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Résumé: 

Les glycoside-phosphorylases sont des enzymes actives sur les hydrates de carbone (CAZymes), capables de 

catalyser à la fois la dégradation des glycosides en utilisant le phosphate inorganique pour rompre les liaisons 

osidiques, et leur synthèse en utilisant les sucre-phosphates comme donneurs de glycosyles. Très peu de glycoside-

phosphorylases ont été caractérisées à ce jour par rapport aux autres CAZymes, malgré leur implication dans 

d'importants processus biologiques, en particulier dans le système digestif des mammifères, et leur potentiel pour 

la synthèse de glycosides à haute valeur ajoutée. Dans les génomes et les métagénomes, leurs séquences sont en 

effet difficiles à distinguer de celles des glycosides-hydrolases et des transférases, avec lesquelles elles partagent 

de nombreuses similitudes structurales et mécanistiques. De nombreuses glycoside-phosphorylases sont donc 

probablement encore cachées dans la fraction non cultivée des écosystèmes microbiens.  

Dans ce travail de thèse, nous avons développé une nouvelle approche pour accélérer la découverte de glycoside-

phosphorylases, et pour analyser leur diversité dans les microbiomes. Cette approche générique combine 

l’exploration de larges espaces de séquences (méta)génomiques, et le criblage d’activités glycoside-

phosphorylases. Pour établir la preuve du concept, nous avons d'abord ciblé la famille CAZy GH130, qui contient 

à la fois des mannoside-phosphorylases et des mannosidases ciblant des mannosides de structures et d'origines 

diverses. Nous avons analysé 6,308 séquences GH130, dont 4,714 provenant des microbiomes humains, bovins, 

porcins et murins. En utilisant des réseaux de similarité de séquences, nous avons divisé la diversité des séquences 

en 15 groupes principalement isofonctionnels ; parmi ceux-ci, neuf ne contenaient aucun membre caractérisé 

expérimentalement. En analysant les alignements de séquences pour chaque groupe, nous avons pu prédire les 

déterminants du mécanisme phosphorolytique et de la spécificité de liaison osidique. Ces prédictions ont été testées 

en caractérisant quatre membres de cette famille, dont les séquences sont parmi les séquences GH130 les plus 

répandues et les plus abondantes dans le métagénome intestinal humain. Leurs fonctions précises ont été identifiées 

grâce à une combinaison d’analyses chromogéniques, chromatographiques, de résonance magnétique nucléaire, 

de spectrométrie de masse et mobilité ionique. Nous avons découvert la première -1,4-mannosyl-acide 

glucuronique-phosphorylase connue, et une mannoside-phosphorylase/transmannosylase très originale. Toutes 

deux ciblent des motifs glycosidiques trouvés dans des levures et bactéries pathogènes. Cette approche a ensuite 

été appliquée à l'analyse des familles GH65, GH94, GH112, GH149 et GH161. Nous avons montré que la diversité 

de séquences et de fonctions des familles GH65, GH94 et GH112 est déjà bien couverte par les données 

génomiques et biochimiques actuellement disponibles. En revanche, les séquences GH149 et GH161, en particulier 

issues des métagénomes, sont probablement une source de nouveauté fonctionnelle. Au total, onze cibles ont été 

sélectionnées à partir de groupes de séquences non caractérisés, représentant, potentiellement, onze nouvelles 

fonctions, ou du moins des fonctions qui ne sont pas décrites pour ces familles. Ce travail de thèse a ainsi permis 

de développer une stratégie efficace pour la découverte de nouvelles glycoside-phosphorylases et l'évaluation de 

leur diversité dans les microbiomes. Il a également révélé des interactions possibles entre les bactéries intestinales, 

et permis d’identifier de nouveaux outils biotechnologiques pour la synthèse d'oligosaccharides antigéniques. 
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Summary: 

Glycoside-phosphorylases are particular carbohydrate active enzymes (CAZymes), able to catalyze both glycoside 

degradation by using inorganic phosphate to breakdown osidic linkages, and synthesis by using sugar-phosphates 

as glycosyl donors. Very few glycoside-phosphorylases have been characterized to date compared to the other 

CAZymes, despite their involvement in important biological processes, in particular in the gut of mammals, and 

their potential for the synthesis of high-added value glycosides. In genomes and metagenomes, their sequences are 

indeed difficult to discriminate from those of glycoside-hydrolases and transferases, with which they share many 

structural and mechanistic similarities. Many glycoside-phosphorylases are thus probably still hidden in the 

uncultured fraction of microbial ecosystems.  

In this thesis work, we developed a novel approach to boost the discovery of glycoside-phosphorylases, and to 

analyze their diversity in microbiomes. This generic approach combines sequence-based mining of (meta)genomes 

and activity-based screening of GP activity. To establish the proof of concept, we first targeted the CAZy family 

GH130, which contains both mannoside-phosphorylases and mannosidases targeting mannosides of various 

structures and origins. We analyzed 6,308 GH130 sequences, including 4,714 from the human, bovine, porcine 

and murine microbiomes. Using sequence similarity networks, we divided the diversity of sequences into 15 

mostly isofunctional meta-nodes; of these, nine contained no experimentally characterized member. By examining 

the multiple sequence alignments in each meta-node, we predicted the determinants of the phosphorolytic 

mechanism and linkage specificity. These predictions were tested by characterizing four members of this family, 

of which the sequences are among the most prevalent and abundant GH130 sequences of the human gut 

microbiome. Their functions were proven by using chromogenic assays, high-performance anion exchange 

chromatography, nuclear magnetic resonance and cyclic ion mobility mass spectrometry. We discovered the first 

known -1,4-mannosyl-glucuronicacid phosphorylase, and a very original dual mannoside-

phosphorylase/transmannosylase. Both of them target glycosidic motifs found in pathogenic yeasts and bacteria. 

This approach was then applied to the analysis of families GH65, GH94, GH112, GH149 and GH161. We showed 

that the sequence and functional diversity of the GH65, GH94 and GH112 families is already well covered by the 

presently available genomic and biochemical data. In contrast, the GH149 and GH161 sequences, in particular the 

metagenomic ones, are probably a source of functional novelty. In total, eleven targets were selected from 

uncharacterized meta-nodes, representing, potentially, eleven novel functions, or at least functions which are not 

described for these families. In this thesis work, we thus developed an efficient strategy for the discovery of 

glycoside-phosphorylases and assessment of their diversity in microbiomes. It also revealed possible interactions 

between gut bacteria, and allowed us to identify novel biotechnological tools for the synthesis of antigenic 

oligosaccharides. 
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General introduction 

Nature spent millions of years evolving powerful biological systems. Among them are found enzymes, 

able to catalyze and speed up all the reactions necessary for a living organism to thrive. While our 

knowledge on enzymes greatly expanded over the last decades, there is still a lot to discover. The latest 

technological advances, in particular in the ‘omics’ and bioinformatics fields to explore huge data sets, 

is a gateway toward exploitation of the untapped natural diversity of enzymes and the understanding of 

their catalytic mechanisms. Not only this is absolutely necessary to improve our knowledge on the very 

complex interplays that occur in cells and in complex ecosystems, but these new enzymes are also very 

interesting tools for a large number of applications in several fields, whether it is for pharmaceutics, 

diagnostics, food and feed, cosmetics, energy… 

Of special interest are carbohydrate active enzymes (or CAZymes), able to synthesize, modify and 

degrade glycosidic linkages. Glycosides are involved in numerous cell processes, for example energy 

storage, cell protection or recognition. Their structures are exquisitely diversified and can be very 

complex. The understanding of their synthesis and degradation is important, both at the fundamental 

and applied levels. Many glycosides indeed have a great potential for preventing diseases (e.g. antigenic 

glycosides), improving our gut health and comfort (e.g. prebiotics), or shifting towards more sustainable 

practices (e.g. biofuels and biosourced polysaccharide-based materials). This often requires devising 

suitable synthetic routes to access such glycosides, involving more and more the usage of CAZymes, 

which are not necessarily known or adapted for biotechnological processes. While laboratory evolution 

is now a common strategy to tweak, fine-tune, or even design de novo biocatalysts, there is still a lot 

that Nature has to offer.  

This is especially true when considering one class of CAZyme called glycoside-phosphorylases (GPs), 

my model of study. Very few GPs have been characterized to date compared to the other CAZymes, 

despite their involvement in important biological processes, in particular the breakdown of glycosides 

in the gut of mammals, and their potential as synthetic tools for glycoside synthesis. In genomes and 

metagenomes (the collective genomes of a microbiota), their sequences are indeed difficult to 

discriminate from those of glycoside-hydrolases and transferases, with which they share many structural 

and mechanistic similarities. A lot of GPs are thus probably still hidden in the uncultured fraction of 

microbial ecosystems.  

