo) HO, 4 IN/\/\NM{H
2 N=
RR O R= orpdi N o
R oms O

R 'R
Obtained following method C. This reaction afforded the compound 39 (16 mg, 75%) as a pale

yellow solid.

'"H NMR (700 MHz, D20) §(ppm): 8.18-7.97 (m broad, 3H, H-3""), 5.24-5.10 (m broad, 1H,
H-1), 5.04-4.81 (m broad, 6H, H-1""), 4.55-4.33 (m broad, 6H, H-4’"), 4.02-3.57 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’),3.53-3.45 (m broad, 3H, H-3"), 3.04-2.88 (m broad, 3H, H-1"4), 2.88-
2.72 (m broad, 3H, H-6"’a), 2.71-2.57 (m broad, 3H, H-6"’), 2.57-2.44 (m broad, 3H, H-1’B),
2.27-2.00 (m broad, 9 H, H-5", 5°°); '*C NMR (175 MHz, D20) d(ppm): 144.1 (C-2""), 124.9
(C-3"),96.2 (C-1), 80.8 (C-3), 79.0 (C-2), 77.4 (C-4), 74.4 (C-3’), 69.7 (C-5), 67.8 (C-2",4’),
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65.3 (C-6, 5), 63.2 (C-1""), 57.8 (C-6"), 54.8 (C-1"), 48.9 (C-6""), 48.6 (C-4>"), 24.4 (C-5"").

Compound 40:
R
4 R o)
RR 3 1 6 OH
3 2R , 6" 4" 3"
O HO, 4 5 N/\/\NM{"
- . N=
RR O R= popd Noo
R omy O
n=70 n
o)
RR
R R

Obtained following method C. This reaction afforded the compound 40 (9.5 mg, 71%) as a pale

yellow solid.

'"H NMR (500 MHz, D20) §(ppm): 8.17-7.91 (m broad, 3H, H-3""), 5.20-5.05 (m broad, 1H,
H-1), 5.00-4.78 (m broad, 6H, H-1""), 4.54-4.22 (m broad, 6H, H-4""), 4.03-3.48 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’),3.53-3.36 (m broad, 3H, H-3"), 2.99-2.11 (m broad, 3H, H-1"4), 2.81-
2.64 (m broad, 3H, H-6"’), 2.64-2.50 (m broad, 3H, H-6"’), 2.50-2.33 (m broad, 3H, H-1’B),
2.23-1.85 (m broad, 9 H, H-5", 5°°); 1*C NMR (125 MHz, D20) §(ppm): 144.2 (C-2""), 125.0
(C-3"),96.4 (C-1), 81.0 (C-3), 78.8 (C-2), 77.3 (C-4), 74.5 (C-37), 70.0 (C-5), 67.8 (C-2",4’),
65.3 (C-6,5”), 63.1 (C-1""), 57.9 (C-6"), 54.9 (C-17), 49.0 (C-6"’), 48.7 (C-4"), 24.5 (C-5"").

Compound 41:
& 5
o}
RR 1 6 OH
3 2R 6" 4" 3
HO/,4 5 N/\/\N \2" 1"
- > ). % N=y
RR O R= nod 0
R OH
5 DMJ
ﬁ =145 n o)
RR
R R

Obtained following method C. This reaction afforded the compound 41 (13 mg, 69%) as a pale

yellow solid.

'H NMR (500 MHz, D20) d(ppm): 8.19-7.97 (m broad, 3H, H-3"’), 5.27-5.14 (m broad, 1H,
H-1), 5.06-4.84 (m broad, 6H, H-1""), 4.56-4.30 (m broad, 6H, H-4""), 4.15-3.55 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’),3.55-3.38 (m broad, 3H, H-3"), 3.05-2.86 (m broad, 3H, H-1"4), 2.86-
2.69 (m broad, 3H, H-6"4), 2.69-2.37 (m broad, 6H, H-1’8, 6’’8), 2.30-1.91 (m broad, 9 H, H-
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5, 5°"); 13C NMR (125 MHz, D20) &(ppm): 144.3 (C-2°"), 124.9 (C-3""), 96.6 (C-1), 80.9 (C-
3), 79.2 (C-2), 76.9 (C-4), 74.6 (C-3), 70.1 (C-5), 67.9 (C-2°,4"), 65.4 (C-6, 5°), 63.3 (C-1"),
58.0 (C-6), 54.9 (C-1°), 49.0 (C-6>), 48.7 (C-4""), 24.7 (C-5"").

Compound 42:
R
46 o
RR 5 1 6 OH
3 2R , 6" 4" 3
0O HO/45, N/\/\Nw
' N=|
RR O R= orpdt N o
R oms  OH
n=208 AL o
RR
R R

Obtained following method C. This reaction afforded the compound 42 (7 mg, 53%) as a pale

yellow solid.

'H NMR (700 MHz, D20) §(ppm): 8.22-8.00 (m broad, 3H, H-3"’), 5.20-5.06 (m broad, 1H,
H-1),5.06-4.82 (m broad, 6H, H-1""), 4.61-4.33 (m broad, 6H, H-4""), 4.10-3.55 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’),3.55-3.41 (m broad, 3H, H-3"), 3.47-2.89 (m broad, 3H, H-1’4), 2.89-
2.73 (m broad, 3H, H-6"4), 2.73-2.43 (m broad, 6H, H-1’8, 6’’8), 2.33-1.98 (m broad, 9 H, H-
5°,5"); 3C NMR (175 MHz, D20) §(ppm): 144.2 (C-2""), 124.7 (C-3""), 96.3 (C-1), 80.5 (C-
3), 78.8 (C-2), 77.8 (C-4), 74.2 (C-3"),69.6 (C-5), 67.7 (C-2’,4’), 65.4 (C-6, 5’), 63.2 (C-1""),
57.8 (C-6"), 54.8 (C-17),49.1 (C-6""), 48.6 (C-4""), 24.6 (C-5").

Compound 43:
R
6' OH
"R -
T o NORRsa
R N=
R R= Hoay Noo
ROk o] oms O
RR RR
o R
R i RORﬁ o)
n=1,m=3 R"R

Obtained following method C. This reaction afforded the compound 43 (12 mg, 71%) as a pale

yellow solid.

'"H NMR (700 MHz, D20) §(ppm): 8.25-7.83 (m broad, 3H, H-3""), 5.41-5.14 (m broad, 1H,
H-1), 5.06-4.83 (m broad, 6H, H-1""), 4.55-4.20 (m broad, 6H, H-4""), 4.0-3.54 (m broad, 18H,
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H-2,3,4,5,6,2°,4°,6’), 3.54-3.38 (m broad, 3H, H-3"), 3.02-2.84 (m broad, 3H, H-1"4), 2.84-
2.67 (m broad, 3H, H-6""4), 2.73-2.35 (m broad, 6H, H-1’s, 6’’8), 2.29-1.87 (m broad, 9 H, H-
5°,5"); BC NMR (175 MHz, D20) (ppm): 144.2 (C-2""), 124.8 (C-3"), 74.3 (C-3°), 67.6 (C-
2°,4%), 65.3 (C-5%), 57.7 (C-6), 54.7 (C-17), 48.9 (C-6""), 48.5 (C-4"’), 24.4 (C-5""). Only

caracteristics peaks of iminosugars were observed on '>C spectra.

Compound 44:
&R
6' ~OH
RR 1 , 3"
3 RO o HO, 4 'N/\/\NM{
R N=
R = R= o3 N o
R/ O o omy M
RR RR
o} Ro
R
_ _ RRn 2
n=17,m=18 R"R

Obtained following method C. This reaction afforded the compound 44 (11 mg, 70%) as a pale

yellow solid.

'H NMR (500 MHz, D20) d(ppm): 8.30-7.88 (m broad, 3H, H-3"’), 5.36-5.22 (m broad, 1H,
H-1),5.09-4.82 (m broad, 6H, H-1""), 4.54-4.22 (m broad, 6H, H-4’"), 4.06-3.56 (m broad, 18H,
H-2,3,4,5,6,2°,4°,6’),3.54-3.37 (m broad, 3H, H-3"), 3.05-2.87 (m broad, 3H, H-1"4), 2.87-
2.69 (m broad, 3H, H-6"4), 2.69-2.33 (m broad, 6H, H-1’8, 6’’8), 2.33-1.88 (m broad, 9 H, H-
5°,5"); 3C NMR (175 MHz, D20) §(ppm): 144.4 (C-2""), 124.9 (C-3""), 96.6 (C-1), 80.5 (C-
3), 78.7 (C-2), 77.8 (C-4), 74.5 (C-3°), 70.2 (C-5), 67.9 (C-2",4"), 65.5 (C-6, 5°), 63.2 (C-1""),
58.0 (C-6"), 54.9 (C-17),49.0 (C-6"), 48.7 (C-4""), 24.7 (C-57").
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Compound 6’

To a solution of the propargyl alcohol (3.8 uL, 66.4 umol) and 16 (25.0 mg, 60.3 umol) in
dioxane-H20 (3 mL, 2—-1) copper sulfate (4.5 mg, 18.3 umol) and sodium ascorbate (7.2 mg,
36.2 umol) were added and the mixture was irradiated at 80 °C for 45 minutes in a sealed vessel.
The crude product was quenched with EDTA under agitation. The mixture was poured into an
NH4Cl satd. solution (10 mL) and extracted with ethyl acetate. The organic layer was dried
(MgS0s), filtered and the solvent removed under reduced pressure. The crude product was
purified by flash chromatography on silica gel with 98/2 (DCM/MeOH) like eluent affording
6’ (22 mg, 79% of yield) as a uncolorless oil.

[a]p?®=-37.5 (c = 1, CHCl3); '"H NMR (400 MHz, CDCI3) &(ppm): 7.55 (s, 1H, H-4"), 5.26-
5.20 (m, 1H, H-2), 5.17 (t, 1H, J = 6.7 Hz, H-4), 5.05 (dd, J = 3.2 Hz, J = 7.2 Hz, 1H, H-3),
4.79 (s, 2H, H-6’), 4.51-4.41 (m, 1H, H-3’A), 4.41-4.31 (m, 1H, H-3’B), 4.26-4.13 (m, 2H, H-
6),3.04 (dd, J=6.6 Hz, J=12.9 Hz, 1H, H-14), 2.87-2.79 (m, 1H, H-5), 2.79-2.70 (m, 1H, H-
1°4), 2.66-2.55 (m, 2H, H-18, 1°8), 2.09, 2.07, 2.06, 2.04 (4s, 14H, H-2’, C=OCH3); '*C NMR
(100 MHz, CDCI3) é(ppm): 171.0, 170.5, 169.9, 169.7 (C=0), 148.1 (C-57), 122.0 (C-4"), 70.6
(C-3), 68.4 (C-4), 66.8 (C-2), 61.2 (C-5), 60.3 (C-6), 56.9 (C-6’), 49.5 (C-1"),49.1 (C-1),47.6

N
(C-3%), 27.4 (C-2°), 21.1, 21.0, 20.8 (CHs); MALDI, TOF-HRMS [M+H] m/z 471.2086

-1
requires for C20H31N4Oo; found 471.2085; FT-IR: (cm ) 3396 (Von), 3029 (vcn), 2951, 2869
(Vcn2), 2868 (ve-n), 1496 (ve=c), 1452 (ve=c), 1363, 1266 (vc-0), 1208 (VccN), 1174, 1140 (ve-

o-c), 1101 (vc-o-c), 1063, 1028, 1014, 737, 699 (vc-n).
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Compound 7°:

.
AcO,' OAc
AcO /\/\
3'"\\2' N \2 O 1\0_

AcO N= =N
X N
/§/— N

AcO -

N N N Ac <
N
AcO AcO
| AcO OAc
AcO' OAc
OAc

0
Copper sulfate (43 mg, 173 umol) and sodium ascorbate (69 mg, 350 umol) were added to a
solution of methyl 2,3,4,6-tetra-O-propargyl-a-D-galactopyranoside (20 mg, 57.8 umol) and
16 (153 mg, 253.3 pumol) in dioxane-H20 (5 mL, 4-1) and the mixture was irradiated at 80 °C
for 45 min in a sealed vessel. Residual copper was removed with EDTA (101 mg, 346 pmol),
and the mixture was poured into a NH4Cl satd. solution (15 mL) and extracted with ethyl acetate
(15mL). The organic layer was dried (MgSOa4), filtered and the solvent removed under reduced
pressure. The crude product was purified by flash chromatography on silica gel with 97/3
(DCM/MeOH) as eluent to afford the compound 7° (71 mg, 61% yield) as a colorless oil.

[a]p?=-19.6 (c = 1, CHCl3); 'H NMR (400 MHz, CDCl3) 5(ppm): 7.87, 7.74, 7.73, 7.64 (4 H,
s, H-3""), 5.27-5.22 (m, 4H, H-2"), 5.22-5.15 (m, 4H, H-4), 5.07-4.99 (m, 4H, H-3"), 4.93 (d,
J=12.3 Hz, 1H, H-1"), 4.86-4.71 (m, 6 H, H-1, 1°*), 4.60 (q, J = 12.3 Hz, J = 28.2 Hz, 2H, H-
1), 4.51-4.39 (m, 4H, H-4""»), 4.39-4.30 (m, 4H, H-4""p), 4.30-4.17 (m, 8H, H-6"), 4.02-3.99
(m, 1H, H-4), 3.97 (dd, J = 3.5 Hz, J = 10.0 Hz, 1H, H-2), 3.90-3.84 (m, 2H, H-3, 5), 3.54 (d,
J = 6.5 Hz, 2H, H-6), 3.35 (s, 3H, CHs), 3.13-3.02 (m, 4H, H-1"4), 2.91-2.77 (m, 8H, H-5",
67°4), 2.74-2.58 (m, 8H, H-1"8, 67’8), 2.12-1.99 (m, 56H, H-5">, C=OCH3); 3C NMR (100
MHz, CDCls) 6(ppm): 171.8, 170.4, 169.9, 169.7 (C=0), 145.4, 145.3, 145.2 144.8 (C-2"),
123.5, 123.3, 123.0 (C-3""), 98.5 (C-1), 78.8 (C-3), 78.5 (C-2), 74.8 (C-4),71.0, 70.9, 70.8 (C-
3°), 69.1 (C-5), 69.0 (C-6), 68.3 (C-4"), 66.8 (C-2°), 66.1, 65.1, 64.8, 64.7 (C-1""), 61.3 (C-5°),
56.9 (C-6), 60.1 (C-1), 55.4 (CHz), 49.7, 49.6, 49.4, 49.3 (C-1°, 6°°), 47.8, 47.7 (C-4°"), 27.5,

+
27.3 (C-5), 21.1, 21.0, 20.9, 20.8 (CH3); MALDI, TOF-HRMS [M+Na] m/z 2025.8311
requires for Cs7Hi26N1603sNa; found 2025.8234.
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Compound 46

The protected compound 6’ (20 mg, 42.5 umol) was dissolved in MeOH/H20 (1:1, 5 mL).
Amberlite resin IRA 400 1.25 meq/mL (570 mg) was added, and the mixture was stirred
overnight at room temperature. The resin was then filtered and washed with methanol and

water. The solvents were evaporated affording final compound 46 (11 mg, 86%) as pale yellow

solid.

[a]p®® = - 42.4 (¢ = 0.5, H20); 'H NMR (400 MHz, D20) &(ppm): 7.97 (s, 1H, H-4"), 4.69 (s,
1H, H-6), 4.47-4.38 (m, 2H, H-3’), 3.96-3.90 (m, 1H, H-2), 3.75 (d,2H, H-6), 3.61 (t, 1H, J =
9.5 Hz, H-4), 3.43 (dd, J= 3.5 Hz, J=9.5 Hz, 1H, H-3), 2.90 (dd, /= 3.5 Hz, J=12.8 Hz, 1H,
H-14), 2.78-2.65 (m, 1H, H-1’a), 2.63-2.54 (m, 1H, H-1"8), 2.51 (dd, /= 1.3 Hz, J=12.8 Hz,
1H, H-1g), 2.21-2.13 (m, 1H, H-5), 2.13-2.01 (m, 1H, H-2"); 3C NMR (100 MHz, D:0)
d(ppm): 146.8 (C-5"), 124.1 (C-4"), 74.3 (C-3), 67.7 (C-4, 2), 65.1 (C-5), 57.8 (C-6), 54.6 (C-
+
1),54.5(C-6"),48.8 (C-1"),48.5 (C-3’),24.0 (C-2’); ES-HRMS [M+H] m/z 303.1663 requires
-1

for C12H23N40s; found 303.1665; FT-IR: (ATR, cm ) 3402 (von), 1631 (vnn), 1459 (ven),
1081 (vcu-on), 1049(vcu-on), 960, 895.