In order to better understand the context of my work, my thesis manuscript will therefore start with a 

bibliographic introduction, that will give insights into the known diversity of GPs, their mechanisms 

and biotechnological applications. I will then present the tools currently available to explore large 

(meta)genomic datasets with activity- and sequence-based approaches, and their respective limitations. 

In the next three chapters, I will present the results of this thesis work, in particular the development of 

a novel approach to analyze the diversity of GP sequences in (meta)genomes, and the discovery of novel 

GPs from the human gut microbiome. This manuscript will end with a general conclusion and 

perspectives to this work. 
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1. Carbohydrates: from monosaccharides to polysaccharides 

 

Carbohydrates are ones of the most abundant organic compounds and are widely distributed in Nature. 

They are essential components of all living organisms, in combination with other macromolecules such 

as lipids, proteins and nucleic acids. Based on their degree of polymerization (DP), carbohydrates can 

be divided into monosaccharides (DP = 1), disaccharides (DP = 2), oligosaccharides (DP = 3 to 10) and 

polysaccharides (DP > 10) (Cummings and Stephen 2007). Monosaccharides are the most basic 

carbohydrates, made of one single carbohydrate monomer, also named glycosyl unit. Glycosides are 

composed of at least one glycosyl unit, linked by an O-glycosidic bond to another glycosyl unit or to a 

non-glycosyl, hydroxylated group. Glycosides include oligosaccharides, which are made up of a few 

covalently linked glycosyl units. They also include polysaccharides, which are classified as 

homopolysaccharides, when they consist of one glycosyl type, or as heteropolysaccharides when they 

have more than one type of glycosyl moieties. The molecular masses of polysaccharides are very diverse, 

yielding, for some of them, to millions of Daltons. In Nature, polysaccharides play various roles (Stick 

and Williams 2010). First, polysaccharides can act as energy storage molecules. For instance, starch is 

the most common energy storage polysaccharide in plants, while it is glycogen in animals, both being 

composed of only glucosyl moieties (Roach 2002; Lal 2018). Secondly, polysaccharides can play 

important roles in cell wall structuration. Cellulose is the most abundant organic polymer found on Earth 

and the main constituent of plant cell walls (Delmer and Amor 1995). Fungal cell walls are made up of 

chitin, which also serve as the fundamental material in arthropod exoskeletons (e.g. crustaceans, 

insects…) (Muzzarelli 2013). Finally, oligosaccharides and polysaccharides can be covalently linked to 

lipid molecules to form glycolipids, that are the common components of biological membranes. They 

can also be linked to proteins to constitute glycoproteins, which are essential transmembrane and 

extracellular components of plant, animal, and bacterial cells, being involved in cellular recognition. 

Both glycoproteins and glycolipids are known as glycoconjugates, which also include a battery of 

smaller molecules (Allen and Kisailus 1992). The term ‘glycan’ includes all oligosaccharides and 

polysaccharides, whether or not they are linked to non-carbohydrate moieties.  

Glycosides are used in a broad range of applications in food & feed (Cui 2005; Embuscado 2014), 

pharmaceutical (Seeberger and Rademacher 2014; Tiwari 2020), cosmetic (Se-Kwon Kim 2014), 

chemical and biofuel industries (Raimo 2018; Azad and Rasul 2019). They are also crucial for the 

functioning of ecosystems, since they fuel cells and mediate their interactions. Therefore, it is of 

particular importance to investigate and try to understand, in deep details, their synthesis, modification 

and degradation. 

1.1. Structural diversity 

The structural diversity of carbohydrates is great, being several orders of magnitude higher than that of 

any other biological macromolecule (Roger A. Laine 2008). This is due to the diversity of constitutive 

glycosyl moieties (>100), each of them having various absolute configuration and anomeries, and also 

to the existence of multiple hydroxyl groups that can be further elongated or branched by other glycosyl 

moieties, resulting in a huge diversity of more or less complex structures. Branched glycosides are a 

unique feature that distinguishes them from other linear polymers such as proteins and nucleic acids, 

and contribute to the wide diversity of carbohydrate structures. It has been estimated by Laine that the 

possible linear and branched isomers of one single hexasaccharide could lead to more than 1012 possible 

structures (R. A. Laine 1994), although it is known that carbohydrates would adopt preferred 

conformations in solution, involving possible cyclization (Rao 2019). However, the real number of 
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oligosaccharide and polysaccharide structures in Nature is still unknown. It has recently been suggested 

by Lapebie and colleagues that the diversity of glycan structures could be much smaller than the 

theoretical one, given that ‘only’ a few thousand enzyme combinations have been elaborated by 

Bacteroidetes (bacteria found in many different environments) to breakdown glycans (Lapébie et al. 

2019). 

 

2. Carbohydrate active enzymes  

 

The enzymes which synthesize, degrade and modify glycosides are called Carbohydrate-Active 

enZymes (CAZymes). They are listed in the CAZy database (http://www.cazy.org) (Lombard et al. 

2014).  

2.1. Classification and mechanisms 

The classification of CAZymes was established in 1991 by B. Henrissat, based on structural and 

mechanistic similarities of these enzymes. It is now a standard in the glycoscience field (Lombard et al. 

2014). The CAZy database covers sequences from archaea, bacteria and eukaryotes, in large majority 

from cultured species of which the genome has been sequenced (André et al. 2014) . 

The CAZy database is daily updated from public GenBank sequences 

(ftp://ftp.ncbi.nih.gov/genbank/daily-nc) (Benson et al. 2012), Swiss-Prot sequences 

(https://www.uniprot.org/) (Boutet et al. 2016) and the Protein Data Bank (PDB; http://www.rcsb.org) 

(Berman et al. 2000).  

CAZymes contain at least one catalytic domain, which can be associated to carbohydrate binding 

modules, and/or to additional catalytic domains. Catalytic domains and carbohydrate binding modules 

are described in the CAZy classification as ‘modules’, and constitute the base of the CAZy classification. 

The CAZy database provides an updated classification of CAZyme modules by family since 1998. A 

family is created when at least one member is biochemically characterized. Sequences that share low 

sequence similarities with already known CAZy sequences, and which are not sufficiently numerous to 

create a novel family, are listed as ‘non-classified modules’. As of March 2020, the CAZy database 

counted 436 families, including 167 glycoside hydrolases (GHs), 110 glycosyltransferases (GTs), 40 

polysaccharide lyases (PLs), 17 carbohydrate esterases (CEs), 86 carbohydrate-binding modules (CBMs) 

and 16 auxiliary activities (AAs), of which the specific traits are detailed hereafter. 

➢ Glycoside Hydrolases (GHs) 

GHs were the first described CAZymes in the classification by Henrissat and colleagues (Henrissat and 

Davies 1997). They are widely distributed in living organisms, and very often used for biorefineries 

(Rakotoarivonina et al. 2016; Bourlieu et al. 2020). Most GHs can only hydrolyse the glycosidic bonds 

between two or more glycosyl moieties, or between a glycosyl and a non-glycosyl moiety. They usually 

act following  one of the two mechanisms involving the formation of oxocarbenium ion-like transition 

states as described by Koshland (Koshland 1953), but several variations exist for specific GH families, 

involving, for example, substrate-assisted catalysis (Terwisscha van Scheltinga et al. 1995). The two 

main mechanisms are known as single-displacement mechanism (occurring for inverting GHs, which 

invert the anomeric configuration of the donor) and double-displacement mechanism (occurring for 

retaining GH which retain the anomeric configuration of the donor) (Figure 1). A third mechanism was 

recently described, which uses NADH as a cofactor (Rajan et al. 2004). Nevertheless, some retaining 

http://www.cazy.org/
https://www.uniprot.org/
http://www.rcsb.org/
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GHs (e.g. from the GH13, GH70 and GH77 families) naturally display transglycosidase activity (Plou, 

Segura, and Ballesteros 2007) thus being able to both hydrolyze and synthesize glycosidic bonds. On 

the other hand, some GHs were specifically engineered to increase their glycoside synthesis ability 

(Figure 2). These enzymes are called glycosynthases and will also be briefly presented in Section 2.4. 

➢ GlycosylTransferases (GTs) 

GlycosylTransferases (GTs) (Coutinho et al. 2003) catalyze the transfer of sugar moieties from an 

activated donor to an acceptor molecule, forming regio- and stereo-specific glycosidic bonds. The 

activated donor is a sugar mono- or diphosphonucleotide for Leloir-type GTs, or a non-nucleotide donor, 

which may be a polyprenol pyrophosphate, a polyprenol phosphate, a sugar-1-phosphate, or a sugar-1-

pyrophosphate for non-Leloir type GTs. GTs, just like GHs, can invert or retain the anomeric 

configuration of the donor. Inverting GTs act following a single nucleophilic substitution step, usually 

with the assistance of a divalent cation. The mechanism of retaining GTs is still unclear and remains to 

be solved definitely. They could act following either a double displacement close to the retaining 

mechanism described by Koshland (Koshland 1953), or by “front-side”, internal return mechanism (SNi-

type) (Persson et al. 2001; S. S. Lee et al. 2011). GTs are usually responsible for the assembly of 

glycosides in vivo (Lairson et al. 2008). 