S29



Compound 48:

e-OH
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T 'M 0J..0—
HO N=N 5

The protected compound 7’ (50 mg, 24.9 umol) was dissolved in MeOH/H20 (1:1, 5 mL).
Amberlite resin IRA 400 OH- 1.25 meq/mL (335 mg) was added, and the mixture was stirred
overnight at room temperature. The resin was then filtered and washed with methanol and water.

The solvent were evaporated giving final compound 48 (30 mg, 91%) as a white solid.

[a]p®=-15.3 (c = 1, H20); 'H NMR (400 MHz, D:20) 8(ppm): 8.12, 8.11, 8.10, 8.09 (4 H, s,
H-3"), 4.96-4.63 (m, 9H, H-1, 1>°), 4.60-4.44 (m, 8H, H-4""), 4.18-4.14 (m, 1H, H-3), 4.07-
3.98 (‘m, SH, H-5, 2°), 3.98-3.89 ( m, 2H, H-2, 4), 3.89-3.79 (m, 8H, H-6"),3.75-3.66 (m, 4H,
H-4), 3.65-3.58 (m, 1H, H-6), 3.56-3.47 (m, 5H, H-6, 3°), 3.39 (s, 3H, CHs), 3.05-2.94 (m,
4H, H-14), 2.90-2.76 (m, 4H, H-6""»), 2.73-2.61 (m, 4H, H-6"’8), 2.61-2.50 (m, 4H, H-1"g),
2.30-2.20 (m, 4H, H-5"), 2.20-2.07 (m, 8H, H-5""); 13C NMR (100 MHz, D>0) 5(ppm): 144.2,
143.8 (C-27), 125.2, 125.1, 125.0 (C-3"), 97.7 (C-1), 77.5 (C-3), 75.6 (C-2), 74.7 (C-4),74.4
(C-3), 68.8 (C-6), 68.5 (C-5), 67.8 (C-4"), 67.7 (C-2°), 65.3 (C-5"), 64.9, 63.5, 63.4, 63.0 (C-
1°°), 57.9 (C-6), 55.1 (CHz), 54.7 (C-1°), 48.9(C-6"), 48.6 (C- 4”), 24.3 (C-5>); MALDI,

+
TOF-HRMS [M+H] m/z 1331.6807 requires for CssHosN16022; found 1331.6851.
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Production of recombinant TmFuc, TmGal and AgaB

Recombinant strains expressing AgaB, TmFuc or TmGal genes were grown in 1 L of LB
medium at 37°C overnight, centrifuged and resuspended in 35 mL of lysis buffer (0.1 M
phosphate, pH 8, 0.5 M NaCl, 10 mM imidazole, 10 pg.mL"! DNAse I). After sonication and
centrifugation, 6xHis-tagged proteins were purified by immobilized ion metal-affinity
chromatography (IMAC): 250 uL of Ni-NTA Superflow (Qiagen) was added to the supernatant
and stirred for 1 h at 4°C, then loaded onto a 10 mL column. The column was washed with 25
mL of buffer (0.1 M phosphate, pH 8, 0.5 M NaCl, 25 mM imidazole), then 5 mL of elution
buffer was added (0.1 M phosphate, pH 8, 0.5 M NacCl, 250 mM imidazole). Purity of the final
product was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Enzyme concentrations were determined by UV absorbance at 280 nm using

NanoDrop 1000 (Thermo Scientific).

Production of recombinant ManlIb

Pichia pastoris host strain GS115 was transformed with pPICZaHisFlag-GMIIb plasmid with
cloned Golgi mannosidase Manllb from Drosophila melanogaster. The Manllb mannosidase
was expressed and purified as described in the Pichia expression manual (Invitrogen) and
Nemcovicova et al. 2013 (Nemcovicova I, Sestdk S, Rendi¢ D, Plskova M, Mucha J, Wilson
IBH. (2013) Characterisation of class I and II a-mannosidases from Drosophila melanogaster.
Glycoconj J. 30(9): 899-909). The isolated mannosidase was stabilized by adding glycerol to
30% final concentration and kept at -20 °C.

Production of recombinant Uhgb MP

First, Uhgb MP encoding gene was subcloned from pDEST17 vector (Ladeveze et al., 2013)
into pET28a between Ndel and BamHI restriction sites, yielding a 6-histidine N-terminal
thrombin cleavable tagged protein. Primers forward 5
TACGCTAGCCATATGAGTATGAGTAGCAAAGTT 3’ and reverse 5
TACGCTGGATCCTCAGATGATGCTTGTA 3’ were used to amplify the gene, using the
Phusion® High-Fidelity DNA Polymerase (New England Biolabs), and to introduce Ndel and
BamHI restriction sites on 5° and 3’ ends of the PCR product. Both the PCR product and the
pET28a plasmid were subsequently digested with Ndel and BamHI, purified and ligated. After

E. coli TOP10 transformation, the construct was extracted and verified by sequencing.
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To allow heterologous UhgbMP production, E.coli BL21-Al cells (Invitrogen) transformed
with the UhgbMP::pET28a plasmid were cultured at 20°C for 24 hours in 200mL ZYM-5052
autoinduction medium (Studier et al., 2005) supplemented with 50 pg/mL kanamycin,
inoculated at ODsoonm=0.1. Cells were harvested and resuspended in 20mM Tris HCI, pH 7.0,
300 mM NaCl, and lysed by sonication. Soluble lysate was applied to a TALON resin loaded
with cobalt (GE Healthcare) equilibrated in 20mM Tris HCI, pH 7.0, 300 mM NacCl. After
column washing with 8 volumes of the same buffer supplemented with 10mM imidazole, the
protein was eluted in 20mM Tris HCIL, pH 7.0, 300 mM NacCl, 150 mM imidazole. Finally, the
protein sample was desalted on a PD-10 column (GE Healthcare) and eluted in 20 mM Tris-
HC1 pH7.0, Tween 80 0.1% (vol/vol).

General procedure for the inhibition assays on glycoside hydrolases

Inhibition constant (Ki) values were determined spectrophotometrically, by measuring the
residual hydrolytic activities of the glycosidases against p-nitrophenyl a.-D-glycopyranoside for
JbMan, TmGal and TmFuc. Each assay was performed in phosphate-citrate buffer at the
optimal pH for the enzymes. The reactions were initiated by addition of enzyme to a solution
of the substrate in the absence or presence of various concentrations of inhibitors. The mixture
was incubated for 10-30 min at 37 °C and the reaction was quenched by addition of 1 M
NaxCOs. Reaction times were appropriate to obtain less than 10% conversion of the substrate
in order to achieve linear rates. The absorbance of the resulting mixture was determined at 405
nm. Note that for AgaB, the absorbance was directly monitored throughout the reaction each
30 secondes during 45 min at 30°C. Then initial reaction rates were calculated from the slope
of the first-order plot of product concentration (pNP) against reaction time. Approximate values
of Ki were determined using a fixed concentration of substrate (around the Km value for the
different glycosidases) and various concentrations of inhibitors. All measurements were made
in triplicate. Full Ki determinations and enzyme inhibition mode were determined from the
slope of Lineweaver-Burk plots and double reciprocal analysis. AgaB, TmFuc and TmGal were

fitted to the competitive or uncompetitive equations using the nls package for R 2.15.0 (www.r-

project.org).

General procedure for the inhibition assays on Uhgb MP

Effect of the iminosugars on Uhgb MP phosphorolytic activity was assessed on pNP-B-D-

mannopyranose. All reactions were carried out with 0.1 mg.ml"! of purified enzyme, at 37 °C
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(UhgbMP optimal temperature) in Tris HCI 20mM, pH 7.0 (UhgbMP optimal pH). Activity
was measured in presence of 10 mM inorganic phosphate, 1mM pNP-f-D-mannopyranose, and
500 uM iminosugar. The pNP release rate was monitored at OD4osnm on a Carry-100 UV-visible
spectrophotometer (Agilent technologies).

The percentage of activity inhibition and activation factor (for compound 44 only) were
calculated as follows, Ai;,, and Ai corresponding to the initial rates of pNP release in presence

and in absence of 500 mM iminosugars, respectively:

o Al X 100
% Inhibition = 100 — TR
Ai
Activation factor = Alzn
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Representative Lineweaver-Burk Plot
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Figure S2: Lineweaver-Burk Plot for Ki determination (394 uM) of 45 against JbMan (pH
5.5).
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Figure S3: Lineweaver-Burk Plot for Ki determination (167 uM) of 46 against JbMan (pH
5.5).
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Figure S4: Lineweaver-Burk Plot for Ki determination (196 uM) of 47 against JbMan (pH
5.5).
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Figure SS5: Lineweaver-Burk Plot for Ki determination (132 uM) of 48 against JbMan (pH
5.5).

S35



14 1 ) 1

12 1.5 1
TR BN
. "] °[=7.8uM
=
z o [1]=3.9uM
E 61
> [1] =195 uM
— 4 ]

[1]=0,97 uM
2 -
o [1]=0puM
'} -
-2 r >
0,5 0 0,5 1 15 2 25 3

1/[S] mM-!
Figure S6: Lineweaver-Burk Plot for Ki determination (6 uM) of 31 against JbMan (pH 5.5).
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Figure S7: Lineweaver-Burk Plot for Ki determination (2 pM) of 38 against JobMan (pH 5.5).
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Figure S8: Logarithmic Lineweaver-Burk Plot for Ki determination (960 uM) of 45 against
TmGal (pH 6.0).
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Figure S9: Logarithmic Lineweaver-Burk Plot for Ki determination (276 uM) of 47 against
TmGal (pH 6.0).
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Figure S10: Lineweaver-Burk Plot for Ki determination (435 uM) of 46 against ManlIb (pH
6.0).
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Figure S11: Lineweaver-Burk Plot for Ki determination (62 uM) of 48 against ManlIb (pH
6.0).
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Figure S12: Activation and inhibition of TmGal at specific concentrations of tetravalent 47

DLS measurements

DLS study was carried out using purified Uhgb MP Tris in 20 mM Tris-HCI pH7.0, Tween 80
0.1% (vol/vol), supplemented with various concentrations of 44, to achieve a molar ratio 44 to
protein of 1:1; 10:1 and 200:1 (i.e 2.5, 25 and 500uM of 44). Scattered intensities were recorded
at 293 K using a DLS Nanostar (Wyatt Technology) and processed using DYNAMICS V7.1.5.6.

Each measurement consisted in 10 data acquisition of 5s with the laser power set to automatic

mode.
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Figure S13: DLS analysis of the Uhgb MP-44 aggregates
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Fourth article

Analysis of the GH130 content of the human gut microbiome highlighted highly
prevalent and abundant sequences, in the GH130 1, GH130 2 and GH130 NC clusters.
However, so far, too few of these enzymes encoded by highly prevalent genes, have been
characterized. This is the case in particular for enzymes belonging to the GH130_NC cluster,
in which four members belonging to gut bacteria have been crystallized, but not functionally
characterized. This lack of functional data is thus preventing us to understand what is their
role in the ecosystem. Moreover, we proposed in the first part of the ‘Results’ section,
basing on GH130 primary structure analysis, that members of the NC cluster would be
hydrolases. To address this specific question, a functional analysis of the enzyme
BACOVA_03624, belonging to the GH130_NC cluster, for which a 3D structure is available,
was undertaken. BACOVA_03624 is one of the 7 GH130 enzymes of the human gut symbiont
Bacteroides ovatus ATCC 8483. In order to get relevant data on their role in carbohydrate
foraging by B. ovatus, a GH130 targeted transcriptomic study was initiated, thanks to Pascale
Mosoni and Jordane Despres (INRA Clermont-THeix). The first results are presented in the
following chapter.
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Abstract

BACOVA_03624 is one of the seven enzymes of Bacteroides ovatus ATCC 8483 that are
classified in the family 130 of glycoside hydrolases. Up to now, the only characterized GH130
enzymes were glycoside phosphorylases, specifically acting on B-mannosides. Here, the
biochemical characterization of BACOVA_03624 revealed that it is rather a hydrolase than a
phosphorylase. This enzyme is thus the first known hydrolase of the GH130 family.
Moreover, in presence of inorganic phosphate, it is able to breakdown either galactosides
and mannosides by using the two mechanisms. It is also capable of catalysing both
transglycosylation and reverse-phosphorolysis reactions, to glycosylate a large range of
acceptors. The large flexibility of its -1 and +1 subsites is a unique feature among glycoside
phosphorylases, and makes it a highly polyvalent enzyme for carbohydrate breakdown and
synthesis. Analysis of the genomic context of B. ovatus GH130 sequences, coupled to a
preliminary transcriptomic study, suggests that in the human gut, BACOVA_03624 would be
involved in the catabolism of human or yeast high mannose N-glycans, by hydrolyzing the -
D-Galp-1,4-D-GlcpNAc and 3-dD-Manp-1,4-D-GlcpNAc motives.

Introduction
Glycoside phosphorylases (GPs) are carbohydrate active enzymes (CAZymes), which catalyze

the breakdown of a glycosidic linkage from oligosaccharides or polysaccharides with
concomitant phosphate glycosylation, to yield a glycosyl-phosphate product and a glycan of
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reduced polymerization degree. Contrary to glycoside hydrolases (GHs), GPs are also able to
perform carbohydrate synthesis (in the so-called ‘reverse phosphorolysis’ reaction) to form a
glycosidic bond between the glycosyl unit originating from the glycosyl-phosphate, which
acts as donor, and a carbohydrate acceptor. This property makes them highly powerful
biocatalytic tools for synthesis of high added value carbohydrates (O’Neill and Field 2015), in
contrast to classical Leloir-type glycosyltransferases (GTs) that use expensive and non-readily
available nucleotide sugars.

In vivo, GPs would be more advantageous than hydrolysis, since the chemical energy of
glycosidic bonds is kept in the form of glycosyl-phosphates, which are directly metabolized.
This would be especially the case under particular physiologic conditions, such as in anoxic
environments, where the ATP required for carbohydrate kinases involved in the
conventional catabolic pathways cannot be efficiently produced by the respiratory chain-
linked phosphorylation process (Zhang and Lynd 2005).

Despite this interesting feature, the diversity of known GPs is much lower than that of GHs
and GTs. Nevertheless, their prevalence in all living organisms and their role in carbohydrate
metabolism may be underestimated, as they may often be misannotated as GHs or GTs in
genomic and metagenomics datasets. Indeed, GPs share strong structural and mechanistic
similarities with true GTs and GHs, and are thus classified in 6 GH and 2 GT families in the
CAZy classification (Lombard et al. 2014). In all cases, they present the same specificity
towards glycosides than those of the true GHs and GTs which closely look like them,
belonging to the same CAZy family or subfamily. To date, only 132 GPs have been
functionally characterized (1 GH3, 16 GH13, 15 GH65, 24 GH94, 12 GH112, 8 GH130, 2 GT4
and 54 GT35). Most of them are able to phosphorolyse a- or B-linked glucans and gluco-
oligosaccharides, or glycans containg a-D-linked glucosyl residues at their non-reducing end
(retaining GT4, GT35, GH13 GPs, and inverting GH65 and GH94 GPs). Others, represented by
only 23 characterized enzymes, can act onto various oligosaccharides with B-linked N-
acetylglucosaminyl (1 retaining GH3 and 2 inverting GH94), galactosyl (12 inverting GH112)
or mannosyl residues (8 inverting GH130) at their non-reducing end.

The GH130 family is the most recent GPs containing family. In January 2015, it counts 647
sequences, mostly bacterial ones. Only 8 GH130 enzymes have been biochemically
characterized, their physiologic function being assigned to bacterial metabolization of plant,
mammal or fungal mannosides. Indeed, they all catalyze the reversible phosphorolysis of B-
mannosides (B-bD-Manp-1,4-D-Glc, B-D-1,4 linked manno-oligosaccharides and mannan, B-b-
1,2-linked manno-oligosaccahrides, and the core N-glycan motives B-D-Manp-1,4-D-GIcNAc
and B-D-Manp-1,4-B-D-GlcpNAc-1,4-D-GlcpNAc) to form a-D-mannose-1-phosphate with an
inversion of its anomeric configuration.Thus all of them are highly specific for mannosyl
donors.
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Like other GH-related inverting GPs, GH130 enzymes use a single displacement mechanism,
involving phosphate itself and a single catalytic residue for the nucleophilic attack to the
glycosidic bond. However, as suggested by Nakae et al. (Nakae et al. 2013) and confirmed by
Uhgb_MP structural analysis (Ladeveze et al. 2015), for GH130 GPs, the assistance of C3-OH
would be required to relay proton transfer because the proton donor is too far away from
the interosidic oxygen to be able to directly interact with it. This mechanism is still very close
to that of typical inverting GHs, the main difference being that for GHs, the nucleophilic
attack of the glycoside C; is performed by a water molecule activated by a second catalytic
residue, which plays the role of base.

Based on sequence similarities within its members, two GH130 subfamilies have been
created in 2013 (Ladeveze et al. 2013) (Figure 1). The GH130_ 1 gathers sequences
resembling those of BMMGP, RaMP1 and RmMGP, three enzymes exhibiting a narrow
specificity for B-D-Manp-1,4-D-Glc. BfMGP is the only enzyme of the GH130_1 subfamily of
which 3D structure was solved (PDB code 4kmi). GH130 2, on the contrary, contains
sequences coding for enzymes of which specificity towards mannosides is much broader, like
Uhgb_MP, Bt1033 and RaMP2. Two structures are available for GH130_2 enzymes, that of
the human N-glycan phosphorylase Uhgb MP (PDB code 4udi), and that of Tm1225, a
protein from Thermotoga maritima MSB8 of unknown function (PDB code 1vkd).

The GH130_NC group contains 435 sequences which are too distantly related to those of the
GH130_1 and GH130_2 subfamilies to belong to them. Four structures are available for the
GH130_NC cluster (PDB codes 3taw, 3qc2, 4onz and 3r67), all belonging to a specific branch
of the GH130 phylogenetic tree, which gathers 60 sequences (Figure 1). However, none of
these putative enzymes have been biochemically characterized to date, the only two
enzymes of known function (Teth514_1788 and Teth514_ 1789, (Chiku et al. 2014))
belonging to the most ‘diffuse’ GH130_NC part of this tree (Figure 1). On the 435 sequences
of the GH130_NC cluster, 396 (not including the Teth514 1788 and Teth514_ 1789
sequences) present two common traits. First, the tyrosine residue at position 103 in
Uhgb_MP, which lies in the +1 subsite, is strictly conserved in subfamilies GH130_1 and _2
but is replaced by a glutamic acid in most of the GH130_NC sequences (Figure 2). Secondly,
residues Argl50, Argl68, and Asn151 (Uhgb_MP numbering) that are perfectly conserved
among the GH130_1 and GH130_ 2 sequences, and which strongly stabilize phosphate in
enzyme active site Ladeveze et al, 2015), are not perfectly conserved in the GH130_NC
cluster. Ladeveze et al. (Ladeveze et al. 2013) thus suspected that many enzymes belonging
to the GH130_NC cluster would be capable to act as hydrolases rather than phosphorylases,
the glutamic acid corresponding to Uhgb_MP Tyr103 playing the role of base.
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In order to test this hypothesis and to explore the spectrum of specificities towards glycosyl
donors in the GH130 family, we characterized the BACOVA 03624 protein from Bacteroides
ovatus ATCC 8483. This protein is a key representative of the GH130_NC group. First, its
structure (3gc2) has been released in the Protein Data Bank in 2011, but to date, no function
has been attributed to this protein. Secondly, it presents less than 30 % protein sequence
identity (23% with RaMP1, 22% with Uhgb_MP, 20% with RaMP2, 21% with BfMGP, 24%
with Teth514 1789 and 24% with Teth514_1788) with the characterized GH130 GPs, which
is a good argument to look for new functionalities. Thirdly, contrarily to the other
characterized GH130, it is predicted to possess a signal peptide, which indicates that it may
participate in carbohydrate degradation in a different way than the other characterized
GH130 do. Finally, BACOVA_03624 is encoded by a highly prevalent and abundant gene in
the human gut microbiome (Ladevéze et al. 2013), indicating that it probably plays a key role
in carbohydrate foraging. This functional study, together with a GH130 targeted
transcriptional analysis of Bacteroides ovatus ATCC 8483, allowed to get insights into the
physiologic role of this protein in the human gut.

Results and discussion
BACOVA 03624 activity detection

BACOVA_03624 activity was first tested on pNP-B-D-Mannopyranoside (oNP-B-Manp), used
as B-mannoside model substrate, and inorganic phosphate (P;). Surprisingly, no activity was
detected. Even if, as observed for Uhgb_MP (Ladeveze et al. 2013), pNP-B-Manp could be a
bad glycosyl donor compared to [-D-manno-oligosaccharides, we suspected that
BACOVA_03624 could exhibit a different substrate specificity, compared to all characterized
GH130 enzymes. Its activity was thus tested on various pNP-B-glycosides (pNP-3-D-
galactopyranose (pNP-B-Galp), pNP-B-D-lactopyranose, pNP-B-D-galactofuranose, pNP-
cellobioside, pNP-B-D-glucopyranoside, pNP-B-D-xylopyranoside, pNP-B-D-GlcpNAc), in
presence of P;. Activity was only detected on pNP-B-Galp, indicating that BACOVA_03624 is
able to act on galactosides. This is the first evidence of this substrate specificity for enzymes
belonging to the GH130 family.

Influence of pH and temperature on BACOVA_03624 activity was then studied, in order to
determine the optimal conditions for its characterization (Figure 3). Optimal pH and
temperature are 7 and 65°C, respectively. This high optimal temperature is surprising for
such an enzyme, produced by a mesophilic human gut bacterium. However, 28 % of its
maximal activity is retained at 37°C, which is probably sufficient to insure its role for
carbohydrate foraging in the gut. Moreover, a total loss of activity was observed after only
25 min and 90 min of incubation at 65°C and 50°C, respectively, while only 50 % of initial
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activity was retained after 27h at 37°C. Thus, despite its high optimal temperature, this
enzyme cannot be considered as thermostable.

BACOVA_03624: an hydrolase, phosphorylase or transglycosidase?

As explained in the introduction, we hypothesized that BACOVA_ 03624 could be a
hydrolase, the Glul44 residue corresponding to Uhgb_MP Tyr103 playing the role of base.
To investigate this question, kinetic analyses were performed at optimal pH and
temperature, by varying pNP-B-Galp and P; concentrations ranging from 0 to 10mM. First,
the enzyme displays a typical Michaelis-Menten behavior both in presence and in absence of
P; (Figure 4), contrary to inverting GPs, which follow ordered or random Bi Bi kinetics
involving the formation of a ternary complex of two substrates (the glycosyl donor and
acceptor) with the enzyme. Moreover, as revealed by V., and Ky values, BACOVA_03624 is
nearly as efficient to breakdown pNP-B-Galp in absence of P;as in presence of 10mM P;. This
result reveals that, as anticipated by primary structure analysis, BACOVA 03624 is a
hydrolase, the first characterized one in the GH130 family.

Nevertheless, the kinetic profiles are slightly, but positively affected in large P; excess (P;
concentrations > 5 mM), indicating that BACOVA_03624 may also act as a phosphorylase in
these conditions.

Thus we wanted to know which kinds of reactions are involved in glycoside breakdown, in
absence and in presence of 10mM P;. Reactions were performed at 37°C, the optimal
temperature for BACOVA_03624 use, being the best compromise between enzyme activity
and stability. As explained further in this paper, the genomic context of the BACOVA_03624
encoding gene indicates that this enzyme may be involved in N-glycan breakdown. We thus
tested its activity on B-D-Galp-1,4-D-GlcpNAc (N-acetyllactosamine), a disaccharide present in
human hybrid and complex N-glycans. As shown on Figure 5, the commercialized form of
this disaccharide is not pure, limiting accurate quantification of reaction products. However,
in absence of P;, their HPAEC-PAD profiles before and after BACOVA_03624 action are clearly
different, revealing the release of GIcNAc and galactose, in equivalent amounts (0.6mM),
corresponding to 6 % of the initial B-D-Galp-1,4-D-GlcpNAc concentration (10mM).
BACOVA 03624 is thus capable of hydrolyzing this N-glycan core oligosaccharide, even
slowly. Indeed, after 4h of reaction, substrate conversion yield only reached 2%.

In presence of P;, 1.96 times more GlcNAc (1.18mM, corresponding to 11.8% of the initial
donor amount) was produced at the same reaction time. However, only 1.8 (1.08mM) times
more galactose were produced, the deficit in galactosyl units being due to the apparition of
slight amounts of a-D-galactose-1-phosphate (GallP), corresponding to 1% of the initial
donor amount. In presence of P;, BACOVA_03624 thus catalyses both [B-D-Galp-1,4-D-
GlcpNAc hydrolysis, which would count for 91.5% of the reaction, and phosphorolysis, which

227



would count for at least 8.5% of the reaction. However, it is difficult to exactly calculate the
ratio between hydrolysis and phosphorolysis, as reverse-phosphorylation products, coming
from galactosyl transfer from GallP onto Gal, GIcNAc, B-D-Galp-1,4-D-GlcpNAc or one of the
contaminant detected in the commercial substrate sample, may be hidden in the forest of
peaks detected in the HPAEC-PAD profiles.

To check the specificity of BACOVA_03624 towards mannosyl donors with real glycosides,
which are often better recognized by GH130 enzymes that pNP-substrates, the
BACOVA_03624 activity towards manno-oligosaccharides of polymerization degree from 2 to
5 and was then tested. Contrary to what was observed onto pNP-B-Manp, this enzyme was
able to breakdown these substrates, with various efficiencies. The best substrate conversion
yield (28%) was obtained with mannotriose in presence of P;, while it only reached 1, 16 and
4% with mannobiose, mannotetraose and mannopentaose, respectively. In these conditions,
mannotriose was converted into mannobiose, mannotetraose and o-D-mannose-1-
phosphate (Man1P). As no trace of contaminant of DP >4 was detected in the initial reaction
medium, mannotetraose was produced by mannosyl transfer onto mannotriose. However,
as no kinetic analysis of this reaction was performed at this stage of the study, it is difficult to
know which one between mannotriose or Man1P played the role of mannosyl donor. Based
on the amount of released Man1P, in this case, phosphorolysis would thus count for at least
3.6% of the mannotriose breakdowing reaction.

Without P;, only 11% of mannotriose was consumed, and converted into mannobiose and
manotetraose. Here, presence of mannotetraose testifies of the BACOVA 03624 ability to
catalyse transglycosylation reaction. However, no transglycosylation or reverse-
phosphorolysis product of DP >4 was observed, regardless of the manno-oligosaccharide
substrate. For this reason, and because mannopentaose is not a good substrate for this
enzyme, we think that BACOVA_03624 active site topology would prevent accommodation
of oligosaccharides of DP >4. This is in accordance with what was hypothesized from
structural analysis of GH130 enzymes (Ladevéze et al, 2015). Indeed, in enzymes belonging
to the GH130_NC cluster, a particularly long loop (corresponding to the BACOVA_03624 E94-
R104 loop), would clog the catalytic tunnel exit. Solving the BACOVA_03624 crystallographic
structure in complex with manno- or galacto-oligosaccahrides will allow to define the -1 to
+3 subsites, and, potentially, confirm this hypothesis.

Reverse phosphorolysis reactions catalysed by BACOVA_03624

The study of pNP-B-Galp, B-D-Galp-1,4-D-GlcpNAc and manno-oligosaccharides degradation
by BACOVA 03624 revealed that this original enzyme mainly acts as a hydrolase, but is also
able to catalyze glycoside phosphorolysis. It also gave insights into specificity of its -1 subsite
towards galactosyl, but also, to a much less extent, towards mannosyl residues. However,
information regarding the specificity of the +1 subsite were biased by the disaccharide (or
the pNP-glycosyl compound used as donor) conformation itself, and by affinity of the -1
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subsite towards the residue at its non-reducing end. To characterize the BACOVA_03624 +1
subsite specificity, we used its ability to catalyze phosphorolysis, and thus, reverse-
phosphorolysis. First, contrary to what is observed for others GH130, like Uhgb_MP, no
significant hydrolysis of GallP or Man1P was observed when no carbohydrate acceptor was
added to the reaction medium.

Either using GallP or ManlP, several monosaccharides acted as good acceptors for
BACOVA 03624, given that in their presence, 10 to 38% of glycosyl phosphate was
consumed (Table 1) to generate one or several glycosylated products, visible on HPAEC-PAD
profiles at higher retention times than that of the initial acceptors. With GallP as donnor,
lyxose, glucose, mannose and GalNAc were the best recognized acceptors, yielding to one
unique glycosylated product for each of them. In presence of GIcNAc, only 6% of GallP was
consumed, to produce traces of (-D-Galp-1,4-D-GlcpNAc. This weak specificity of the +1
subsite towards GIcNAc indicates that, in vivo, B-D-Galp-1,4-D-GlcpNAc may not be the
preferred substrate of BACOVA 03624. With Manl1P as donor, the +1 subsite specificity is
still broader, as fucose, GIcNAc, GalNAc, glucose, fructose, galactose and lyxose behave as
the best acceptors, mannose arriving in the eighth position. For all of them, excepted lyxose,
series of glycosylated acceptors of DP from 2 to 4 were observed. Accommodation of a
mannosyl residue in the -1 subsite thus seems to positively affect accessibility and or
acceptor accommodation in the +1 subsite, compared to what happens when a galactosyl
residue is bound in the -1 subsite.

Because of the flexibility of BACOVA 03624 -1 and +1 subsites, it is difficult, only based on in
vitro biochemical characterization of this polyvalent enzyme, to understand what would be
its role for carbohydrate foraging in the human gut. In this context, analysis of the genomic
context of the BACOVA_03624 encoding gene, and transcriptional analysis of Bacteroides
ovatus ATCC 8483 on various galactosides and mannosides, appears as the best strategy to
investigate the function of the different GH130 enzymes displayed by this bacterial strain.

Genomic context of the BACOVA_03624 encoding gene

B.ovatus ATCC 8483 genome harbors 7 GH130 encoding genes, each belonging to a
physically-linked set of genes referred to as polysaccharide utilization loci (PUL) (Terrapon
and Henrissat 2014) (Figure 6). No data are still available regarding the function of the
predicted PUL94, while the 6 others appear as experimentally validated in the
Polysaccharide Utilization Loci DataBase (PULDB) (Terrapon and Henrissat 2014), even if 3 of
them are not listed as up- or down-regulated by N-glycans or plant mannans (Figure 7) in
Martens et al., (Martens et al. 2011), the paper cited in the PULDB regarding their
experimental validation (Table 2).
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This is the case of PUL82, which contains the gene encoding BACOVA_ 03624, the
polyspecific enzyme targeted in the present study. In addition to the BACOVA_03624
encoding gene, PUL82 contains 2 GH92, 1 GH125 and 2 GH76 encoding genes. Despite the
fact that these B. ovatus GH are still not biochemically characterized, the known activities for
their families (a-1,2,3,4, 6-mannosidases, a-1,6-mannosidase and endo-a-1,6-mannanase,
respectively) seem to be suited for degradation of human high-mannose, hybrid or complex
N-glycans. Based on -1 and +1 subsite specificities of BACOVA_ 03624, deduced from analysis
of its hydrolytic, phosphorolytic and reverse-phosphorolytic activities, in this case this
enzyme may act by breakdowning the core oligosaccharide 3-D-Manp-1,4-D-GlcpNAc, even if
we still have to test this substrate as glycosyl donor to validate its activity towards the 3-1,4
linked linkage. It may also act by breakdowning [B-D-Galp-1,4-D-GlcpNAc in hybrid and
complex N-glycans. However in mammals, this disaccharide is capped by an a-1,6 linked
sialyl residue, and PUL82 does not contain any putative sialidase encoding gene.

In addition, mammals N-glycans contain a maximum of 3 a-1,6-linked mannosyl residues,
while GH76 endo-1,6 mannases would require a much longer a-1,6-linked mannoside chain
as substrate (Maruyama and Nakajima 2000). These long o-1,6-mannan chains are found in
yeast N-glycans, which also contain a-1,3 and a-1,2 linked-mannosyl residues, Manp-a-1-
phosphate-6-O-Manp motives, and sometimes, like in the pathogenic yeast C. albicans, 3-1,2
linked mannosides. Recently, the involvement of B. thetaiotamicron VPI-5482 MAN-PUL2
(BT3773-92), which resembles PUL82, in yeast N-glycan metabolization, was demonstrated.
MAN-PUL2 (BT3773-92) also contains GH125, GH92, GH76 and GH130 sequences. However,
the role of the BT GH130 enzyme (BT3780, which presents 87.47% identity with BACOVA
03624) in high mannose N-glycan (HMNG) catabolism has still not been studied.