➢ Polysaccharide Lyases (PLs) 

Polysaccharide Lyases (PLs), like GHs, can cleave glycosidic linkages, but they act by -elimination to 

produce a terminal unsaturated hexenuronic acid moiety and a new reducing end. They are specific to 

uronic acid-containing polysaccharides (Lombard et al. 2010). PLs only account for a very small 

proportion in the vast majority of genomes. It merely corresponds to 3~5% of the GHs amount, which 

could be explained by a smaller proportion of uronic acids-containing polysaccharides in Nature. 

➢ Carbohydrate Esterases (CEs) 

Carbohydrate esterases (CEs) can remove O- or N-acyl substituents on esterified glycans (Lombard et 

al. 2014) and hence promote the subsequent carbohydrate degradation by GHs and/or PLs. There are 

two classes of substrates for carbohydrate esterases, the carbohydrate playing the role of the acid (e.g. 

pectin methyl esters) or of the alcohol (e.g. acetylated xylan) (Biely 2012) . 

➢ Auxiliary Activities (AAs) 

Auxiliary Activities (AAs) is the latest created group in the CAZy classification, with the recent 

identification of lytic polysaccharide monooxygenases (LPMOs) by an oxidative mechanism (Vaaje-

Kolstad et al. 2010; Levasseur et al. 2013). It is reported that auxiliary activities (AAs) are related to 

two main families of enzymes: lignolytic enzymes, assisting the degradation activity of other CAZymes 

by oxidizing the surrounding lignin, or LPMOs, which display an oxidative degradation mechanism 

(Bissaro et al. 2017). 

➢ Carbohydrate-Binding Modules (CBMs) 

Carbohydrate-Binding Modules (CBMs) are non-catalytic modules, defined as contiguous amino acid 

sequences within CAZymes with a discreet fold and having carbohydrate-binding activity. They play a 

key role in mediating protein-carbohydrate associations by specific binding, especially for some 

insoluble polysaccharides (Boraston et al. 2004). In rare cases, some CBMs can be independent or found 

in cellulosomal scaffolding proteins.  
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Figure 1: The two main mechanisms of inverting and retaining glycosidases (from 

https://www.cazypedia.org) 

 

As previously explained, the CAZy classification is based on sequence similarities, the corresponding 

enzymes thus sharing similar folds and catalytic machineries. However, the sequences within a same 

family can display large differences. Structural identity is classified into the following hierarchical levels, 

which can be used to enhance the prediction accuracy in the description of the catalytic mechanisms 

(Lombard et al. 2014): 

The clan level gathers families that share some common secondary structure elements leading to a 

similar fold. They also hold their catalytic machinery on the same secondary structure elements. 

The family level includes sequences of enzymes sharing an identical catalytic mechanism, with a 

conserved catalytic machinery, and which display a common fold. 

In addition, to deal with the problem of poly-specific families, subfamilies have been created in some 

of them. They are subgroups that share a more recent common ancestor and are more uniform in their 

molecular function, with a highly conserved catalytic site. The creation of subfamilies is frequently 

based on phylogenetic analyses but has not been carried out for all the CAZy families, especially when 

there is a lack of biochemical characterization. It focuses on rather multispecific families including for 

example GH5 , GH13 (Stam et al. 2006), GH30 (John, González, and Pozharski 2010), GH43 (Mewis 

et al. 2016) and a lot of PL families (Lombard et al. 2010). More subfamilies classification is currently 

in progress internally in the CAZy team and will be released in the CAZy database when an increasing 
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number of sequences will confirm the subfamilies stability. A novel method for the creation of 

subfamilies, based on sequence similarity networks (presented in Section 4.3) has recently been tested 

for the GH16 family (Viborg et al. 2019).  

In CAZy, sequences are automatically or manually added in the database after comparison with its 

internal BLAST and HMM libraries of modules, all including a validation step by a curator. The high-

quality manual curation of the data makes CAZy annotation the standard in the glycoscience field. To 

offer auto-annotation capabilities for the increasing number of genome and metagenome sequencing 

projects, the dbCAN(2) web server and the Comparative Annotation Toolkit (CAT) have been 

developed. dbCAN2 is based on the identification of hidden Markov models (HMMs) of the already 

known CAZyme families (Han Zhang et al. 2018). Contrary to daily updated databases such as the 

CAZy database, this webserver is only updated once a year (Han Zhang et al. 2018), which prevents the 

annotation of the most recent CAZy families and could generate errors. CAT (B. H. Park et al. 2010) 

utilizes reference-free, duplication-aware multiple genome alignment to symmetrically annotate 

multiple genomes at the same time, which provides an effective way to annotate entire genome 

sequences and identify evolution relationships (Fiddes et al. 2018). 

2.2. Biological functions of glycoside-degrading enzymes 

CAZymes are widely distributed in all living organisms (around 1–3% of the total gene content), making 

it particularly important to understand their biological functions and their roles in the metabolism.  

The organisms that feed on complex glycosides have evolved a huge amount of CAZymes for their 

breakdown into metabolisable monosaccharides. It is the case of most of the microorganisms on Earth, 

in particular those of the human gut microbiota. The CAZymes encoded by the human genome only 

account for a small group of all the CAZymes contained in the human body, which is in fact a 

superorganism formed by the host and the microorganisms inhabiting it. Human CAZymes can only 

degrade sucrose, lactose and the readily digestible starch (Kaoutari et al. 2013). The breakdown of more 

complex glycosides is attributed to the CAZymes produced by the numerous bacterial cells in the body, 

which harvest them to colonize and survive in the gut. Dietary glycosides are the main carbon sources 

for gut bacteria. By fermenting them, they produce short-chain fatty acids (butyrate, acetate and 

propionate), which are used by the host cells as energy sources and are involved in multiple 

physiological processes, reducing the risk of cardiovascular and inflammatory bowel diseases, cancer 

and type 2 diabete (Den Besten et al. 2013). Bacterial CAZymes are also involved in the breakdown of 

host glycans, such as the N- (Briliūtė et al. 2019) and O-glycans (Bell et al. 2019) which line the 

intestinal epithelium to protect it against bacterial invasion, and in microbial glycosides (Cuskin, Lowe, 

et al. 2015), playing key roles in microbial interactions in the gut.  

2.3. Polysaccharide Utilization Loci 

Bacteroidetes are Gram negative bacteria found in all ecosystems investigated, in particular in 

mammalian guts where they dominate, with Firmicutes (Ley et al. 2006). Bacteroidetes have evolved a 

complex mechanism to degrade polysaccharides, involving binding of the polysaccharides at the 

bacterial surface, followed by their degradation in oligosaccharides. The latter are transported into the 

periplasmic space to be further degraded in monosaccharides, which enter the central metabolism. In 

Bacteroidetes, the genes encoding carbohydrate transporters and the various CAZymes required to 

breakdown glycans cluster in specific genomic loci known as polysaccharide utilization loci (PULs), in 

which their expression is co-regulated (Foley, Cockburn, and Koropatkin 2016; Terrapon et al. 2018). 
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The starch utilization system (Sus system, Figure 2) of Bacteroides thetaiotaomicron, a prominent 

member of the human gut microbiota, is the most well-studied PUL-encoded glycan-uptake system 

(Tancula et al. 1992; Karunatilaka et al. 2014). The Sus system is formed by multiple-associated proteins 

involved in sensing, binding, transporting and then assisting the several CAZymes that utilize starch. It 

contains eight proteins (SusR, A, B, C, D, E, F, and G). Some of these Sus-proteins have redundant or 

complementary functions, in order to retain activity when one is lacking or knocked out, which could 

have a detrimental effect on starch degradation (Koropatkin et al. 2008; Cameron et al. 2014). SusD, E 

and F are outer membrane-binding proteins that bind starch at the cell surface.  Starch is first roughly 

degraded to smaller malto-oligosaccharides by the amylase SusG, then the SusC TonB-dependent 

membrane transporter transports these malto-oligosaccharides into the periplasm. The final degradation 

into glucose is performed by the SusA and SusB glucosidases.  The regulatory function of this interplay 

is encoded by SusR, which controls the expression of the other Sus proteins, of which the encoding 

genes are up-regulated in the presence of starch. Among all Sus-proteins, only some were shown as 

essential for the degradation of starch (Cameron et al. 2014; Foley, Cockburn, and Koropatkin 2016).  

 

Figure 2: Model for starch catabolism by the B. thetaiotaomicron Sus system (From (Karunatilaka et 

al. 2014)). The Sus system is a good model system to understand the utilization of glycans by 

Bacteroidetes, and the functioning of dozens Sus-like systems targeting various glycans have been partly 

or fully deciphered in the last decade (Larsbrink et al. 2014; Cockburn and Koropatkin 2016; 

Tingirikari 2018; Ndeh and Gilbert 2018; Déjean et al. 2020). 

 

Some Bacteroidetes species have around 20% of their genome that could be responsible for the 

degradation of several particular glycan structures. The intricacy of PULs mostly depends on their 

cognate substrates (Hamaker and Tuncil 2014; Martens et al. 2014; Grondin et al. 2017), and might 

include sulfatases for sulfated glycans (Mann et al. 2013), phosphatases for phosphorylated glycan such 

as mannans (Abbott et al. 2015), and peptidases for the release of the glycan part in glycoproteins (Renzi 

et al. 2015; Terrapon et al. 2018; Lapébie et al. 2019). With the development of (meta)genomic and 

transcriptomic approaches, an increasing number of PULs is being identified from the mammalian, 

insect, soil, marine and fresh water microbiota. This sometimes arose with surprises such as the lack of 

susC-susD pair in the genome of the gliding soil bacterium Cytophaga hutchinsonii (Xie et al. 2007), 

showing the complexity of these systems which remain to be fully understood. The experimentally 
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characterized (at least by transcriptomics) Bacteroidetes PULs are listed in the PULDB(Terrapon et al. 

2018) , together with 35,632 predicted PULs identified in the genomes of 1,154 Bacteroidetes species 

(March 2020 release). The PULDB allows searching PULs by taxon, by (combination of) CAZy 

module(s), by locus tag, protein accession number, or by substrate. Basically, the principle of PUL 

prediction is based on, (i) the detection of every susCD-like gene pair, and (ii) on the extension of the 

PUL boundaries to operonic genes. The PULDB only lists Bacteroidetes PULs, because the genetic 

signatures used for PUL prediction (such as intergenic distances) are those, experimentally validated, of 

Bacteroidetes. Nevertheless, the PUL name is also extended to Gram-positive bacteria, known as Gram-

positive PULs (gpPULs) (O. Sheridan et al. 2016). They are operons involved in glycan catabolism, but 

do not contain the canonical elements of the Sus-like systems.  

2.4. CAZymes for glycoside synthesis 

As numerous glycosides are used in food, feed, cosmetics, health and chemical industries, glycoside-

synthesizing enzymes are very interesting tools  to produce these compounds in vitro (Figure 2) (André 

et al. 2014; Benkoulouche et al. 2019). Indeed, while today most glycosides are synthesized using 

chemical processes, biocatalysts can bypass or be used in combination of glycochemistry (W. Li, 

McArthur, and Chen 2019; Rudroff et al. 2018), which often face multiple limitations, such as numerous 

protection and deprotection steps leading to poor yields and experimental hurdles, the use of solvents 

and harsh conditions etc. Since enzymes are highly regio- and stereo- specific, and do not require organic 

solvents, they are especially sought-after especially when considering the tremendous efforts put into 

the development of greener processes, and the variety of complex glycans with interesting properties 

targeted that still lack synthesis routes. 

The formation  of glycosidic bonds in vivo is mainly performed by GTs, which catalyze the transfer of 

sugar moieties from activated donor  to acceptor molecules (often a carbohydrate) (Lairson et al. 

2008).The first nucleotide sugar-dependent GT was identified by Luis F. Leloir (Nobel Prize in 

chemistry in 1970), and these GTs are often named as Leloir enzymes. The other type of GTs that utilizes 

non-nucleotide donors are non-Leloir GTs (Lairson et al. 2008). GTs are used in the synthesis of various 

oligosaccharides and glycoconjugates. The advantages of GTs are the high synthetic yield they often 

offer(Wong 1996) , while major drawbacks are i) the requirement of expensive donors (Overkleeft and 

Seeberger 2015), which can nevertheless be produced in cellulo together with the target GTs to directly 

produce and excrete oligosaccharides (Fierfort and Samain 2008; Samain and Priem 2001), and ii) the 

low number of available (stable, produced as soluble forms) GTs for in vitro synthesis purposes 

(McArthur and Chen 2016). 

Transglycosidases (TGs) catalyze the transfer of a glycosyl unit from a donor glycoside (often readily 

available and cheap, unlike nucleotide sugars) onto an acceptor molecule to produce another type of 

carbohydrate or glycoconjugates, thanks to their wide acceptor promiscuity [69]. The mechanism of 

transglycosidases resemble that of retaining glycosidases. More and more attention is given to the 

discovery of new transglycosidases (Matsuzawa 2019) or their engineering (Teze et al. 2014; Daudé et 

al. 2019; Zeuner et al. 2019; Tran et al. 2019), as they are often more interesting than GTs for 

oligosaccharide synthesis in vitro. Few native transglycosidases are described and their specificities are 

restricted to some substrates. They are classified into the CAZy families GH2 (Wallenfels 1951; Juers, 

Matthews, and Huber 2012), GH13 (Skov et al. 2001; Leemhuis, Kelly, and Dijkhuizen 2010) GH16 

(Eklöf and Brumer 2010; Blanco et al. 2015; Qin et al. 2017), GH23 (Höltje et al. 1975; Blackburn and 

Clarke 2001; Scheurwater, Reid, and Clarke 2008), GH31 (Mukai et al. 2004; Larsbrink et al. 2012), 

GH70 (Monchois, Willemot, and Monsan 1999; Moulis, André, and Remaud-Simeon 2016; Meng et al. 

2016), GH77 (T. Takaha et al. 1993; Terada et al. 1999; Kaper et al. 2005),  and GH102, GH103 and 
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GH104(Ursinus and Höltje 1994; Blackburn and Clarke 2001; Scheurwater, Reid, and Clarke 2008). 

The main drawback of transglycosidases is that often, accumulating products will suffer from secondary 

hydrolysis, leading to low yields. Monsan, Remaud and colleagues extensively described the utilization 

of native and engineered transglucosidases from the GH70 family, which are able to use sucrose as a 

cheap donor substrate for the production of  high value-added gluco-oligosaccharides and various -

glucans for the food, health and material industries(Daudé et al. 2014; Grimaud et al. 2018; Malbert et 

al. 2018; Salamone et al. 2015). 

Glycosynthases (GSs) are engineered glycoside hydrolases, in which the substitution of the catalytic 

nucleophile by a non-nucleophilic residue (Alanine, Glycine or Serine) abolishes the innate hydrolytic 

activity. The role of the nucleophile is played by an activated donor such as fluorine-containing 

substrates, providing the energy necessary to cross the barrier for the reaction to occur in the synthesis 

direction. They can therefore synthesize glycosidic bonds instead of hydrolyzing them. The first 

described glycosynthase was obtained in the group of Withers from a GH1 from Agrobacterium sp. 

(Mackenzie et al. 1998). Glycosynthases can be obtained from both retaining (Mackenzie et al. 1998; 

Malet and Planas 1998) and inverting (Honda and Kitaoka 2006) GHs, thus remarkably broadening the 

donor variety and providing new synthesis tools (Hayes and Pietruszka 2017). For example, the use of 

glycosynthases was explored for applications in the pharmaceutical field with the chemoenzymatic 

synthesis of potential therapeutic and diagnostic glycans (Cobucci-Ponzano and Moracci 2012). Another 

glycosynthase was more recently applied in a scalable chemo-enzymatic process for the synthesis of the 

trisaccharide lacto-N-triose II, a core oligosaccharide of HMO, with high yields and purity (Schmölzer 

et al. 2019). However, the fluorine  donor substrates are expensive or have to be prepared for each study, 

and they are unstable (Albert et al. 2000; Okuyama et al. 2002) although they can be replaced by sugar 

oxazoline (Higuchi et al. 2017) or (more toxic) glycosyl azide (Cobucci-Ponzano et al. 2009) donors. 

Finally, the synthesis yields remain in general quite low (Hayes and Pietruszka 2017). 
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Figure 3: Enzymatic pathways for glycosidic bond formation by glycosyltranferases (GTs), 

transglycosidases (TGs) and glycosynthases (GSs) (Adapted from (Benkoulouche et al. 2019)). 

Glycoside-phosphorylases (GPs) will be presented in the next section. 

 

Glycoside phosphorylases (GPs) catalyze both glycoside degradation by using phosphate to breakdown 

osidic linkages (phosphorolysis), and synthesis by using sugar-phosphates as glycosyl donors (reverse 

phosphorolysis). Initially the term “phosphorylases” was used to describe the enzyme that can produce 

-D-glucose-1-phosphate (Glc1P) from the glycogen present in the liver and in skeletal muscle fibers. 

The glycogen phosphorylases were discovered by the 1947 physiology and medicine Nobel Prize 

recipients Carl F. and Gerty T. Cori (C. F. Cori and Cori 1936), who greatly contributed to the 

understanding of the glycogen metabolism. Due to the multiple and ambiguous meaning of 

phosphorylases, it is preferable to name them according to the glycoside substrate which is naturally 

phosphorolyzed. Since GPs are the CAZymes targeted in this thesis work, more details on these enzymes 

are given in the next part. 