In the present study, we showed that BACOVA_03624 is able to synthesize a B-linked Gal-
GIcNAc disaccharide, but also B-linked Manno-oligosaccharides. BACOVA_03624 may thus
be able to act both onto [-D-Manp-1,4-D-GIcpNAc and [-1,2-linked-manno-
oligolosaccharides, which can be found in C. albicans HMNG. NMR analysis of the reverse-
phosphorolysis products obtained from the GIcNAc and Man acceptors, and testing
hydrolysis of these particular substrates should soon allow one to validate this hypothesis.
Given PUL82 GH content and BACOVA 03624 specificity, we thus suspect that the principal
PUL82 target may be yeast N-glycans, rather than human N-glycans or plant mannans.

GH130 targeted transcriptomic analysis of Bacteroides ovatus ATCC 8483
To investigate the physiological function of BACOVA_03624 in the human gut, we initiated a

guantitative transcriptomic study, targeting the 7 GH130 of B. ovatus ATCC 8483. Only
preliminary results are presented here, at this stage of the study.
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First, B. ovatus ATCC 8483 was able to grow both on B-mannan and on a S. cerevisiae highly
N-glycosyated protein, used as only carbon sources (Figure 8). This is in accordance with the
results of Martens et al., (Martens et al. 2011) who observed growth on galactomannan,
glucomannan, and many other plant and host-derived glycans, and with those of Cuskin et
al. (Cuskin et al. 2015), who observed growth of 25 B. ovatus strains on S. cerevisiae mannan.
Expression of most of B. ovatus GH130 encoding genes was induced by B-mannan (Figure 9).
Overexpression of the two genes encoding the uncharacterized enzymes classified in the
GH130_1 subfamily (BACOVA_02634 and 02090), belonging to PUL46 and PUL42, confirms
our previous hypothesis regarding involvement of GH130 1 enzymes in plant mannan,
galactomannan and glucomannan catabolism, acting in concert with enzymes of the GH26
and GH36 families. These results are in accordance with the induction of PUL42 and PUL86
during in vivo or in vitro growth on plant polysaccharides (Martens et al. 2011). However, the
weak overexpression of BACOVA 02634 may explain why no significant induction of PUL42
was previously observed during in vitro growth on plant glycans, while it was induced in
plant fed mice (Martens et al. 2011).

Surprisingly, expression of the gene encoding BACOVA 04885, an uncharacterized
GH130_NC enzyme, is highly induced by B-mannan. It belongs to the predicted PUL94,
surrounded by 3 GH92, 1 GH31, 1 GH78, 1 GH2 and 1 GH38 encoding genes. The activities
related to these families are all related to degradation of N-glycans. However, the GH2 and
BACOVA_04885 enzymes may either be involved in the breakdown of the 3-D-manp-1,4-D-
GlcpNAc core oligosaccharide of N-glycans, or of plant B-1,4-mannosides. Similarly,
expression of BACOVA_04110 (GH130_2) encoding gene was induced by [-mannan, but
moderately, while it is surrounded in PUL85 by GH18 and GH92 encoding genes, related to
N-glycan breakdown. PUL85 was up-regulated in plant fed mice, while it is homologous to a
B. thetaiotaomicron PUL associated with host glycan utilization in vitro and in vivo. Here
again, BACOVA_04110 and maybe also the uncharacterized associated GH18 enzyme, could
be involved both in B-mannan and in N-glycan breakdown. Based on these transcriptomic
data, which complete previously published ones (Martens et al. 2011), we thus suspect that
PUL94 and PUL85 may be involved in the breakdown of both plant cell wall or eukaryotic N-
glycans, depending on physiological conditions.

Expression of the BACOVA_02161 (GH130_NC) and BACOVA 02887 (GH130_NC) encoding
genes belonging to PUL44 and 58, was also induced by [B-mannans. In addition to
BACOVA_02161, PUL44 contains 9 GH encoding genes, all related to plant cell wall degrading
functions, while PUL58 contains one unique predicted CAZyme corresponding to
BACOVA _02887. Even appearing as experimentally validated in the PUL Database, these
PULs were not mentioned in Martens et al., as being induced by plant glycans.
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Finally, by using a 210-fold cutoff threshold, the sole GH130 encoding gene which was not
upregulated during growth on plant mannan was that encoding BACOVA_03624 (PUL82), the
target described in the present paper. This result shows that despite its ability to breakdown
-1,4-manno-oligosaccharides in vitro, BACOVA_03624 is not involved in the metabolisation
of plant mannosides.

Conclusion

In this paper, the biochemical characterization of BACOVA_03624, one of the seven GH130
enzymes of B. ovatus ATCC 8483, revealed the polyvalence of this original enzyme. First,
BACOVA_03624 is today the first characterized hydrolase of the GH130 family. To our
knowledge, it is also the sole known enzyme that is able to catalyze the breakdown of (3-D-
galactosides and [-D-mannosides both by hydrolysis and phosphorylation, or their synthesis
by transglycosylation and reverse-phosphorolysis. The resolution of its crystallographic
structure in complex with its numerous ligands will allow identifying the molecular bases of
its fascinating properties. It will also offer new perspectives to predict GPs specificity
towards glycoside donors, and to modulate it by rational engineering.

In addition, integration of the biochemical and genomic data presented here suggests that
BACOVA 03624, and its associated PUL, would be involved in metabolization of yeast
glycans, or host glycan. The comparative study of GH130 targeted transcriptomic data
acquired during growth on plant and yeast mannans will allow us to refine the
understanding of the role of BACOVA_03624, and more generally, of the gut symbiont B.
ovatus, in carbohydrate foraging.

Materials and methods

BACOVA 03624 cloning, production and purification

The BACOVA_03624 protein sequence deposited on the NCBI was used as template for gene
synthesis with codon optimization for E. coli heterologous production, and was subsequently
cloned into the pET28a vector to allow for production of an N-terminal hexahistidine tagged
protein (Biomatik, Cambridge, Ontario, Canada). To allow heterologous BACOVA_03624
production, E.coli BL21-Al cells (Invitrogen) transformed with the BACOVA_03624::pET28a
plasmid were cultured at 20°C for 24 hours in 200mL ZYM-5052 auto-induction medium
(Studier 2005) supplemented with 50ug/mL Kanamycin, inoculated at ODggonm Of 0.1. Cells
were harvested and resuspended in 20mM Tris-HCI, pH7.0, 300mM NacCl, and lysed by
sonication. Soluble lysate was applied to a TALON resin loaded with cobalt (GE Healthcare)
equilibrated in 20mM Tris-HCI, pH7.0, 300mM NaCl. After column washing with 15 volumes
of the same buffer supplemented with 10mM imidazole, the protein was eluted in 20mM
Tris-HCI, pH7.0, 300mM NaCl, 150mM imidazole. The purity of the purified BACOVA_03624
protein was evaluated higher than 95 % by SDS page electrophoresis using Mini-PROTEAN®
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TGX stain free™ Precast Gel (BIO-RAD). After migration, proteins were detected on a Gel
Doc™ EZ imaging system (BIO-RAD). Protein concentrations were determined by
spectrophotometry using a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). The purification yield was 9.2mg of protein per liter of culture. The
calculated extinction coefficient of the purified BACOVA_03624 fused to an N-terminal His(6)
tagis 75477 M.cm™.

Enzyme assays

Temperature profile was obtained by determining BACOVA_03624 specific activity on 1mM
pNP-B-D-galactopyranose (Sigma Aldrich, ref N1252) and 10mM inorganic phosphate, using
0.1mg/ml purified protein, in 20mM Tris-HCI, pH7.0. Enzyme stability was determined by
monitoring residual specific activity of purified BACOVA_03624 samples stored at increasing
temperatures (4, 37, 50 and 65°C), in 20mM Tris-HCl, pH7.0, at 65°C, by using 1mM pNP-3-D-
galactopyranose and 10mM inorganic phosphate as substrates. The pNP release was
monitored at OD4gsnm 0N @ EON™ Microplate Spectrophotometer (BioTek™) after basification
of the samples by addition of 150uL Na,CO3; 1M onto a 50uL reaction sample, in order to
ensure proper measurement of the released pNP concentration.

HPLC analysis

BACOVA_03624 phosphorolysis, reverse-phosphorolysis, hydrolysis, and transglycosylation
properties were assessed by measuring product release from 10mM Mannobiose,
Mannotriose, Mannotetraose, Mannopentaose, N-acetyl-lactosamine, or 0,5g/L galactan in
presence or absence, respectively of 10mM P;, using 0.1mg/ml of purified protein in 20mM
Tris-HCI pH7.0, at 37°C.

All reverse-phosphorolysis reactions were carried out using 10mM of GallP or ManlP as
donors, and 10mM acceptors .(D-mannose, D-glucose, D-fructose, b-galactose, L-xylose, N-
acetylglucosamine, L-arabinose, L-fucose, N-acetylgalactosamine, (Sigma)).

Timepoints were taken at 0, 1h, 3h and 72h, and boiled 5min at 95°C to stop reaction.
Reaction product analysis and quantification was performed by high-performance anion
exchange chromatography with pulsed amperometric detection (HPAEC-PAD).
Carbohydrates were separated on a 2x250mm Dionex Carbopac PA100 column. A gradient of
sodium acetate (from 0 to 150mM in 15 min) followed by a descending one from 300 to
OmM in 5min, in 150mM NaOH was applied at a 0.25mL.min™ flowrate. Detection was
performed using a Dionex ED40 module with a gold working electrode anda Ag/AgCl pH
reference.

B. ovatus culture conditions

B. ovatus ATCC 8483 was cultivated anaerobically at 37°C, in a chemically defined medium
(Rasmussen et al. 1988) that was modified (no supplementation with phenylpropionic and
phenylacetic acids) and which contained 0.1% of glucose, 0.1% of 1,4-B-D-mannan
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(Megazyme, Bray, Ireland), or 0.1% of the glycoprotein invertase from S. cerevisiae
(Reference 14504, Sigma Aldrich, Saint-Quentin Fallavier, France). The liquid media were
prepared and dispensed in Balch tubes using strictly anaerobic techniques (Hungate 1969). A
2.5% (v/v) inoculum of culture pre-adapted on each substrate was used for inoculation.
Bacterial growth on glucose and on the glycoprotein invertase from S. cerevisiae was
recorded directly in Balch tubes by measuring optical density at 600nm using a Jenway
6320D spectrophotometer. As suspension of 1,4-B-D-mannan interfered with ODggg
measurements, growth on this substrate was followed by determining bacterial protein
concentration using the Bradford Protein Assay (Bradford 1976). Two to three independent
cultures were performed for each substrate condition. Cells were harvested at mid-log phase
for subsequent gene expression analysis.

RNA isolation, reverse transcription and relative quantitative PCR

Total RNAs were isolated from cultures harvested at mid-log phase using a modified
guanidinium—phenol-chloroform procedure (Béra-Maillet et al. 2009). Briefly, for each
substrate, bacterial cultures (2 x 8ml) were centrifuged for 15min at 3,000 x g at 4°C. The
pellets were resuspended in 9ml of a RNA-E solution containing solution D, water saturated
phenol, sodium acetate 0.2M pH4.0 and 2-mercaptoethanol (1:0.1:1:0.007). Cells were then
disrupted by bead-beating for 1min with 0.1g zirconia beads (0.1mm) followed by a 2-min
incubation at 60°C. These two steps were then repeated once. After addition of 3.75ml of
chloroform, the samples were briefly mixed, incubated for 15min on ice and centrifuged
(12,000 x g, 20min, 10°C). The RNAs contained in the aqueous supernatants (approximately
6ml) were precipitated with 0.25 volume isopropanol and washed with 1 volume 75% cold
ethanol in DEPC-treated water. Total RNAs were solubilized in 100ul of DEPC-treated water.
Genomic DNA was removed by Turbo DNA-Free (Ambion, France) for 30min at 37°C. RNAs
were quantified using a ND-2000 spectrophotometer (Nanodrop Technologies).

Total RNAs (1upg) were reverse-transcribed into cDNAs using random hexamer primers
(Invitrogen, France) and 200U Superscriptll Rnase H™ reverse transcriptase (Invitrogen,
France) according to the manufacturer’s recommendation. For each RNA sample, a negative
RT (no addition of reverse transcriptase) was performed and used as negative control in
subsequent qPCRs.

The relative expression of target genes (7 GH130 genes) in the mannan condition versus the
glucose condition was determined by quantitative PCR using a Rotor-Gene Q real-time PCR
detector (Qiagen, France) and Quantifast SYBR Green PCR mastermix (Qiagen, France) using
supplier’s instructions. The designed specific primers are listed in Table 3 and were
purchased from Eurogentec (Seraing, Belgium). Reaction mixtures were set up to a final
volume of 20uL using 1.2uL of each primer (5uM), 10uL of QuantiFast SYBR Green PCR
mastermix (Qiagen) and 2uL of cDNA template (0.5ng/uL). Thermal cycling consisted of an
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initial denaturation step (95°C for 5min) followed by 45 cycles of amplification (95°C for 15s,
60°C for 45s), with a single fluorescence measurement at the end of each cycle, then finished
by the melting curve program (65—95°C). Negative controls with RNA not reverse-transcribed
were run with every assay to rule out DNA contaminations. At this stage of the study, the
fold change in gene expression (B-mannan versus glucose) was calculated from one
biological replicate using two technical qPCR replicates according to Livak and Schmittgen,
2001 (Livak and Schmittgen 2001) using the RpoD reference gene for normalization. The
primer set used for RpoD is given in Table 3.

Figure 1:

Phylogenetic tree of the GH130 family, revisited in January 2015. In this radial phylogram,
branches corresponding to subfamilies GH130_1 and GH130_2 are colored in blue and red,
respectively. Branches in black correspond to sequences that are not classified into any
subfamily (GH130_NC). The protein names of all the structurally and functionally
characterized GH130 members appear explicitly. For enzymes whose structure is known, a
picture of the 3D structure is shown, with an insert indicating the corresponding pdb codes
and ligands. Red star: enzymes for which the structure is known, in the apo form, but for
which no functional data is available.
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Figure 2:

Multiple alignment of GH130 characterized protein sequences and others GH130_NC from
human gut inhabitants, showing the conservation in the GH130_ 1 and GH130 2 GPs
subfamilies, of residue Y103 (which plays the role of nucleophile for glycoside
phosphorolysis), as well as R150, R168, and N151 (Uhgb_MP numbering), which maintain P;
in the GPs active site. On the contrary, in most of GH130_NC sequences, Y103 is replaced by
an acidic residue (E144, BACOVA 03624 numbering), which would play the role of second
catalytic residue in the case of glycoside hydrolases like BACOVA_03624. In all cases, residue
D104 (D145 BACOVA_03624 numbering) is the catalytic proton donor required for hydrolysis
and phosphorolysis.
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Figure 3:

Effect of temperature on BACOVA_03624 activity, measured in presence of 1mM pNP-3-D-
Galp and 1mM P;. A) Temperature dependency of BACOVA_03624 activity. B)
BACOVA_03624 stability at 4, 37, 50 and 65°C.

0.2 q 100
g
0,16 4 >80
= 2 ® aC
g k5]
50‘12 ) =60 e s7°C
— L]
= e
"EU,UB g 3 a0 ® 50°C
E H ® B5°C
-3
20,04 1 20
4
0 . . i . 0 T T T T r !
0 20 40 60 80 0 5 10 15 20 25 30
Temperature (*C) Time (h})

Figure 4:
Double-reciprocal plots for pNP-B-D-Galp degradation by BACOVA_03624. The initial
velocities of pNP release were measured at various concentrations of pNP-B-D-Galp in
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absence or in presence of 10mM P; (A), or from 10mM pNP-B-D-Galp at various
concentrations of P; (B). Data are the mean values £ S.D. for three independent experiments.

30 - =o—0 mM Pi 9 -
Vinae= 0,167 =9.10°% pmol.min*.mg* '|'
2 Km=0,29 £4,102 mM 8 4 T T
2 [ t
£ 20 6 4
£
E _ 54
— - =
3" g, .
E —e—10 mMPi £
2 £
] 10 A Vs = 0,210 £9.10°% pmol.mint.mg = 34
= Km =0,33 £4.102 mM g 5
5 a2
14
0 : 0 . . T T :
] 2 4 6 g 10 12 0 1 3 4 [ [
1/[pNP-p-0-Galy] (mM-) 1/[Pi] (mM-1)
Figure 5:

HPAEC-PAD analysis of the reaction products obtained from 10mM [-D-Galp-1,4-D-GlcpNAc
(A) and mannotriose (B), in absence and in presence of 10mM P;. Final reaction time

corresponds to 72h.
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Figure 6:
Polysaccharide utilization loci (PULs) of Bacteroides ovatus ATCC 8483, containing GH130
encoding genes. GH130 subfamily classification is represented by the bar color: blue,
GH130_1; red, GH130_2; black, GH130_NC. The neighbouring CAZyme encoding genes part
of each PUL are indicated as gray bars. PUL numbers were retrieved from the Polysaccharide
Utilization Loci DataBase (PULDB), in which all appear as experimentally validated, excepted

PUL94.
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Experimentally validated PULs

Results of search for PULs containing GH130 in Bacteroides ovatus ATCC 8483
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Schematic representation of the main mannosides present in the human gut.

A. Plant B-mannan, an hemicellulosic component. B. Human N-glycans, showing the different

types of structures found on mature glycoproteins formed from a common GlcsMangGlcNAc,

precursor. C. Yeast very high mannose containing N-glycan (yeast mannan); the structure

depicted here is that of C. albicans, holding additional -1,2-linked mannosyl ramifications

on the long lateral a-1,6 mannosyl branches.
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Figure 8:

Growth of B. ovatus ATCC 8483 on [-mannan and on the N-glycosylated S. cerevisiae

invertase protein used as sole carbon sources. A. Growth curves of B. ovatus ATCC 8483 on

invertase and glucose. B. Growth of B. ovatus ATCC 8483 on 3-mannan monitored by protein

expression over time.

238



1,2 25

P
o

N

o

-
«

== Glucose

=
o

== [nvertase

0D 600nm
o (=}
ES o
Hg proteins /ml culture

e}

o
)

0,0 0

0 2 4 6 8 10 12 14 16 18 20 22 24 0 5 10 15 20 25 30
Time (h) Time (h)

Figure 9:
Expression of the 7 GH130 encoding genes of B. ovatus ATCC 8483, during growth on [3-
mannan as only carbon source.
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Table 1:

Reverse-phosphorolysis yields after 72 h reaction in presence of 10mM o-bD-mannopyranose-
1-phosphate (a-dD-Manpl1P) or a-D-Galactopyranose-1-phosphate (a-D-Galpl1P) as glycosyl
donors, and 10mM of various acceptors.

Glycosyl acceptor a-0-Galp1P conversion yield | a-o-Manp1P conversion
(%) yield (%)

/ 0 0

N-acetylgalactopyranosamine | 11,7 20,5

N-acetylglucopyranosamine | 6,7 35,4
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L-Arabinose 6,5 13,2
D-Fructose 1,0 17,5
L-Fucose 1,1 38.9
D-Galactose 0 16,3
D-Glucose 27,8 18,2
D-Lyxose 36,9 13,5
D-Mannose 20,3 5,2
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Table 2:

Genomic environment and probable function of the Bacteroides ovatus ATCC 8483 GH130 genes and their associated PULs. HMNG : High

mannose N-glycans.

Bacova- Sub-family PUL Genomic environment Known specificities of the GH families Expression PUL expression induced by | Functional
GH130 number induced byB- | plant-glycans according to | specificity
genes mannan* Martens et al. (2011)
03624 GH130_NC Exp82 GH92 (x2) a-1,2-3-4-6-mannosidase no not listed** Yeast and/or
GH125 (x1) a-1,6-mannosidase human N-
GH76 (x2) endo-a-1,6-mannanase glycans
02090 GH130_1 Exp42 GH26 (x2) B-man,-xyl, -glucanase highly galactomannan Plant
GH36 (x1) a-gal, -N-acetylgalactosaminidase glucomannan mannans*
04885 GH130_NC Pred94 GH92 (x3) a-1,2-3-4-6-mannosidase highly not listed** Host N-
GH31 (x1) a-gluc, -xyl, -mannosidase glycans
GH78 (x1) a-L-rhamnosidase Plant
GH2 (x1) B-gal, -man,-glucuronidase, a-Arabinofuranosidase mannans®
GH38 (x1) a-mannosidase
02161 GH130_NC Exp44 GH43 (x2) B-gal, -xylosidase;arabinanasea- | moderately not listed** Plant
arabinofuranosidase; mannans*
GH115 (x1) a-glucuronidase
GH78 (x1) a-L-rhamnosidase
GH2 (x2) B-gal, -man,-glucuronidase,exo-B-glucosaminidase;
a-arabinofuranosidase
GH105 (x3) rhamnogalacturonyl-,glucuronyl-hydrolase
02887 GH130_NC Exp58 no no moderately not listed** Plant
mannans*
02634 GH130_1 Exp46 GH5 (x3) cellulase, gluca-, xyl-, mannanase; f-gluco, - | moderately induced in vivo by plant fed | Plant
mannosidase mice mannans®
GH2 (x1) B-gal, -man,-glucuronidase, a-Arabinofuranosidase
GH78 (x1) a-L-rhamnosidase
04110 GH130_2 Expg5BT GH18 (x1) Chitinase; B-N-acetylglucosaminidase moderately induced in vivo by plant fed | Host N-
GH92 (x1) a-1,2-3-4-6-mannosidase mice glycans
Plant
mannans*

BT PUL 85 is homologous to a B. thetaiotaomicron PUL associated with host glycan utilization in vitro and in vivo (Martens et al., 2011).

*, Experimentally validated in this study
Not listed**, the GH130 encoding gene and the corresponding PUL were not listed in Martens et al. (2011) as being up- or down-regulated
during growth on plant substrates, nor in vivo in plant fed mice.
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Table 3:

List of primers used for qRT-PCR analysis.

Targeted GHI130 | Forward primers (5°-3”) Reverse primers (5°-3”) PCR
enzyme Product size
(bp)
BACOVA_02090 CCAGCAAGAATGTGCCTTTGG | CGCCAGAAGACAGGAGTATGG | 94
BACOVA_02634 GCAGAACATGCACCACTCATC | ATTGATCTTGATGGCTCCCGT | 14
BACOVA_04110 CTGTCGGATGTACGGACGTTA | GCCTGCAAAACCATCCTCAA 125
BACOVA_ 02161 ATGTGGATTTACCAATGCGCC | TCCTTCAGGACGCAAGAATGG | 9]
BACOVA_02887 AAAGCGGGAATCAACGGAATG | CTGTATAGGTCTCTCTGCGACG | 108
BACOVA_03624 GATGACCTGTACTGCCTACGG | CAAAACCACCGAAAGCCCAAT | 77
BACOVA_04885 GCTGCCGCATTAATCACTTCC | TTAATTCCTTCCGGACGCTGG | 95
BACOVA 00615(RpoD) | CGGCCGTGAAGACCTGATTA | ACGAAACGAAGATTGGCACG | 111
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As we saw, human gut bacteria produce a wide variety of CAZymes to ensure their
survival in the swarming jungle of this ecosystem. Among them, the enzymes belonging to
the recently created GH130 family constitute particularly interesting targets. Indeed, at the
beginning of this thesis project, only one GH130 enzyme was biochemically characterized,
revealing a new function of mannoside breakdown by phosphorolysis. Moreover, as
previously shown in Tasse et al. (2010), and further revisited in the frame of this project,
some highly prevalent genes of the human gut microbiome encode for putative enzymes
classified in 2011 in the GH130 family. However, no function was assigned to them until July
2013, when our first article describing the function of Uhgb_MP was published.

Uhgb_MP, a GH130 enzyme produced by an uncultivated bacterium, was the main
target of this project. The first part of this PhD work was thus to fully characterize its
substrate specificity towards mannosyl donors and acceptors, and its kinetic behavior. These
biochemical data revealed that this enzyme is capable of efficiently phosphorolyzing the N-
glycan core oligosaccharide structure D-Manp-B-1,4-D-GlcpNAc-f3-1,4-D-GlcpNAc. By using
site-directed mutagenesis, we identified key residues for catalysis, in particular D104, which
is the most probable proton donor.

Moreover, the mapping of 369 GH130 sequences on the human fecal metagenome of
411 individuals highlighted the high prevalence of Uhgh_MP homologs in the microbiome of
patients suffering from inflammatory bowel diseases. Finally, thanks to the analysis of the
genomic context of 65 known GH130 sequences belonging to human gut bacteria, we
proposed a novel pathway of N-glycan catabolism, involving Uhgb_MP homologs working in
synergy with glycoside hydrolases of the GH92 and GH18 families. These results, and those
published concomitantly regarding the GH130 enzyme  Bt1033 from Bacteroides
tethaiotamicron VPI-5482, allowed one to identify a new mechanism of human N-glycan
degradation by gut bacteria, for which only glycoside hydrolases had been considered to be
involved in, until 2013 (Thompson et al., 2012; Zhu et al., 2010). They also allowed one to
expand the known enzyme functional range in the GH130 family, which contained in 2013
only 3 characterized enzymes, all being involved in the catabolism of plant mannans in the
bovine rumen and the human gut ecosystems (Kawahara et al., 2012).

This work also permitted the creation of two GH130 subfamilies, related to plant -
mannan and N-glycan degradation by gut bacteria. Uhgb_MP itself is able, in vitro, to
breakdown plant mannan, which makes it the first mannoside phosphorylase acting on a
polysaccharide. Finally, we revealed in this study that Uhgb_MP is an enzyme with high
potential for industrial biotechnology, as it is the most efficient enzyme known, to date, able
to synthesize by reverse-phosphorolysis the precious b-Manp-f-1,4-D-GlcpNAc-B3-1,4-D-
GlcpNAc and b-Manp-B-1,4-D-GlcpNAc oligosaccharides, of which the commercial price is
nowadays over S 10,000 per mg. These high added value compounds can even be
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synthesized from mannan, this low cost hemicellulosic compound, in a two-step process
involving only Uhgb_MP as catalyst. These properties have been patented in 2013.

Optimization of the reaction yields of this two-step process, in particular by shifting
the reaction equilibrium towards the phosphorolysis and synthesis directions, respectively
for steps one and two, will therefore be necessary to envisage the commercialization of
these products.

The second part of this thesis project was dedicated to the structural characterization
of this fascinating enzyme. Its crystallographic structure has been solved at 1.85 A, in its apo
form and in complex with mannose, N-acetylglucosamine and both. This is the first 3D
structure of a N-glycan phosphorolytic enzyme. This work allowed us to confirm both the
involvement of D104 as proton donor, and its catalytic mechanism, involving an
unpredictable structural rearrangement involving N44, S45 and D104. Analysis of this first
structure solved for a member of the GH130_2 subfamily also revealed H174 and M67 as
determinants for specificity towards N-glycan motives and mannan. SAXS and crystal
structure analysis also revealed a hexameric structure, a specific feature of GH130 enzymes
among other glycoside-phosphorylases.

Such GH130 targeted genomic and transcriptomic studies have been initiated to
study their role in mannoside metabolization by Bacteroides ovatus ATCC 8483, a prominent
gut symbiont. The results show that expression 6 of the 7 B. ovatus GH130 encoding genes is
induced by plant B-mannan. The single one of which expression is not affected by this
polymer, encodes the protein BACOVA_03624, classified in the GH130_NC subgroup. Its
biochemical characterization revealed that it is a very original enzyme, capable of
performing a large set of reactions. Acting as an hydrolase, it is also able to perform
transglycosylation, phosphorolysis and reverse-phosphorolysis reactions. This enzyme,
contrary to Uhgb_MP and all other characterized GH130 members, catalyses hydrolytic
reactions thanks to the presence of a second acid catalytic residue (BACOVA_03624 E144),
which probably plays the role of base. BACOVA 03624 is thus the first characterized
hydrolase of the GH130 family. In addition, it is the only characterized member that is able
to accommodate both mannosyl and galactosyl residues in its -1 subsite. This high flexibility
is also demonstrated by the wide substrate tolerance of the +1 subsite. Based on these
biochemical data, and on results of genomic context analysis, we suspect that
BACOVA_03624 physiological role would be hydrolysis of the core 3-dD-Manp-1,4-D-GlcpNAc
motif of human and yeast N-glycans, and/or 3-D-Galp-1,4-D-GlcpNAc (N-acetyllactosamine), a
disaccharide existing in hybrid and complex human N-glycans. We also suspect at this stage
that BACOVA_03624 could also act on B-1,2-linked-manno-oligosaccharides or phosphated
mannosides, which can be found in the high mannose N-glycans of the pathogen C. albicans.
NMR analysis of the reverse-phosphorolysis products obtained from the GIcNAc and Man

248



acceptors, and testing hydrolysis and B. ovatus growth on these particular substrates should
soon allow one to be more conclusive on BACOVA_03624 targets in the human gut. In
addition, the construction of the BACOVA_ 03624 E144Q and/or E144Y mutants will be
necessary to demonstrate the role of E144 in hydrolysis. Finally, soaking or co-crystallization
of BACOVA_03624 with its substrates will bring additional structural data that would help us
to understand how both hydrolysis and phosphorolysis can occur, and which are the
structural features promoting one or the other mechanism.

The results obtained in the frame of this thesis largely expanded our knowledge on
the catalytic mechanism, structure-function relationships and physiologic roles of GH130
enzymes, and also highlighted their high potential for synthesis of high added value
oligosaccharides (Table 2). However, even if this work and that of other research groups
largely contributed to increase the amount of biochemical data available on this family, the
number of characterized members is still limited (Fig. 20).
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Figure 20: Overview of available data on GH130 enzymes in January 2015.
The family includes in total 13 different characterized proteins, either structurally or functionally. Three of them belong

to subfamily 1, five to subfamily 2 and six are grouped in the pool of sequences that are not classified. It is worth noting
that one single representative of each group of sequences has been both characterized functionally and structurally.
Stars indicate the inputs of the present thesis to the knowledge of the family. Red arrows indicate data which are lacking
about the listed enzymes. Validated data are indicated by a green tick. Note: functional characterization of Tm1225 is
currently in progress.
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Table 2: Summary of acceptor tolerance for synthetic reactions catalyzed by GH130 enzymes, based on available data in January 2015.

This table assumes the use of a-p-manp-1-phosphate as donor for all enzymes. +, ++, and +++ indicates the observed activity on the specified substrate. ND: not determined. ! data
generated during this thesis. % Both teth514_1788 and Teth514_1789 are specific for f—1,2 linkages and do not process 3-1,4 bonds. Note: regarding Teth514_1788 and Teth514_1789, 3-
1,2-manno-oligosaccharides longer than DP2 (—1,2-mannobiose) were not tested in the acceptor reactions. However, products as long as DP3 and DP5 were detected after a 24h

incubation of Teth514_1789 and Teth514_1788, respectively. BACOVA_03624 is able to use both a-b-manp-1-phosphate and o-p-galp-1-phosphate as donor, but the panel of acceptor

tolerated differs dependind on the used donor. The activities measured using both substrates as donors are indicated as a pair A/B, A being the activity using a-D-manp-1-phosphate, and

B being the activity using o.-p-galp-1-phosphate. All reactions were carried out using 10mM P;. Preleminary characterization of Tm1225 showed production of manno-oligosaccharides DP2-

20 from a-pD-manp-1-phosphate alone.