 

3. Glycoside Phosphorylases 

As explained above, GPs are a class of CAZymes that are involved in the formation and cleavage of 

glycosidic linkages, with characteristics shared with both glycoside hydrolases (GHs) and glycosyl 

transferases (GTs). GPs can indeed catalyze both phosphorolysis and reverse phosphorolysis, with an 
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equilibrium between these two reactions (Figure 4). This is due to the fact that the free energy required 

for the cleavage of the glycosidic linkage is relatively close to that required for the cleavage of the ester 

linkage in glycosyl phosphates, as proved with a cellobiose phosphorylase (Alexander 1961). 

 
Figure 4: Reactions catalyzed by glycoside phosphorylases (From (Ladevèze 2015) 

 

GPs can be found in both GH and GT families. The GPs biochemically characterized as of April 2020 

are listed in Table 1. 

Table 1: List of functionally characterized GPs. Some of the enzymes (labelled with a star) referenced 

in this table are not listed in the CAZy Database. * In the direction of phosphorolosis, the donor is the 

product of the reverse-phosphorolyolys reaction, and the acceptor is inorganic phosphate. 

CAZy family Mechanism 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity* 

Reference 
Donor Acceptor Product 

GH3 

retention 

AAQ05801.1 

bifunctional N-acetyl--

glucosaminidase/-glucosidase/ 

-N-acetylglucosaminide 

phosphorylases(Nag3) 

(tested only in phosphorolysis) 

GlcNAc

1P/ 

Glc1P 

pNP/DNP 

p-NitrophenylN-acetyl-

-D-glucosaminide/p-

nitrophenyl -D-

glucopyranoside/ 2,4-

Dinitrophenyl -D-

glucopyranoside 

(Macdonald, 

Blaukopf, 

and Withers 

2015) 

GH3 AUG44408.1 
-glucoside phosphorylase 

(BglP) 

(tested only in phosphorolysis) 

Glc1P DNP 
2,4-Dinitrophenyl -D-

glucopyranoside 

(Macdonald 

et al. 2018) 

GH13_18 

retention 

2207198A sucrose phosphorylase(SPase) Glc1P D-fructose 

sucrose (-D-

glucopyranosyl-(1→2)-

 -D-fructofuranoside) 

(Kawasaki et 

al. 1996) 

GH13_18 AAD40317.1 sucrose phosphorylase Glc1P D-fructose sucrose 
(Trethewey 

et al. 2001) 

GH13_18 AAN24362.1 
sucrose phosphorylase 

(Spl;BL0536) 
Glc1P D-fructose sucrose 

(M. Kim et 

al. 2003) 

GH13_18 AAN58596.1 
sucrose phosphorylase 

(GtfA;SMU.881) 
Glc1P D-fructose sucrose 

(Shemesh, 

Tam, and 

Steinberg 

2007) 

GH13_18 AAO21868.1 
sucrose phosphorylase 

(LaSP;GtfA2;LBA1437) 
Glc1P D-fructose sucrose 

(Barrangou 

et al. 2003) 

GH13_18 AAO33821.1 
sucrose phosphorylase 

(SucP;SP;BaSP) 
Glc1P D-fructose sucrose 

(Van den 

Broek et al. 

2004) 

GH13_18 AAO84039.1 sucrose phosphorylase(SplP) Glc1P D-fructose sucrose 
(M. Kim et 

al. 2003) 

GH13_18 AAX33736.1 sucrose phosphorylase(LmSP1) Glc1P D-fructose sucrose 
(J.-H. Lee et 

al. 2006) 

GH13_18 ABS59292.1 sucrose phosphorylase(742sp) Glc1P D-fructose sucrose 
(J.-H. Lee et 

al. 2008) 

GH13_18 ADL69407.1 
6F-P-sucrose phosphorylase 

(SPP;TtSPP;Tthe_1921) 
Glc1P D-fructose 6-P 

sucrose 6-phosphate 

(-D-glucopyranose-

(1→2)--D-

fructofuranose 6-

phosphate) 

(Verhaeghe 

et al. 2014) 

GH13_18 
CCA61958.1 

(FQ790378) 

6F-P-sucrose phosphorylase 

(RgSPP) 
Glc1P D-fructose 6-P sucrose 6-phosphate 

(Tauzin et al. 

2019) 

GH13_18 BAN03569.1 
sucrose 6(F)-phosphate 

phosphorylase(YM304_32550) 
Glc1P D-fructose 6-P sucrose 6-phosphate 

(Franceus et 

al. 2019) 

GH13_18 AGK37834.1 sucrose phosphorylase(ScrP) Glc1P D-fructose sucrose 
(Teixeira et 

al. 2013) 

GH13_18 BAA14344.1 
sucrose phosphorylase 

(LmSPase) 
Glc1P D-fructose sucrose 

(Koga et al. 

1991) 

GH13_18 BAF62433.1 sucrose phosphorylase(Spl) Glc1P D-fructose sucrose 
(Hui Zhang 

et al. 2018) 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAQ05801.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AUG44408.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=2207198A
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAD40317.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAN24362.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAN58596.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO21868.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO33821.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO84039.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAX33736.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABS59292.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADL69407.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AGK37834.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAA14344.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAF62433.1


19 

 

CAZy family Mechanism 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

GH13_18 

retention 

CAA30846.1 sucrose phosphorylase 

(GftA;SmSP) 
Glc1P D-fructose sucrose 

(Russell et 

al. 1988) 

GH13_18 CAA80424.1* sucrose phosphorylase Glc1P D-fructose sucrose 
(Gödl et al. 

2009) 

GH13_18 ADP98617.1 glucosylglycerol 

phosphorylase(HP15_2853) 
Glc1P D-glycerol 

glucosylglycerol 

(-D-glucopyranosyl-

(1→2)-glycerol) 

(Franceus et 

al. 2018) 

GH13_18 ADH62582.1 
glucosylglycerate 

phosphorylase(Mesil_0665) 
Glc1P D-glycerate 

glucosylglycerate 

(-D-glucopyranosyl- 

(1→2)-D-glycerate) 

(Franceus, 

Pinel, and 

Desmet 

2017) 

GH13_18 AEJ61152.1 
glucosylglycerate phosphorylase 

(Spith_0877) 
Glc1P D-glycerate glucosylglycerate 

(Franceus, 

Pinel, and 

Desmet 

2017) 

GH13_18 AAC74391.2 
glucosylglycerate phosphorylase 

(YcjM) 
Glc1P D-glycerate glucosylglycerate 

(Franceus, 

Pinel, and 

Desmet 

2017) 

GH65 

inversion 

AAV43670.1 maltose phosphorylase 

(MalP;LBA1870) 
Glc1P D-glucose 

maltose 

(-D-glucosyl-(1→4)-

D-glucose) 

(Andersen et 

al. 2012) 

GH65 ADH99560.1 maltose phosphorylase 

(Bsel_2056) 
Glc1P D-glucose maltose 

(Nihira, 

Saito, 

Kitaoka, 

Otsubo, et 

al. 2012) 

GH65 BAC54904.1 maltose phosphorylase(MPase) Glc1P D-glucose maltose 

(Inoue, 

Yasutake, et 

al. 2002) 

GH65 BAD97810.1 maltose phosphorylase(MapA) Glc1P D-glucose maltose 
(Y. Hidaka 

et al. 2005) 

GH65 CAA11905.1 maltose phosphorylase Glc1P D-glucose maltose 

(Ehrmann 

and Vogel 

1998) 

GH65 AAO80764.1 maltose phosphorylase 

(MalP;EF0957) 
Glc1P D-glucose maltose 

(Nihira, 

Nishimoto, 

et al. 2014) 

GH65 Q7SIE1 maltose phosphorylase Glc1P D-glucose maltose 
(Hüwel et al. 

1997) 

GH65 ABX42243.1 nigerose phosphorylase 

(Cphy_1874) 
Glc1P D-glucose 

nigerose 

(-D-glucosyl-(1→3)-

D-glucose) 

(Nihira, 

Nakai, et al. 

2012) 

GH65 AAE30762.1 kojibiose phosphorylase 

(KojP;KPase) 
Glc1P D-glucose 

kojibiose 

(-D-glucosyl-(1→2)-

D-glucose) 

(Chaen et al. 

1999; 

Yamamoto 

et al. 2004) 

GH65 ABP66077.1 kojibiose phosphorylase 

(CsKP;Csac_0439) 
Glc1P D-glucose kojibiose 

(Yamamoto 

et al. 2011) 

GH65 AAC74398.1 kojibiose phosphorylase(YcjT) Glc1P D-glucose kojibiose 

(Mukherjee, 

Narindoshvil

i, and 

Raushel 

2018) 

GH65 BAB97299.1 trehalose phosphorylase(TreP) Glc1P D-glucose 

trehalose 

(-D-glucosyl-(1→1)-

D-glucose) 

(T. 