BACOVA_03624

Substrate BfMGP | RaMP1 | RmMGP | RaMP2 | Bt1033 | Uhgb_MP' | Teth514_1788 | Teth514_1789 A/B Tm1225
D-Glucose +++ +++ +++ + + ++ 0 0 ++/+++ ND
2-Deoxy-D-glucose 0 0 ND ++ 0 ND 0 0 ND/ND ND
2-Deoxy-2-fluoro-D-glucose 0 0 ND ++ ND ND ND ND ND/ND ND
D-Mannose 0 0 0 ++ + ++ +++ +++ +/++ +++
N-Acetyl-D-glucosamine 0 0 0 + +H+ +H+ 0 0 [+ ND
3-Deoxy-D-glucose 0 0 ND + ND ND ND ND ND/ND ND
3-Deoxy-3-fluoro-b-glucose 0 0 ND +++ ND ND ND ND ND/ND ND
D-Allose 0 0 0 +++ 0 + 0 0 0/0 ND
3-0O-Methyl-p-glucose 0 0 ND +++ 0 ND 0 0 ND/ND ND
6-Deoxy-D-glucose 0 + ++ 0 ND ND ND ND ND/ND ND
6-Deoxy-6-fluoro-b-glucose 0 + ND 0 ND ND ND ND ND/ND ND
D-Xylose 0 0 0 0 0 0 ND ND 0/0 ND
1,5-Anhydro-p-glucitol 0 0 ++ ++ 0 ND 0 0 ND/ND ND
MethylB-p-glucoside 0 0 ++ ++ 0 ND 0 0 ND/ND ND
Methyl a-p-glucoside 0 0 0 ++ 0 ND 0 0 ND/ND ND
Sophorose 0 0 ND ++ 0 ND 0 0 ND/ND ND
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Laminaribiose 0 + ND ++ 0 ND 0 0 ND/ND ND
Cellobiose 0 0 0 ++ 0 0 0 0 0/0 ND
Gentibiose 0 0 ND ++ 0 ND 0 0 ND/ND ND

Maltose 0 0 ND ++ 0 ND 0 0 ND/ND ND
N,N'-diacetylchitobiose 0 0 ND ++ ++ +++ 0 0 ND/ND ND
-1,4-Mannobiose 0 0 0 ++ 0 +++ ++2 2 +/++ ND
[-1,4-Mannotriose 0 0 ND ++ ND +++ +++ 0 +/+ ND
B-1,4-Mannotetraose 0 0 ND +++ ND +++ ND ND 0/0 ND
[-1,4-Mannopentaose 0 0 ND +++ ND +++ ND ND 0/0 ND
B-1,4-Mannohexaose 0 0 ND +++ ND +4++ ND ND ND/ND ND

B-1,4-mannan ND ND ND ND ND +++ ND ND ND/ND ND
D-fructose ND ND ND ND 0 +++ +++ +++ ++/+ ND
D-galactose ND ND ND ND 0 ++ 0 0 ++/0 ND
D-altrose ND ND ND ND 0 traces 0 0 0/0 ND
D-Fucose ND ND ND ND 0 0 ND ND +++/+ ND
D-rhamnose ND ND ND ND ND 0 ND ND ND/ND ND

Xylitol ND ND ND ND ND 0 ND ND ND/ND ND
N-Acetyl-D-galactosamine ND ND ND ND 0 + 0 0 ++/++ ND
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That is why, in the frame of this thesis, we were interested in other GH130 enzymes.
In particular, the protein ADD61810, which was also discovered by functional screening of
the human gut metagenome, is an interesting target. Indeed, contrary to the other members
of the GH130_2 subfamily but similarly to the GH130_1 ones, its gene is surrounded by GH5
and GH2 encoding genes, the PUL signature of plant mannan degrading enzymes. The
ADD61810 encoding gene was cloned in the frame of this thesis, and its functional
characterization will soon be started to investigate its substrate specificity.

We also expressed and started to characterize the function of Tm1225 from
Thermotoga maritima MSB8, a GH130_2 protein which shares 61% sequence identity with
Uhgb_MP. Tm1225 is the best f-mannoside polymerase known to date, and it is able to
synthesize by reverse-phosphorolysis f-mannoside chains of DP 2 to 20, at least (fig.21).
NMR analysis will soon be performed to determine the linkage specificity displayed by this
enzyme. lts ability to perform mannosyl residue polymerization from a large panel of
acceptors, including other glycans of various structures, will be tested to evaluate its interest
for synthesis of high-added value oligosaccharides and of novel biosourced copolymers. In
addition, this enzyme, whose apo structure was solved several years ago, appears to be the
closest Uhgb_MP structural homolog. But contrary to Uhgb_MP, Tm1225 crystallized as a
dimer. It will be interesting to confirm this state in solution, and to identify the molecular
bases of multimerization in this particular CAZy family, which contains the sole known non-
dimeric GPs. Solving Tm1225 structure in complex with its substrates will also allow one to
identify the structural determinants of long mannoside polymerization. Together with the
identification of the molecular bases of the Uhgb_MP and BACOVA_03624 specificity
towards mannosides and galactosides, these works will open the way to rational engineering
of GH130 enzymes, for optimization of their glycoside synthesis properties.
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Figure 21: HPAEC-PAD profile of Tm1225 incubated with a-p-Manp-1-phosphate alone (reaction time 24h).
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Finally, as highlighted by integration of biochemical, structural, genomic,
metagenomics and transcriptomic data, GH130 enzymes can now be considered as new
targets to study interactions between host and gut microbes, which is currently the focus of
intense international research efforts. Inhibition of host glycan degrading enzymes could
thus be considered as an innovating strategy to protect or restore the intestinal barrier in
the context of inflammatory bowel diseases. In this context, we identified several
monosaccharides, polyols and multivalent iminosugars acting as Uhgb_MP inhibitors.
Surprisingly, we also observed that some imminosugars, that most of the time inhibit
glycosidases, act as Uhgb_MP activators. A structural analysis of Uhgb_ MP crystallized in
complex with its inhibitors and activators would allow one to identify by which mechanism
these molecules affect its activity. The structural characterization of GH130 enzymes
produced by human gut bacteria, such as Uhgb_MP, opens the way to the design of specific
inhibitors of N-glycan processing enzymes, by mimicking the interactions described in
chapter 5 for substrate binding. However, further studies will be needed to confirm the
physiological role of these enzymes, and the inhibitor effects, like metabolomics and
transcriptomic analyses of gut bacteria producing GH130_2 enzymes in the presence of N-
glycans as carbon source, with and without inhibitors. Finally, the over-representation of
GH130_2 sequences in IBD suffering patient metagenomes, that we observed, will have to
be confirmed on larger patient cohorts, in order to know on which extent GH130 sequences
(and those encoding other mucus degrading enzymes) could be used as biomarkers for IBD
detection.
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Résumé de la these
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Le microbiote intestinal humain est composé de 10 bactéries par gramme de féces,
dont seulement 20 a 30% sont cultivées. Cet écosysteme complexe joue un réle crucial pour
la santé humaine, notamment en métabolisant les fibres alimentaires, ces polysaccharides
de structure trés diverse, issus majoritairement de la paroi végétale (céréales, fruits et
légumes). lIs participent ainsi pour une part non négligeable a I'assimilation des constituants
issus de notre alimentation. Pour assurer leur croissance, certaines de ces bactéries sont
également capables de dégrader les glycanes de I'héte, telles les O- et N- glycosylations
portées par les protéines tapissant la paroi intestinale et constituant les mucines, mais
également ceux produits par les levures alimentaires.

Pour dégrader efficacement cette grande variété de polysaccharides, les bactéries
intestinales ont développé un arsenal trés diversifié d’enzymes capables de les dégrader,
éléments fondamentaux de leur survie dans cet écosystéme compétitif. Ces enzymes,
appelées enzymes actives sur les sucres (Carbohydrate Active enZymes, CAZymes), peuvent
aussi s’avérer constituer de puissants outils biotechnologiques, notamment pour la
déconstruction de la biomasse d’origine végétale, ainsi que pour la synthese
d’oligosaccharides, polysaccharides et glycoconjugués pour de nombreuses applications,
dans les domaines de I'agroalimentaire, de I'alimentation animale, de I'environnement, ou
encore de la santé humaine.

La base de données CAZy recense et classe ces enzymes en familles selon leur
similarité de séquence. Si I'évolution des méthodes de séquencage a haut débit a permis
d’augmenter considérablement la vitesse de leur recensement ces derniéres années, la
caractérisation fonctionnelle et structurale de ces enzymes est loin de suivre le méme
rythme, limitant la compréhension des relations entre structure et fonction enzymatique. En
effet, moins de 10% des enzymes recensées dans la base de données CAZy ont été
caractérisées sur le plan fonctionnel, et moins de 1% ont une structure tridimensionnelle
résolue.

En 2010, une étude de métagenomique fonctionnelle a haut-débit menée par le
groupe « DiscOmics » de I'équipe de Catalyse et Ingénierie Moléculaire Enzymatiques du
LISBP, ciblant le microbiome intestinal humain, a permis d’identifier plusieurs dizaines de
CAZymes a fort potentiel de valorisation, en particulier pour la dégradation de la paroi
végétale. Douze d’entre elles n’appartenaient a aucune famille CAZy connue. Mon projet de
thése a visé a caractériser d’un point de vue fonctionnel et structural 'une de ces nouvelles
enzymes, afin i) de comprendre quel est son réle (ainsi que celui joué par ses nhombreux
homologues) dans I’écosysteme intestinal humain, ii) d’étendre les connaissances des
relations entre structure et fonction des CAZymes, iii) et d’évaluer son potentiel applicatif
pour la dégradation de la biomasse végétale et la synthése d’oligosaccharides a haute valeur
ajoutée.
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Mon travail a donc porté en grande partie sur I'étude de I'enzyme que nous avons
nommée « Uhgb_MP » (Unknown human gut bacterium Mannoside Phosphorylase),
appartenant a la toute nouvelle famille des Glycosides Hydrolases 130 (GH130). La famille
GH130, créée quelques mois avant le début de cette these, regroupe désormais plus de 648
séquences. Sa création fait suite a la caractérisation fonctionnelle de |'un de ses membres en
mai 2011, qui est capable de phosphorolyser le B-D-Mannopyranosyl-1-4-D-Glucopyranose
(Man-Glc), en libérant du mannose-a-1-phosphate et du glucose. En 2011, rien de plus
n’était connu sur cette famille, excepté le fait que les structures 3D de quatre autres
enzymes GH130, qui adoptent un repliement de type 5-bladed B-propeller, avaient été
résolues dans le cadre d’initiatives de génomique structurale, mais sans fonction associée.
En particulier, ni le résidu catalytique, ni les spécificités de ces enzymes n’étaient connues,
alors méme qu’il s’agissait de la seule famille connue comprenant une mannoside-
phosphorylase hautement spécifique du disaccharide Man-Glc.

Nous avons donc entrepris la caractérisation fonctionnelle d’Uhgb_MP, produite sous
forme étiquetée poly-histidine dans le vecteur pDEST17. La spécificité de I'enzyme vis-a-vis
de ses substrats et produits, ainsi que ses paramétres cinétiques ont été déterminés par
HPAEC-PAD, *C et 'H RMN, et spectrométrie de masse. Contrairement a la premiére enzyme
caractérisée de la famille GH130 (la Mannosyl-Glucose phosphorylase BfMGP de I'organisme
Bacteroides fragilis), Uhgb_MP est capable de phosphorolyser de nombreux substrats
mannosylés, notamment les B-1,4-mannanes et manno-oligosaccharides issus de la fraction
hemicellulosique de la paroi végétale, mais aussi le mannopyranosyl-B-1,4-D-N-
acetylglucosamine (Man-GIcNAc) et le manno-chitobiose, les motifs hautement conservés
des N-glycanes eucaryotes. Le manno-chitobiose est apparu comme le substrat pour lequel
I’efficacité catalytique était la plus élevée.

De plus, la caractérisation cinétique des réactions de phosphorolyse inverse (réaction
de synthese), a partir de différents sucres accepteurs, en particulier la N-acetylglucosamine
ou le chitobiose, et du mannose-a-1-phosphate (le seul sucre-phosphate donneur d’
Uhgb_MP), a révélé une efficacité catalytique maximale pour la synthése de manno-
chitobiose, avec toutefois un phénomene d’inhibition par exceés d’accepteur pour des
concentrations supérieures a 1mM de chitobiose. Uhgb_MP catalyse les réactions de
phosphorolyse et de phosphorolyse inverse de manno-oligosaccahrides par un mécanisme
séquentiel de type Bi Bi, impliquant la formation d’un complexe ternaire entre les deux
substrats et I’'enzyme.

L'identification de ces nouvelles fonctions de dégradation de mannanes, un
constituant des hémicelluloses, par phosphorolyse, et de synthése de Man-GIcNAc
(actuellement commercialisé a plus de 10 000€ le mg) et de manno-chitobiose par
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phosphorolyse-inverse, fit I'objet d’un dép6t de brevet Européen par Toulouse Tech-
Transfer, étendu en 2014, afin de couvrir leur usage au niveau mondial.

L'analyse de la structure primaire d’'Uhgb_MP et de ses homologues de la famille
GH130, et de son modele structural construit par modélisation moléculaire, m’a permis
d’identifier les résidus clefs de la catalyse, et plus particulierement le résidu catalytique
donneur de proton, l'acide aspartique 104. En 2013, l'obtention de Ila structure
cristallographique de BfMGP en complexe avec son substrat, permit de confirmer
I'implication du D104 comme donneur de proton. En effet, I'acide aminé catalytique décrit
par les auteurs est I’équivalent du D104 chez Uhgb_MP.

L’analyse approfondie de la structure primaire des enzymes de la famille GH130 fut
conduite en collaboration avec I'équipe de Bernard Henrissat a I’AFMB (CNRS Marseille),
fondateur du systeme de classification des CAZymes. L’alighement des 369 séquences
protéiques recensées en janvier 2013, a permis de faire émerger trés clairement deux sous-
familles , GH130_1 et GH130_2, au sein de cet ensemble. Ces deux groupes homogénes d’un
point de vue structural, contiennent respectivement 79 et 42 séquences. Le reste des
séquences, les GH130 non classés (GH130 _NC) est trop hétérogéne pour pouvoir constituer
une sous-famille. Dans cette nouvelle classification, Uhgb _MP apparut alors comme étant
I’'un des membres de la sous-famille 2 (fig. 22).

Par la suite, jai effectué I'analyse des environnements génomiques de 65 GH130
appartenant a 28 bactéries de l'intestin humain. Cette étude nous a permis de proposer
deux voies distinctes de métabolisation des hydrates de carbone mannosylés par les
enzymes de la famille GH130:

» Les génes codant pour des enzymes de la sous-famille GH130_1 (comme BfMGP)
sont majoritairement entourées de glycoside hydrolases appartenant aux familles
GH3, GH5 et GH28 (B-mannanases, P-mannosidases et [B-glucosidases). Ces
enzymes seraient donc impliquées dans la métabolisation des mannanes,
galactomannanes et glucomannanes de la paroi végétale par les micro-
organismes qui les possedent.

> Les geénes codant pour des enzymes de la sous-famille GH130_2, comme
Uhgb_MP, sont au contraire majoritairement entourées de glycoside hydrolases
appartenant aux familles GH92, GH18 et GH97 (B-mannosidases, endo-B-N-
acetylglucosaminidases et a-glucosidases) et n’ont jamais comme voisin des
enzymes appartenant aux familles retrouvées autour des GH130_1, a I'exception
de deux d’entre elles. Compte tenu du contexte génomique des génes codant
pour les GH130_2, celles-ci seraient donc impliquées dans la métabolisation des
N-glycanes de I’hote. En effet, ceux-ci sont formés par le coeur ubiquitaire des N-
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glycanes, le trisaccharide manno-chitobiose avec des extensions a-1,3, a-1,6 et a-
1,2-mannosyles sur le résidu mannosyl lié au chitobiose. Enfin, une des
ramifications peut porter des résidus glucosyl terminaux liés en a-1,2. Dans ce
modele, la GH18 hydrolyserait la liaison entre les deux N-acetylglucosamines,
libérant I'oligosaccharide de la protéine. Cet oligosaccharide serait ensuite
importé dans l'espace périplasmique afin d’étre déconstruit par les actions
successives de la GH97, pressentie pour dégrader la liaison a-1,2 des résidus
glucosyl terminaux, alors que les GH92 permettraient de décomplexifier la
structure en éliminant les mannosyls liés en a. Enfin, le disaccharide B-b-manp-
1,4-D-GlcpNAc serait dégradé par Uhgb MP, comme démontré par les tests
biochimiques. Cependant, Uhgb MP ne possédant pas de peptide signal, ce
disaccharide doit étre nécéssairement transporté dans le milieu intracellulaire via
une perméase codée par le méme cluster multigénique. De nombreux
Polysaccharide Utilization Loci (PULs, clusters multigéniques dédiés a Ia
séquestration et a la dégradation d’un polysaccharide donné) homologues a celui
codant pour Uhgb MP ont été retrouvés dans les génomes de bactéries
intestinales.

Specificity for B-1,2
linkage

GH130_1: Specific for
Man-Glc degradation
restrained acceptor
specificity
|

H13_1 % BT4094* * Apo: 3R67
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Figure 22: Représentation radiale de I'arbre phylogénétique de la famille GH130, en Janvier 2015.
Cet arbre, montre la présence de deux sous-familles clairement distinctes, GH130_1 et GH130_2, colorées

respectivement en bleu et rouge. Le reste des séquences, trop hétérogene, reste dans un espace de séquences non
classifié (GH130_NC). Sont également reportés sur cet arbre, les connaissances rapportées dans la littérature sur les
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membres de cette famille (Janvier 2015). Sont en particulier indiqués, par leur nom, les enzymes caractérisées soit sur le
plan fonctionnel, soit sur le plan structural, soit les deux. Lorsque la structure d’'une enzyme est connue, une miniature
de celle-ci est représentée ainsi que son/ses codes PDB. Les enzymes pour lesquelles la structure est connue mais pas
leur fonction sont repérables par une astérisque rouge. Enfin, les fonctions démontrées des membres caractérisés de la
famille sont indiqués pour chacune des sous-familles.