Nishimoto et 

al. 1996) 

GH65 BAC20640.1 trehalose phosphorylase(TPase) Glc1P D-glucose trehalose 
(Inoue, Ishii, 

et al. 2002) 

GH65 AAK04526.1 
trehalose-6-phosphate 

phosphorylase 

(TrePP;YeeA;L39593;LL0428) 
Glc1P D-glucose 6-P 

trehalose 6-P 

(-D-glucosyl-(1→1)-

D- glucopyranoside 6-P) 

(Andersson, 

Levander, 

and 

Rådström 

2001) 

GH65 ABX41399.1 
3-O--glucopyranosyl-L-

rhamnose phosphorylase 

(Cphy_1019) 

Glc1P L-rhamnoe 
-D-glucopyranosyl-

(1→3)-L-rhamnose 

(Nihira, 

Nakai, and 

Kitaoka 

2012) 

GH65 ADI00307.1 1,2-alpha-glucosylglycerol 

phosphorylase(Bsel_2816) 
Glc1P D-glycerol 

-D-glucopyranosyl-

(1→2)-glycerol 

(Nihira, 

Saito, et al. 

2014) 

GH94 

inversion 

AAB95491.2 cellobiose phosphorylase(CbpA) Glc1P D-glucose 

cellobiose 

(-D-glucopyranosyl-

(1→4)-D-

glucopyranose) 

(Yernool et 

al. 2000) 

GH94 AAC45510.1 cellobiose phosphorylase(CepA) Glc1P D-glucose cellobiose 

(Reichenbec

her, 

Lottspeich, 

and 

Bronnenmei

er 1997) 

GH94 AAD36910.1 cellobiose phosphorylase 

(CepA;TM1848;Tmari_1863) 
Glc1P D-glucose cellobiose 

(Sun-Ki Kim 

et al. 2018) 

GH94 AAL67138.1 cellobiose phosphorylase(Cbp) Glc1P D-glucose cellobiose 
(Y.-K. Kim 

et al. 2002) 

GH94 AAQ20920.1 cellobiose phosphorylase(CbP) Glc1P D-glucose cellobiose 
(Nidetzky et 

al. 2004) 

GH94 ABD80580.1 cellobiose phosphorylase 94A 

(Cbp;SdCBP;Sde_1318;Cep94A) 
Glc1P D-glucose cellobiose 

(Ha et al. 

2013) 

GH94 ABN51514.1 cellobiose phosphorylase 

(Cbp;CtCBP;Cthe_0275) 
Glc1P D-glucose cellobiose 

(Wilson et 

al. 2013) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAA30846.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAA80424.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADP98617.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADH62582.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAC74391.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAV43670.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAC54904.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAD97810.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAA11905.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO80764.1
http://www.uniprot.org/uniprot/Q7SIE1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX42243.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAE30762.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABP66077.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAB97299.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAC20640.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAK04526.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADI00307.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAB95491.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAC45510.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAD36910.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAL67138.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAQ20920.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABD80580.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABN51514.1
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GH94 

inversion 

ACL76454.1 cellobiose phosphorylase 

(CbpA;Ccel_2109) 
Glc1P D-glucose cellobiose 

(Xu et al. 

2013) 

GH94 ADU20744.1 cellobiose phosphorylase 

(CBP;RaCBP;Rumal_0187) 
Glc1P D-glucose cellobiose 

(Sawano et 

al. 2013) 

GH94 BAA25846.1 cellobiose-phosphorylase(Cbp) Glc1P D-glucose cellobiose 
(Cate et al. 

2014) 

GH94 BAA28631.1 cellobiose phosphorylase 

(Cbp;CgCBP) 
Glc1P D-glucose cellobiose 

(Liu et al. 

1998) 

GH94 CAB16926.1* cellobiose phosphorylase(CepA) Glc1P D-glucose cellobiose 
(Dakhova et 

al. 1993) 

GH94 ADU22883.1 cellodextrin phosphorylase 

(CDP;RaCDP;Rumal_2403) 
Glc1P 

[(1→4)- -D-

glucosyl]n 

cellodetrin 

[(1→4)- -D-

glucosyl]n+1 

(Sawano et 

al. 2013) 

GH94 BAB71818.1 cellodextrin phosphorylase (Cdp-

ym4) 
Glc1P 

[(1→4)- -D-

glucosyl]n 

[(1→4)- -D-

glucosyl]n+1 

(Sawano et 

al. 2013) 

GH94 ABN54185.1 cellodextrin-phosphorylase 

(Cdp;CtCDP;Cthe_2989) 
Glc1P 

[(1→4)- -D-

glucosyl]n 

[(1→4)- -D-

glucosyl]n+1 

(Kawaguchi 

et al. 1998) 

GH94 ADZ85667.1* cellodextrin phosphorylase 

(Cdp;ClCDP;Clole_3989) 
Glc1P 

[(1→4)- -D-

glucosyl]n 

[(1→4)- -D-

glucosyl]n+1 

(Ha et al. 

2013) 

GH94 AAC45511.1 cellodextrin phosphorylase 

(CepB;CsCdP) 
Glc1P 

[(1→4)- -D-

glucosyl]n 

[(1→4)- -D-

glucosyl]n+1 

(Reichenbec

her, 

Lottspeich, 

and 

Bronnenmei

er 1997) 

GH94 BAJ10826.1 laminaribiose phosphorylase 

(LbpA) 
Glc1P D-glucose 

laminaribiose 

(-D-glucopyranosyl-

(1→3)-D-

glucopyranose) 

(Kuhaudoml

arp, 

Walpole, et 

al. 2019) 

GH94 ABX81345.1 laminaribiose phosphorylase 

(ACL_0729;ACL0729) 
Glc1P D-glucose laminaribiose 

(Nihira, 

Saito, 

Kitaoka, 

Nishimoto, 

et al. 2012) 

GH94 AAG23740.1 diacetylchitobiose phosphorylase 

(ChbP) 
GlcNAc

1P 

N-acetyl-D-

glucosamine 

N,N'-diacetylchitobiose 

(N-acetyl--D-

glucosaminyl-(1→4)-N-

acetyl-D-glucosamine) 

(Keyhani, 

Li, and 

Roseman 

2000) 

GH94 BAC87867.1 chitobiose phosphorylase 

(ChbP;VpChBP) 
GlcNAc

1P 

N-acetyl-D-

glucosamine 
N,N'-diacetylchitobiose 

(Honda, 

Kitaoka, and 

Hayashi 

2004) 

GH94 CAC97070.1 -1,2-oligoglucan phosphorylase 

(LiSOGP;Lin1839) 
Glc1P 

[(1→2)- -D-

glucosyl]n 

[(1→2)- -D-

glucosyl]n+1 

(Nakajima et 

al. 2014) 

GH94 ABX41081.1 -1,2-oligoglucan phosphorylase 

(LpSOGP;Cphy_0694) 
Glc1P 

[(1→2)- -D-

glucosyl]n 

[(1→2)- -D-

glucosyl]n+1 

(Nakajima et 

al. 2017) 

GH94 AAM43298.1 cellobionic acid phosphorylase 

(CelAP;NdvB;XCC4077) 
Glc1P D-gluconate 

-D-glucopyranosyl-

(1→4)-D-gluconate 

(Nihira, 

Saito, et al. 

2013) 

GH94 ABD80168.1 
cellobionic acid phosphorylase 

94B 

(Cep94B;CBAP;SdCBAP;Sde_0

906) 

Glc1P D-gluconate 
-D-glucopyranosyl-

(1→4)-D-gluconate 

(Nihira, 

Saito, et al. 

2013) 

GH94 EAA28929.1 cellobionic acid phosphorylase 

(CelAP;NdvB;NCU09425) 
Glc1P D-gluconate 

-D-glucopyranosyl-

(1→4)-D-gluconate 

(Nihira, 

Saito, et al. 

2013) 

GH94 ACD71661.1 
cyclic -1,2-glucan synthetase 

(Cgs)/ 

-1,2-oligoglucan phosphorylase 

Glc1P 
[(1→2)- -D-

glucosyl]n 
[(1→2)--D-glucosyl]n+1 

(Iñón de 

Iannino et al. 