Par ailleurs, I'analyse de I'alignement des séquences de toutes les enzymes de la
famille GH130 a permis de montrer que : i) la tyrosine 103 et I'asparagine 151, dont la chaine
latérale est orientée en direction de la liaison inter-osidique clivée lors de la catalyse, sont
parfaitement conservés au sein des sous-familles GH130_1 et GH130_2, qui rassemblent tres
probablement des glycoside phosphorylases ; ii) ces deux résidus sont quasi
systématiguement remplacés par des acides aminés acides (E, D) dans I'ensemble des
séquences non classées dans ces deux sous-familles. Ceci nous a conduit a faire I’'hypothese
gue les enzymes possédant cet acide aminé acide pourraient étre des glycoside hydrolases
vraies, lesquelles requiérent deux résidus catalytiques au lieu d’'un pour les glycoside
phosphorylases qui inversent la configuration anomérique de la liaison osidique.

Afin de valider cette hypothese, la construction du mutant Y103E a été entreprise.
L'activité de dégradation du para-nitrophénol-B-1,4-D-Mannopyranose en absence de
phosphate (trés faible pour la protéine sauvage) par ce mutant a été augmentée d’un
facteur 2,7 par rapport a celle de la forme sauvage, ce qui suggere que le mutant serait
capable d’hydrolyser ce substrat. Son instabilité n’a pas pu permettre d’approfondir
davantage cette étude. Cependant, cette hypothése sera confirmée par la suite dans le cadre
de cette these, comme décrit ci-apres.

Nous avons également utilisé I'ensemble des séquences GH130 et leur nouvelle
classification pour estimer la prévalence et I'abondance des genes codant ces protéines au
sein des métagenomes intestinaux de 301 individus (issus des cohortes MetaHit et Human
Microbiome Project). Ce travail a permis de montrer que 35 séquences GH130 provenant de
micro-organismes intestinaux (sur 65 au total) sont retrouvées chez au moins 50 individus,
dont celle d’'Uhgb_MP qui est retrouvée dans les métagénomes de 93 individus sur 301. Les
enzymes de la famille GH130 sont donc probablement des acteurs majeurs de la
métabolisation des hémicelluloses et des N-glycanes eucaryotes par les bactéries
intestinales. De plus, ces résultats ont permis de montrer que les séquences GH130, en
particulier celles de la sous-famille 2, sont plus abondantes de 27% dans les métagénomes
de patients atteints de maladies inflammatoires de I'intestin, telles que la maladie de Crohn,
suggérant I'implication des micro-organismes qui les produisent dans ces pathologies.

L’'ensemble de ces résultats a fait I'objet d’une publication parue dans le Journal of
Biological Chemistry en 2013.
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Je me suis focalisé en parallele sur la caractérisation structurale d’Uhgb_MP. Afin
d’obtenir sa structure cristallographique, j’ai d0 optimiser la stabilité de la protéine, en sous-
clonant son géne depuis le vecteur pDEST17 vers le vecteur pET28a. En effet, le modele
structural montrait que I'extrémité N-terminale était non structurée, ce qui pourrait étre
responsable de son instabilité. Dans la premiére partie de mes travaux, cette instabilité avait
pu étre controlée en présence de Tween, un surfactant incompatible avec la cristallisation
protéique. En utilisant le vecteur pET28a, la taille du linker séparant I'étiquette poly-histidine
et la protéine est réduite de cing acides aminés. De plus, cette étiquette peut étre clivée a
I'aide d’une protéase, la thrombine, ce qui n’était pas le cas en utilisant le vecteur pDEST17.
Aprés 'obtention de cette nouvelle construction, j'ai vérifié que la protéine était bien
surproduite et active. Les résultats ont montré que la protéine était surproduite sous forme
active, multimérique, a hauteur de 30 mg par litre de culture, méme sans Tween 80. Afin
d’éliminer le Tween 80 nécessaire a la stabilisation d’Uhgb_MP, ainsi que pour augmenter sa
pureté, son homogénéité conformationnelle et les rendements de production, je me suis
attaché a optimiser le protocole de purification de I'enzyme. L'analyse par Differential
Scanning Fluorimetry de la stabilité de I'enzyme dans différents tampons de
conditionnement a révélé deux phénomeénes distincts : d’'une part Uhgb_MP arbore deux
températures de fusion, ce qui conforte I’hypothése de I'oligomérisation, avec un premier
point de fusion lors de la dissociation de I'oligomeére, puis un second lors de la dénaturation
des monomeéres isolés. D’autre part nous avons pu observer un effet stabilisateur tres
important (température de fusion augmentée de 5 a 8 degrés par rapport aux autres
conditions) par les tampons phosphate de sodium ou de potassium, notamment a pH6 avec
une concentration en NaCl de 150mM. L'effet stabilisateur du phosphate n’est pas
surprenant car il s’agit d’'un des substrats de I'enzyme, et donc stabilise probablement Ia
protéine en se fixant dans le site actif. Cependant I'utilisation d’un tampon phosphate a pH6
n’est pas compatible avec la purification par chromatographie d’affinité en employant une
étiquette poly-histidine, car cette valeur de pH correspond au pKa des chaines latérales des
histidines. Nous avons donc opté pour un tampon phosphate de potassium 20mM pH7 avec
150mM de NaCl, car l'augmentation du pH de 6 a 7 ne diminue que de peu le gain de
stabilité apporté (+6,4°C), et est compatible avec le protocole de purification. Dans ces
nouvelles conditions, le rendement de purification est augmenté d’un facteur 3 (90mg de
protéine pure par litre de culture) et I'activité spécifique de I'enzyme d’un facteur 10.

Uhgb_MP ainsi purifiée, j'ai pu conduire des essais de cristallisation au sein de
I’équipe de biophysique de I'IPBS dirigée par Lionel Mourey, sous |'’encadrement de Samuel
Tranier. Jai procédé a des essais préliminaires robotisés en utilisant des cribles
commerciaux, pour des concentrations en protéine variables. Les résultats de ce criblage
primaire ont été tres encourageants, car pas moins de 94 conditions ont donné des cristaux,
presque tous protéiques. Une condition a donné un cristal directement exploitable. Nous
avons enregistré un jeu complet de données de diffraction des rayons X a I'ESRF de Grenoble
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en mars 2014, ce qui a permis de résoudre la structure de la protéine sous sa forme apo
(code PDB 4UDI) a une résolution de 1.85A, grace a une solution de remplacement
moléculaire en utilisant comme modele la structure de la protéine Tm1225, identique a 61%.
Il s’agit de la premiére structure d’'une enzyme capable de dégrader les N-glycanes humains
par phosphorolyse.

La structure d’Uhgb_MP apporte de nouveaux éléments déterminants pour la
compréhension de sa spécificité de substrat. Elle confirme tout d’abord que la protéine se
trouve sous forme hexamérique, selon un arrangement en un trimere de dimeéres. L’analyse
SAXS de la protéine, réalisée au Synchrotron Soleil en collaboration avec Pierre Roblin et
Gianluca Cioci, a permis de confirmer cette organisation en solution, méme si différences
conformationelles ont été observées en fonction du tampon de conditionnement de la
protéine. En effet, les enveloppes moléculaires calculées suggérent une compaction de
I’hexamere en présence de phosphate, faisant suite a un léger mouvement de rotation d’un
des deux triméres par rapport a 'autre, entrainant par un effet de tassement une réduction
du rayon de giration de la protéine.

La structure cristallographique révele la présence d’un ion phosphate et une
molécule de glycérol dans le site actif des 6 monomeres, positionnés de facon symétrique.
Le repliement en 5-bladed B-propeller et la topologie du site actif sont identiques a ceux
observés dans les structures connues des autres membres de la famille. L'ion phosphate
apparait trés fortement stabilisé au coeur du site actif de I‘enzyme, établissant de
nombreuses interactions polaires et électrostatiques avec les chaines latérales des résidus
adjacents. Ces résidus, R150, N151, R168, la K212, H231 et la Y242 sont parfaitement
conservés au sein de la sous-famille GH130_2, ce qui souligne leur réle déterminant, et
conforte I'hypothese d’une sous-famille GH130_2 exclusivement constituée de
phosphorylases. Néanmoins, des différences majeures avec notre précédent modele obtenu
par modélisation moléculaire, nous conduisirent a le réviser. Ces différences se situent au
niveau de l'orientation des chaines latérales formant le sillon catalytique, ainsi que les
évidentes contraintes structurales liées a I'oligomérisation, qui ne pouvaient pas étre
prédites par modélisation moléculaire. En effet, de facon symétrique au sein de chaque
monomere, une boucle d’'un monomere voisin vient se loger au niveau des sites prédits de
fixation des oligosaccharides. Par conséquent, un nouveau modele de fixation des
oligosaccharides a été élaboré, dans lequel le site actif n’apparait plus sous la forme d’un
sillon mais sous celle d’un tunnel dont I'extrémité est orientée vers |'extérieur de I’hexamere
(fig. 23).

Cette nouvelle hypothése a d’abord été confortée par la publication de la structure
de BfMGP en complexe avec une molécule de Man-Glc. La superposition de la structure
d’Uhgb_MP avec celle du complexe BfMGP + Man-Glc montre une superposition quasi
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parfaite du phosphate (translation d’1 A) et surtout une orientation du disaccharide validant
le nouveau modele. Mais |'obtention de la structure d’Uhgb_MP en complexe avec ses
substrats en septembre 2014 permit de valider définitivement cette hypothese. En effet, des
expériences de co-cristallisation d’'Uhgb_MP avec du mannose, de la N-acetylglucosamine ou
les deux a la fois permirent d’obtenir les co-cristaux correspondants. Les structures obtenues
grace a l'enregistrement de nouveaux jeux de données de diffraction sur le synchrotron
ALBA de Barcelone permit de démontrer précisément le mode de fixation de ces ligands au
sein du site actif. L'analyse de ces structures a également permis de confirmer le mécanisme
catalytique atypique des enzymes de la famille GH130, qui avait été proposé en 2013 apres
analyse de la structure de BfMGP. Dans celui-ci, le donneur de proton, le D104, qui se trouve
a une trop grande distance de |'oxygene inter-osidique, fait appel a I’'hydroxyle porté par le
carbone 3 du résidu mannosyl situé dans le sous-site -1, afin de servir de relai pour le
transfert de proton. De plus, I'analyse de ces structures a révélé un mouvement concerté
des chaines latérales de certains résidus afin de permettre la catalyse (fig. 24). En effet, dans
la forme apo, la chaine latérale du D104 n’est pas orientée correctement pour permettre la
mise en place du relai de proton par le C3-OH. Au contraire, lorsqu’un résidu mannosyl est
fixé dans le site actif (code PDB 4UDJ, 1,94A), celui-ci est fermement stabilisé par des liaisons
hydrogeénes formée avec les résidus adjacents, tel le D304 parfaitement conservé au sein de
la famille. Par ailleurs, cette fixation induit un mouvement de la chaine latérale de la N44
pour lui permettre d’interagir avec I’hydroxyle 3 du mannose. Ce mouvement est permis par
le basculement de la liaison peptidique entre la N44 et la S45. Mais ce mouvement va plus
loin ; dans cette position, la N44 permet également de faire basculer la chaine latérale du
résidu catalytique vers une position catalytiguement active, orientée vers le mannose. La
structure contenant la N-acetylglucosamine seule (code PDB 4UDG, 1,6A), logée dans le
sous-site +1, ne montre pas un tel mouvement, et la fixation du résidu mannose dans le
sous-site -1 apparait donc comme I'élément déclencheur de ce mouvement.
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Figure 23: Structure 3D de Uhgbh_MP.

La structure d’Uhgb_MP forme un hexameére, composée de trois dimeéres, notés A/A’, B/B’, C/C’, et colorés
respectivement en paires de bleu, rouge, vert, foncé et clair. Les axes de symétrie sont indiqués sur la figure, avec un axe
d’ordre 2 pour chaque dimére, et un axe d’ordre 3 pour chaque trimeére. Sur la droite est représenté un zoom de I'entrée
du tunnel catalytique du monomeére A, avec les molécules de mannose, N-acetylglucosamine et I'ion phosphate présent
dans le site actif.

Les deux structures contenant la N-acetylglucosamine seule (code PDB 4UDG, 1,604),
ou avec du mannose (code PDB 4UDK, 1,76A), permettent d’expliquer la spécificité
d’Uhgb_MP pour le motif coeur des N-glycanes eucaryotes. L’histidine 174 apparait comme
un résidu déterminant car elle est directement impliquée dans une liaison hydrogéne avec
I’hydroxyle porté par le carbone 6 du sucre présent dans le sous-site +1. Le role critique joué
par ce résidu est démontré par les résultats biochimiques car, de fagon cohérente, le
rhamnose (6-deoxy mannose) se comporte comme un inhibiteur d’Uhgb_MP. D’autres
résidus sont impliqués dans la fixation du glycosyl présent dans le sous-site +1, interagissant
avec I'hydroxyle porté par le carbone 3, comme Y103, localisée a la base de ce sous-site,
pour servir de plate-forme aromatique permettant la fixation des sucres. De plus, des
résidus apolaires tels la M67, permettent de former des interactions de Van der Walls avec
le methyle du groupement N-acetyle. L'implication d’un tel résidu apolaire dans la sélectivité
vis-a-vis des substrats N-acetylés a par ailleurs déja été observée pour d’autres enzymes.
Cependant, Uhgb _MP étant cristallisée en présence de P;, il n’a pas été possible d’obtenir la
structure d’Uhgb_MP en complexe avec son substrat préférentiel, le manno-chitobiose, bien
que des expériences de co-cristallisation et de trempage aient permis d’enregistrer des jeux
de données de diffraction. Ceux-ci ne montraient malheureusement que la N-
acetylglucosamine présente dans le sous-site +1, la densité de celle présente dans le +2
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étant trop faible pour permettre son positionnement dans le modele 3D, ce qui suggere une
forte mobilité de cette derniere ainsi que des résidus formant le sous-site +2.

Figure 24: Superposition de structures d’Uhgb_MP sous formes apo et en complexe avec du mannose. Zoom au niveau
du sous-site -1.

La forme apo est représentée en jaune, et la forme complexée au mannose en vert. La carte de densité affichée est celle
du complexe avec le mannose. Dans la forme apo, une molécule de glycérol est présente dans le sous-site, et mime les
interactions établies par la molécule de mannose. Elle interagit avec la N44, mais par I'intermédiaire d’'une molécule
d’eau (croix jaune), qui est éjectée dans la forme complexée avec le mannose, car s’est la que vient se positionner la N44.
Le résidu mannose, sous sa forme bateau B, 5, lorsque fixé dans le sous-site -1, déclenche le mouvement de la N44 dans
sa direction, laquelle permet ensuite de stabiliser la chaine latérale du donneur de proton dans sa configuration active,
tourné vers I’hydroxyle 3 du mannose.

La comparaison de cette nouvelle structure avec celles des autres membres de la
famille pour lesquelles elles sont disponibles a également révélé des différences
fondamentales expliquant leurs différences fonctionnelles. En effet, méme si nous ne
disposons que de 6 autres structures, au moins une est représentante de chaque cluster de
séquences. Tout d’abord ces enzymes s’assemblent selon un état oligomérique différent,
allant du monomere a I’hexamere en passant par le dimere, le tetramere et le pentamere.
Cette observation est déja hors du commun, car toutes les autres glycoside phosphorylases
connues sont retrouvées actives en solution sous la forme de dimeéres. Par ailleurs, au niveau
méme de la structure de leurs protoméres respectifs, des différences permettent d’expliquer
leurs spécificités de substrats. En I'occurrence, certains éléments de structure secondaire, en
particulier des boucles, différencient les sous-familles. Chez les GH130_1, une boucle qui
leur est spécifique vient se loger a I'emplacement de I'extrémité du tunnel catalytique, ce
qui explique qu’elles ne peuvent accommoder des substrats de degré de polymérisation
supérieur a 2. Une autre boucle, celle-ci spécifique des GH130_NC, joue le méme rble de
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blocage de I'extrémité du tunnel, ce qui est en accord avec les résultats biochimiques
observés par Jaito et al. sur la GH130_NC Teth514_1788, incapable de synthétiser des
oligosaccharides de DP>3, et sur ceux que nous avons obtenus sur la protéine
BACOVA _ 03624, qui accommode trés mal les oligosaccharides de DP>4.