1998; 

Guidolin et 

al. 2009) 

GH112 

inversion 

ACB74662.1 
D-galactosyl--1,4-L-rhamnose 

phosphorylase 

(GalRhaP;Oter_1377) 

Gal1P L-rhamnose 
-D-galactosyl-(1→4)-

L-rhamnose 

(Nakajima, 

Nishimoto, 

and Kitaoka 

2010) 

GH112 ABX42289.1 D-galactosyl-1,4-L-rhamnose 

phosphorylase (Cphy_1920) 
Gal1P L-rhamnose 

-D-galactosyl-(1→4)-

L-rhamnose 

(Nakajima, 

Nishimoto, 

and Kitaoka 

2009b) 

GH112 AAO07997.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

(GalGlyNAcP;VV2_1091) 

Gal1P 
N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

(Nakajima 

and Kitaoka 

2008) 

GH112 ABX40964.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

(Cphy_0577) 

Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Nakajima, 

Nishimoto, 

and Kitaoka 

2009b) 

GH112 ABX43387.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

(Cphy_3030) 

Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Nakajima, 

Nishimoto, 

and Kitaoka 

2009b) 

GH112 BAD80751.1 
galacto-N-biose / lacto-N-biose 

phosphorylase 

(LnpA1;LnbP;GLNBP;BLLJ_16

23) 

Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Kitaoka, 

Tian, and 

Nishimoto 

2005) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACL76454.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU20744.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAA25846.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAA28631.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAB16926.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU22883.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAB71818.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABN54185.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADZ85667.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAC45511.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAJ10826.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX81345.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAC97070.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX41081.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACB74662.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX42289.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO07997.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX40964.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX43387.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAD80751.1
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GH112 

inversion 

BAD80752.1 lacto-N-biose phosphorylase 

(LnpA1;LnbP) 
Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Kitaoka, 

Tian, and 

Nishimoto 

2005) 

GH112 ACV29689.1 

-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

/ galacto-N-biose/lacto-N-biose I 

phosphorylase 

(GLNBP;Apre_1669) 

Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

glucosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Chao, Wim, 

and Tom 

2011) 

GH112 ZP_05748149.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

/ galacto-N-biose phosphorylase 

(GNBP;HMPREF0357_1319) 

Gal1P 
N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Chao, Wim, 

and Tom 

2011) 

GH112 ACZ00636.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

/ galacto-N-biose phosphorylase 

(GNBP;Smon_0146) 

Gal1P 
N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Chao, Wim, 

and Tom 

2011) 

GH112 ABG83511.1 galacto-N-biose phosphorylase 

(CPF_0553) 
Gal1P 

N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Nakajima et 

al. 2008) 

GH112 BAH10636.1 
-1,3-galactosyl-N-

acetylhexosamine phosphorylase 

(GnpA) 

Gal1P 
N-acetyl-D-

galactosamine 

-D-galactopyranosyl-

(1→3)-N-acetyl-D-

galactosamine 

(Nakajima, 

Nishimoto, 

and Kitaoka 

2009a) 

GH130 

inversion 

CAC96089.1 -1,2-mannobiose phosphorylase 

(Lin0857) 
Man1P D-mannose -1,2-mannobiose 

(Tsuda et al. 

2015) 

GH130 ABY93074.1 -1,2-mannobiose phosphorylase 

(Teth514_1789) 
Man1P D-mannose -1,2-mannobiose 

(Chiku et al. 

2014) 

GH130 ABY93073.1 -1,2-oligomannan 

phosphorylase(Teth514_1788) 
Man1P 

(-1,2-D-

mannose)n 
(-1,2-mannose)n+1 

(Chiku et al. 

2014) 

GH130 CAZ94304.1 -1,3-mannooligosaccharide 

phosphorylase (zobellia_231) 
Man1P 

(-1,3- D-

mannose)n 
(-1,3-mannose)n+1 

(Awad et al. 

2017) 

GH130 AAS19693.1 -1,4-mannosylglucose 

phosphorylase (Unk1) 
Man1P D-glucose 

-mannopyranosyl-

(1→4)-D-glucopyranose 

(Ye et al. 

2016) 

GH130 ADU21379.1 
-1,4-mannosylglucose 

phosphorylase 

(RaMP1;RaMGP;Rumal_0852) 

Man1P D-glucose 
-mannopyranosyl-

(1→4)-D-glucopyranose 

(Jaito et al. 

2014) 

GH130 CAH06518.1 -1,4-mannosylglucose 

phosphorylase (MGP;BF0772) 
Man1P D-glucose 

-mannopyranosyl-

(1→4)-D-glucopyranose 

(Senoura et 

al. 2011) 

GH130 VCV21228.1 
-1,4-mannosylglucose 

phosphorylase 

(RIL182_01099;ROSINTL182_0

7685) 

Man1P D-glucose 
-mannopyranosyl-

(1→4)-D-glucopyranose 

(La Rosa et 

al. 2019) 

GH130 

inversion 

AAO76140.1 
-1,4-mannosyl-N-acetyl-

glucosamine phosphorylase 

(BT1033) 

Man1P 
N-acetyl-D-

glucosamine 

-mannopyranosyl-

(1→4)-N-acetyl-D-

glucosamine 

(Nihira, 

Suzuki, et al. 

2013) 

GH130 ADD61463.1 
-1,4-mannopyranosyl-[N-

glycan] phosphorylase /-1,4-

mannopyranosyl-chitobiose 

phosphorylase (Uhgb_MP) 

Man1P 

N-acetyl-D-

glucosamine-N-

acetyl-D-

glucosamine 

-1,4-mannopyranosyl-

chitobiose 

(-mannopyranosyl-

(1→4)-N-acetyl--D-

glucosaminyl-(1→4)-N-

acetyl-D-glucosamine) 

(Ladevèze et 

al. 2013) 

GH130 ADU20661.1 
-1,4-mannooligosaccharide 

phosphorylase 

(MOP;RaMP2;Rumal_0099) 

Man1P 
(-1,4-D-

mannose)n 
(-1,4-mannose)n+1 

(Ye et al. 

2016) 

GH130 VCV21229.1 
-1,4-mannooligosaccharide 

phosphorylase 

(RIL182_01100;ROSINTL182_0

5474) 

Man1P 
(-1,4-D-

mannose)n 
(-1,4-mannose)n+1 

(La Rosa et 

al. 2019) 

GH130 AAD36300.1 -1,4-mannooligosaccharide 

phosphorylase(TM1225) 
Man1P 

(-1,4-D-

mannose)n 
(-1,4-mannose)n+1 

(Grimaud et 

al. 2019) 

GH130 WP_026485574.1 CalpoDRAFT_0075 Man1P 
(-1,4-D-

mannose)n 
(-1,4-mannose)n+1 

(Chekan et 

al. 2014) 

GH130 WP_026486530.1 CalpoDRAFT_1209 Man1P 
(-1,4-D-

mannose)n 
(-1,4-mannose)n+1 

(Chekan et 

al. 2014) 

GH149 

inversion 

/ 
-1,3-glucan 

phosphorylase(Pro_7066) 
Glc1P 

[(1→3)--D-

glucosyl]n 
[(1→3)--D-glucosyl]n+1 

(Kuhaudoml

arp et al. 

2018) 

GH149 AUO30192.1 
-1,3-glucan 

phosphorylase(EgP1) 
Glc1P 

[(1→3)--D-

glucosyl]n 
[(1→3)--D-glucosyl]n+1 

(Kuhaudoml

arp et al. 

2018) 

GH161 

inversion 

WP_019688419.1 
-1,3-glucan phosphorylase 

(PPT_RS0121460; PapP) 
Glc1P 

[(1→3)- -D-

glucosyl]n 

[(1→3)- -D-

glucosyl]n+1 

(Kuhaudoml

arp, 

Pergolizzi, et 

al. 2019) 

GH161 ACJ76363.1 -1,3-glucan phosphorylase 

(THA_1941; TaCDP) 
Glc1P 

[(1→3)--D-

glucosyl]n 
[(1→3)--D-glucosyl]n+1 

(Kuhaudoml

arp, 

Pergolizzi, et 

al. 2019) 

GT4 

retention 

BAA31350.1 trehalose synthase Glc1P D-glucose 

trehalose 

(-D-glucosyl-(1→1)-

D-glucose) 

(K. Saito et 

al. 1998) 

GT4 AAF22230.1 trehalose phosphorylase Glc1P D-glucose trehalose 
(S.-E. Han et 

al. 2003) 

GT4 ABC84380.1 trehalose phosphorylase Glc1P D-glucose trehalose 
(Goedl et al. 

2006) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAD80751.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACV29689.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ZP_05748149.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACZ00636.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABG83511.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAH10636.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAC96089.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABY93074.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABY93073.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAZ94304.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAS19693.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU21379.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAH06518.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=VCV21228.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO76140.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADD61463.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU20661.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=VCV21229.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=WP_026485574.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=WP_026486530.1
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CAZy family Mechanism 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

GT35 

retention 

ABP51432.1 

glucan/maltodextrin 

phosphorylase 

(GlgP;PyglgP;Pars_1881) 
Glc1P [(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Jarrell et al. 

2014) 

GT35 AAL81659.1 
-glucan/maltodextrin 

phosphorylase (PF1535) 
Glc1P [(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(H.-S. Lee et 

al. 2006; 

Mizanur, 

Griffin, and 

Pohl 2008) 

GT35 AAD28735.1 
maltodextrin phosphorylase 

(MalP) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Karina B. 

Xavier et al. 

1999) 

GT35 AAD03471.1 glycogen phosphorylase(GlgP) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Juan E 

Ugalde et al. 