L’ensemble de ces résultats structuraux a fait I'objet d’'une publication parue dans la
revue Acta Crystallographica Section D en 2015.

Afin de caractériser de facon plus fine la famille GH130, et plus particulierement en
ce qui concerne la métabolisation in vivo des mannanes et N-glycanes, nous avons par la
suite entrepris de compiler et de compléter les informations disponibles sur certaines autres
protéines de la famille. Ces différentes protéines sont des représentants de chacune des
sous-familles, ainsi que de I'ensemble des séquences non classées, présentes chez
I'organisme Bacteroides ovatus ATCC 8483. Le génome de cet organisme, un membre
hautement prévalent du microbiote intestinal, code pour sept GH130, deux appartenant a la
sous-famille 1, une a la sous-famille 2, et quatre regroupées dans I'ensemble non classifié.
Afin de valider les hypothéses quant aux réles physiologiques des différentes sous-familles
GH130, des expériences de transcriptomique ont été entreprises en collaboration avec
Pascale Mosoni et Jordane Despres, de I'INRA de Theix a Clermont-Ferrand. Les premiers
résultats, encore préliminaires, confirment et complétent ceux déja publiés (Martens et al,
2011) sur l'induction des PULs de B. ovatus, dont six mettant en jeu des GH130 dont
I’expression est induite par les B-mannanes d’origine végétale. En particulier, ce travail a
permis de valider expérimentalement I'implication de la GH130_NC BACOVA 04885 dans la
métabolisation des B-mannanes. La seule GH130 de B. ovatus dont I'expression n’est pas
induite par les mannanes de plantes est BACOVA 03624, répertoriée dans le cluster
GH130_NC. La structure cristallographique de cette protéine est disponible, mais pas sa
fonction. D’autre part, on retrouve chez cette enzyme un acide aminé acide a la position
équivalente de la position 103 chez Uhgb_MP, ce qui suggere que cette enzyme agirait au
moyen d’un mécanise hydrolytique. Afin de répondre a cette question, nous avons entrepris
la caractérisation fonctionnelle de cette enzyme. Les résultats ont montré que
BACOVA _03624 clive effectivement les liaisons glycosidiques par hydrolyse. Cependant, en
exces de phosphate inorganique, elle est également capable, dans une moindre mesure, de
catalyser des réactions de phosphorolyse de 3-mannosides et de B-galactosides. Enfin, elle
est capable de catalyser la synthése de ces composés, par transglycosylation, qui reste une
réaction mineure, et par phosphorolyse inverse. (fig. 25). BACOVA_03624 est ainsi la
premiere hydrolase de la famille GH130. Ces travaux confirment notre hypothése établie
grace a I'analyse des structures primaires des enzymes de cette famille. C'est aussi la seule
GH130 capable d’agir a la fois sur des galactosides et des mannosides. Cette spécificité tres
laxe du sous-site -1 est trés originale pour une enzyme capable de catalyser des réactions de
phosphorylation et phosphorylation inverse. Compte tenu de sa spécificité de substrat, et de
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son contexte génomique, nous proposons que BACOVA_03624 soit impliquée in vivo dans la
métabolisation des N-glycanes eucaryotes, qu’ils proviennent de I’'h6te ou des levures
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Figure 25: Réactions catalysées par BACOVA_03624.

Deux exemples de réactions catalysées par BACOVA_03624 sont représentés ici, illustrant a la fois les différents
mécanismes catalytiques qu’elle utilise ainsi que sa capacité a tolérer des sucres différents dans ses sous-sites. A:
réactions de phosphorolyse du [-b-Manp-1,4-p-GlcpNAc en a-D-Manp-1-phosphate et p-GIcNAc, et phosphorolyse
inverse, en présence de phosphate inorganique. B: Réaction de transglycosylation,en absence de phosphate permettant

la formation de B-b-Galp-(1,4-B-p-Manp); catalysées a partir de B-1,4-D-Mannotriose et P-d-Galp-1,4-p-Manp, et
d’hydrolyse permettant la dégradation du tétrasaccharide en 3-1,4-p-Mannotriose et p-galactose.

L'ensemble de ces résultats, portant sur la caractérisation biochimique de
BACOVA_03624, et les résultats préliminaires de transcriptomique sur B. ovatus ATCC 8483
feront I'objet d’une publication en cours de préparation (chapitre 7).

Comme I'ont démontré les résultats des analyses de prévalence et d’abondance des
séquences GH130 au sein du métagénome intestinal humain, celles-ci sont potentiellement
impliquées dans des mécanismes participant au déclenchement ou favorisant le maintien
des maladies inflammatoires chroniques au niveau de |'épithélium intestinal humain. Par
conséquent, I'emploi d’inhibiteurs de ces enzymes apparait comme stratégie séduisante afin
d’en atténuer les effets. A ce titre, en collaboration avec I'équipe de Sébastien Gouin (CNRS
Nantes), nous avons entrepris de mesurer |'effet d’un certain nombre de molécules
inhibitrices synthétisées au sein de leur laboratoire sur I'activité d’'Uhgb_MP. Ces molécules
sont formées de dextranes linéaires ou ramifiés utilisés comme chassis pour la synthése
d’analogues de sucres ultra-valents de la famille des iminosucres (fig. 26). In vitro, certaines
de ces molécules réduisent de facon dose-dépendante I'activité d’Uhgb_MP. Cependant,
leur effet inhibiteur est limité, avec des ICsy de plusieurs centaines de pM. Par ailleurs, de
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facon surprenante, I'une de ces molécules, un immino-mannose ultra-valent, présente un
effet activateur pour des concentrations inférieures a 500uM. En effet, utilisé a cette
concentration, le composé YB.2.135 permet d’augmenter d’un facteur 70 l’activité de

Uhgb_MP sur pNP-3-D-Mannopyranose.

[nhibition b Activation
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Figure 26: Representation schématique de I’effet de certains iminosucres multivalents sur Uhgh_MP.

Les molécules testées sont des molécules multivalentes formées d’un squelette de dextrane ([a-1,6-Glc],) linéaire ou
ramifié avec des unités glucosyls branchés en a-1,2. Le taux de branchement et la longueur des chaines sont variables.
Sur ce squelette sont ajoutés des iminosucres, connues pour leurs propriétés inhibitrices de certaines glycoside
hydrolases.

Afin de mieux comprendre le mécanisme d’action de cette molécule, dont le role
activateur a par ailleurs été observé pour plusieurs glycosidases d’intérét médical, j'ai
entrepris des expériences de biophysique. Les résultats de DLS démontrent clairement que
cette molécule permet la formation d’agrégats de protéine, car le rayon hydrodynamique
observé d’Uhgb_MP augmente de fagon proportionnelle avec la concentration en molécule
activatrice, jusqu’a atteindre une taille de 1990nm pour une concentration en activateur de
500uM, concentration au-dela de laquelle la protéine précipite sous forme inactive. Par
conséquent, cette molécule entraine I'agrégation d’Uhgb_MP, probablement par pontage
entre différentes protéines, ce qui augmente son activité. Ces résultats révelent que les
effets des imminosucres multivalents sont plus complexes que prévus, ces molécules
pouvant désormais étre considérées comme cofacteurs artificiel pour diverses applications
thérapeutiques et biotechnologiques.

L'ensemble des résultats portant sur les effets inhibiteurs et activateurs des
imminosucres multivalents, ont fait I'objet d’une publication, parue dans la revue
Bioconjugate Chemistry en 2015.
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Il apparait donc, au travers des différents résultats acquis au cours de cette theése, que les
enzymes de famille GH130 sont des acteurs importants au sein de I’écosysteme intestinal
humain. L'enzyme Uhgb_MP, principale cible de ce projet, est désormais completement
caractérisée, tant en ce qui concerne sa fonction que sa structure 3D. Cette enzyme et ses
plus proches homologues, codés par des geénes trés prévalents au sein de |'écosysteme
intestinal, apparaissent comme des éléments centraux dans la dégradation des N-glycanes
de I’h6te par les bactéries du genre Bacteroides, qu’elles soient cultivées ou non cultivées. La
large gamme de molécules acceptrices qu’elle tolére en fait aussi un outil biotechnologique
tres performant pour la synthése d’oligosaccharides a trés haute valeur ajoutée, a partir de
biomasse végétale. L’élucidation de sa structure 3D a permis d’identifier les déterminants
moléculaires de sa spécificité. Ces connaissances pourront étre mises a profit dans le futur
afin de cibler des modifications structurales a lui apporter en vue générer des mutants plus
efficaces pour la production des molécules a haute valeur ajoutée telles que le B-D-Manp-
1,4-D-GlcpNAc, le manno-chitobiose, ou d’autres molécules mannosylées d’intérét industriel,
et ce a partir de mannane, une matiere premiére renouvelable et bon marché.

Ces travaux ont également permis d’accroitre les connaissances sur la famille GH130
dans son ensemble, de créer deux sous-familles, et de les associer a des fonctions
physiologiques différentes. Cette famille, trés originale, reste cependant mal connue. A ce
jour, seuls 8 autres membres sont caractérisés sur le plan fonctionnel, et seules 6 autres
structures sont connues. Il sera important dans I‘avenir de caractériser d’autres membres de
cette famille, afin de confirmer les hypothéses que nous avons émises concernant le role
physiologique joué par les membres des deux sous-familles. Mais le chantier le plus
important concerne certainement le groupe des GH130_NC, pour lesquelles seulement 3
membres ont été caractérisés, dont un dans le cadre de cette these. Ce groupe est
hétérogene et est trés probablement impliqué dans des réles physiologiques divers, comme
le prouve la spécificité unique des GH130 issues de Thermoanaerobacter sp. X514
caractérisées par Chiku et al., et la polyvalence de la protéine BACOVA 03624 caractérisée
ici. L'identification de nouvelles spécificités de fonction au sein des GH130_NC ainsi que
I’accroissement de la taille de la famille dans son ensemble permettra sans doute par la suite
de créer de nouvelles sous familles. En ce qui concerne BACOVA 03624, seule la structure
3D de cette enzyme sous sa forme apo est connue, ce qui limite notre compréhension de
cette large spécificité de substrat ainsi que sa capacité a catalyser ces réactions a I'aide de
différents mécanismes enzymatiques. Obtenir ces structures en complexe avec les différents
substrats devrait étre la prochaine étape a franchir dans la compréhension du
fonctionnement de cette enzyme a I'échelle atomique. Ces nouvelles données pourraient
également permettre d’entrevoir de futures modifications a apporter a I'enzyme afin
d’améliorer ses propriétés de phosphorolyse inverse et de transglycosylation pour la
synthese d’oligosaccharides a haute valeur ajoutée. Egalement, des études de
transcriptomique seront réalisées a court terme pour démontrer la réelle implication de
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BACOVA_03624 dans la dégradation des N-glycans humains et/ou de levures. Les tout
derniers résultats des tests de croissance dont nous disposons semblent aller dans ce sens,
puisque B. ovatus ATCC 8483 est bien capable de croitre avec une glycoprotéine de levure
fortement N-mannosylée comme seule source de carbone.

Nous avons par ailleurs commencé a caractériser la protéine Tm1225 issue de la
bactérie marine Thermotoga maritima MSB8, appartenant a la sous-famille GH130_2 et
partageant 61% d’identité de séquence avec Uhgb_ MP. Nos premiers résultats montrent
que Tm1225 est la B-mannoside polymerase la plus efficace connue a ce jour, puisqu’elle est
capable de synthétiser par phosphorolyse inverse de chaines de -manno-oligosaccharides
d’un degré de polymérisation allant de 2 a 20, a minima. Les analyses RMN sont en cours et
devraient bient6t permettre de déterminer la spécificité de liaison de cette enzyme. Elle fera
I'objet de prochaines analyses permettant de vérifier ses capacité de polymérisation sur une
large gamme de substrats glycosylés afin d’évaluer son potentiel dans la synthése
d’oligosaccharides a haute valeur ajoutée et de nouveaux copolymeres biosourcés. Sa
structure apo, qui a été résolue en 2004, s’avére étre la plus semblable a celle de Uhgb_MP.
En revanche, Tm1225 a cristallisé sous forme de dimére. Il serait alors trés intéressant de
confirmer cette organisation en solution, ainsi que d’identifier les bases moléculaires guidant
la multimérisation au sein de cette famille de glycoside phosphorylases, la seule contenant
des GPs non dimériques. Enfin, résoudre sa structure en complexe avec ses substrats
permettrait d’identifier les bases moléculaires permettant la polymérisation de manno-
oligosaccharides de haut degré de polymérisation.

Pour finir, la relation entre surabondance de séquences GH130 dans le microbiome
intestinal et maladies inflammatoires reste a confirmer sur des cohortes de patients plus
importantes, analysées a la fois par métagénomique et métatranscriptomique. Les effets des
inhibiteurs glycosidiques et immino-glycosidiques identifiés dans le cadre de cette étude
devront aussi étre étudiés, par intégration de données « omiques » ciblant les souches
cultivées portant des GH130, cultivées sur N-glycanes, en présence et absence de ces
composés, voire sur des modeles animaux a flore humaine. Si les effets de ces composés
sont confirmés a cette échelle, des études complémentaires devront étre entreprises pour
caractériser leurs interactions avec les enzymes cibles, notamment par diffraction des rayons
X pour les composés de faible masse molaire. Le mécanisme d’interaction de I'activateur
ultravalent pourra étre quant a lui étudié par des expériences de SAXS, afin de connaitre
I’évolution de la taille des particules en solution pour de faibles concentrations de ce
composé, ou de composés similaires avec une valence et/ou un taux de branchement
différents. Un modeéle d’agrégation pourrait alors en découdre, ce qui pourrait guider la
synthése de nouvelles molécules afin de créer de nouveaux inhibiteurs ou activateurs, plus
efficaces, valorisables respectivement dans les domaines de la santé et de lindustrie.
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RESUME:

Les relations entre bactéries intestinales, aliments et héte jouent un réle crucial dans le
maintien de la santé humaine. La caractérisation fonctionnelle d’'Uhgb_MP, une enzyme de
la famille 130 des glycoside hydrolases découverte par métagénomique fonctionnelle, a
révélé une nouvelle fonction de dégradation par phosphorolyse des polysaccharides de la
paroi végétale et des glycanes de I'hGte tapissant I'épithélium intestinal. Les déterminants
moléculaires de la spécificité d’'Uhgb_MP vis-a-vis des mannosides ont été identifiés grace a
la résolution de sa structure cristallographique, sous forme apo et en complexe avec ses
ligands. Un nouveau procédé de synthése par phosphorolyse inverse d'oligosaccharides
mannosylés a haute valeur ajoutée, a aussi été développé. Enfin, la caractérisation
fonctionnelle de la protéine BACOVA_03624 issue de Bacteroides ovatus ATCC 8483, une
bactérie intestinale hautement prévalente, a révélé que la famille GH130 comprend a la fois
des glycoside-hydrolases et des glycoside-phosphorylases capables de dégrader les
mannosides et les galactosides, et de les synthétiser par phosphorolyse inverse et/ou
transglycosylation. L'ensemble de ces résultats, ainsi que I'indentification d’inhibiteurs des
enzymes de la famille GH130, ouvrent de nouvelles perspectives pour |'étude et le contrble
des interactions microbiote-hote.

SUMMARY:

The interplay between gut bacteria, food and host play a key role in human health. The
functional characterization of Uhgb_MP, an enzyme belonging to the family 130 of glycoside
hydrolases, discovered by functional metagenomics, revealed novel functions of plant cell
wall polysaccharide and host glycan degradation by phosphorolysis. The molecular
determinants of Uhgb_MP specificity towards mannosides were identified by solving its
crystal structure, in apo form and in complex with its ligands. A new process of high added
value mannosylated oligosaccharide synthesis by reverse-phosphorolysis was also
developed. Finally, the functional characterization of the BACOVA_03624 protein from
Bacteroides ovatus ATCC 8483, a highly prevalent gut bacterium, revealed that GH130 family
both contains glycoside phosphorylases and glycoside hydrolases, which are able to degrade
mannosides and galactosides, and to synthesize them by reverse-phosphorolysis and/or
transglycosylation. All these results, together with the identification of GH130 enzyme
inhibitors, open new perspectives for studying, and potentially also for controlling,
interactions between host and gut microbes.
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