1998) 

GT35 AAC06896.1 
glycogen phosphorylase 

(GlgP;Aq_717) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Bhuiyan et 

al. 2003) 

GT35 AAC00218.1 
glycogen phosphorylase 

(GlgP;BSU30940) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Kiel et al. 

1994) 

GT35 AAM24997.1 
-glucan phosphorylase 

(GlgP;TTE1805) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(S. Chen et 

al. 2007) 

GT35 AAM52219.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Griessler et 

al. 2004) 

GT35 BAB98701.1 

maltodextrin/glycogen 

phosphorylase 

(MalP;GlgP1;cg1479) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 

(Seibold, 

Wurst, and 

Eikmanns 

2009) 

GT35 BAB99480.1 
glycogen phosphorylase 

(GlgP;GlgP2;cg2289) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 

(Seibold, 

Wurst, and 

Eikmanns 

2009) 

GT35 AAC76453.1 
glycogen phosphorylase 

(GlgP;b3428) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 
(Rybak et al. 

2008) 

GT35 AAC76442.1 
maltodextrin phosphorylase 

(MalP;b3417) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 

(Palm, 

Goerl, and 

Burger 1985; 

O’Reilly et 

al. 1997) 

GT35 BAA19592.1 glycogen phosphorylase (GlgP) Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 
(Takata et al. 

1997) 

GT35 ABN51595.1 
-glucan phosphorylase (-

GP;Cthe_0357) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 
(Wilson et 

al. 2013) 

GT35 AAD53957.1 glycogen phosphorylase Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 
(Igarashi and 

Meyer 2000) 

GT35 AAN59210.1 
maltodextrin phosphorylase 

(GlgP;SMU.1564) 
Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 

(Sato, 

Okamoto-

Shibayama, 

and Azuma 

2013) 

GT35 AAL26558.1 glycogen phosphorylase (Glg) Glc1P [(1→4)--D-

glucosyl]n 
[(1→4)--D-

glucosyl]n+1 
(Koksharova

, Brandt, and 

Cerff 2004) 

GT35 AGL50099.1 
-glucan phosphorylase 

(AgpA;Tmari_1175) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Bibel et al. 

1998) 

GT35 BAB11741.1 -glucan phosphorylase (GlgP) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(T. (Ezaki G. 

C. L. Takaha 

et al. 2001) 

GT35 CAC93400.1 
glycogen phosphorylase 

(glgP,YPO3938) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Alonso-

Casajús et al. 

2006) 

GT35 AAB46846.1 
glycogen phosphorylase 

(myophosphorylase) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Seiichi 

Tsujino et al. 

1996) 

GT35 ABB88567.1 
plastidial starch phosphorylase 

(PhoB;Sta4) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Dauvillée et 

al. 2006) 

GT35 CAA44069.1 
glycogen phosphorylase 1 

(GlpV;GP1) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Rogers et 

al. 1992) 

GT35 AAA33211.1 
glycogen phosphorylase 2 

(GlpD;GP2) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Jones and 

Wright 

1970) 

GT35 AAD46887.1 

glycogen phosphorylase 

(GlyP;GLYP;CG7254;Dmel_CG

7254) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Gabriella 

Tick et al. 

1999) 

GT35 AAN17338.1 glycogen phosphorylase-2 Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Wu and 

Müller 2003) 

GT35 AAL23578..1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Wu and 

Müller 2003) 

GT35 AAP33020.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Takeyasu, 

Kawase, and 

Yoshimura 

2003) 

GT35 AAK69600.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Wu and 

Müller 2003) 

GT35 AAB60395.1 
glycogen phosphorylase (brain) 

(bGP) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Newgard et 

al. 1988) 

GT35 CAA75517.1 glycogen phosphorylase (liver) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Newgard et 

al. 1986) 

GT35 AAC17451.1 
glycogen phosphorylase (muscle) 

(PigM) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Burke et al. 

1987) 
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CAZy family Mechanism 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

GT35 

retention 

BAK00834.1 
plastidial -1,4-glucan 

phosphorylase (Pho1;HvPho1) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Cuesta-

Seijo et al. 

2017) 

GT35 AAA63271.1 -glucan phosphorylase L Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(C. T. Lin et 

al. 1991) 

GT35 AAK01137.1 starch phosphorylase (fragment) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Lu et al. 

2006) 

GT35 AAL23577.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Wu and 

Müller 2003) 

GT35 AAD30476.1 
glycogen phosphorylase (muscle) 

(PygM) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Schliselfeld 

and Danon 

2002) 

GT35 AAG00588.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(McInerney 

et al. 2002) 

GT35 ACJ76617.1 
glycogen phosphorylase (PygM) 

(muscle) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Koide et al. 

1978; 

Hermann et 

al. 1978) 

GT35 AAK15695.1 -1,4-glucan phosphorylase L Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Nishi et al. 

2001; Jha 

and Dubey 

2004) 

GT35 BAB92854.1 
-1,4-glucan phosphorylase 

(Os01g0851700) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Nishi et al. 

2001; Jha 

and Dubey 

2004) 

GT35 AAV87308.1 
brain glycogen phosphorylase 

(PYGB) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Philips et al. 

2014) 

GT35 AAB68800.1 glycogen phosphorylase (muscle) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Tan et al. 

1997) 

GT35 AAA41252.1 glycogen phosphorylase (Brain) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Hudson, 

Hefferon, 

and Crerar 

1993) 

GT35 AAH70901. glycogen phosphorylase (liver) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Schiebel, 

Pekel, and 

Mayer 1992) 

GT35 AAA41253.1 glycogen phosphorylase (muscle) Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Hudson, 

Hefferon, 

and Crerar 

1993) 

GT35 AAB68057.1 
glycogen phosphorylase 

(Gph1;YPR160w) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Hwang and 

Fletterick 

1986) 

GT35 AAA33809.1 -glucan phosphorylase H Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Mori, 

Tanizawa, 

and Fukui 

1991) 

GT35 BAA00407.1 -glucan phosphorylase L1 Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Mori, 

Tanizawa, 

and Fukui 

1991) 

GT35 

retention 

CAA52036.1 -glucan phosphorylase L2 Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Sonnewald 

et al. 1995) 

GT35 CAA59464.1 -glucan phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Duwenig, 

Steup, and 

Kossmann 

1997) 

GT35 AAL23579.1 glycogen phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Wu and 

Müller 2003) 

GT35 AAF82787.1 -glucan phosphorylase Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Schupp and 

Ziegler 

2004) 

GT35 CAA84494.1 
-glucan phosphorylase 

(Pho2;VfPho2) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Buchner, 

Borisjuk, 

and Wobus 

1996) 

GT35 CAA85354.1 -glucan phosphorylase L Glc1P 
[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Buchner, 

Borisjuk, 

and Wobus 

1996) 

GT108 

inversion 

CBZ24448.1 MTP3 (LMXM_10_1250) Man1P 
(-1,2-D-

mannose)n 
(-1,2-mannose)n+1 

(Sernee et al. 

2019) 

GT108 CBZ24449.1 MTP4 (LMXM_10_1260) Man1P 
(-1,2-D-

mannose)n 
(-1,2-mannose)n+1 

(Sernee et al. 

2019) 

GT108 CBZ24451.1 MTP6 (LMXM_10_1280) Man1P 
(-1,2-D-

mannose)n 
(-1,2-mannose)n+1 

(Sernee et al. 

2019) 

GT108 CBZ24452.1 MTP7 (LMXM_10_1290) Man1P 
(-1,2-D-

mannose)n 
(-1,2-mannose)n+1 

(Sernee et al. 

2019) 

 

3.1. GPs catalytic mechanisms 

 

Due to the high similarities in the structure and mechanisms, GPs perform the phosphorolysis and 

reverse phosphorolysis reactions using the same catalytic features as GHs and GTs. GPs can be divided 

into retaining GPs and inverting GPs based on the change in the anomeric carbon configuration after the 
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reaction (Koshland 1953). For example, inverting phosphorylases change the anomeric configuration in 

the product, yielding -glycosyl phosphates from -glycosides or -glycosyl phosphates from -

glycosides. 

 

Figure 5: Schematic presentation of the catalytic mechanisms of inverting GPs (A, example of a GP 

acting on -glycosides), retaining GPs operating via double displacement mechanism (B, example of a 

GP acting on -glycosides), and retaining glycoside phosphorylases using front-side displacement 

(internal return) mechanism (C, example of a GP acting on -glycosides). (From (Puchart 2015))  

 

Both inverting GHs and GPs follow a direct displacement SN2-like reaction mechanism (Figure 5) but 

with an important difference regarding the catalytic machinery that is required to perform the reactions 

(Puchart 2015). For the inverting GHs, two catalytic amino acid residues are required: a proton donor 

that donates a proton to the anomeric carbon, and a catalytic base that can remove the proton from a 
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water molecule. In inverting GPs (classified in both GT and GH families, Table 1), only one catalytic 

residue is required, and the role of the catalytic base is played by the inorganic phosphate (Pi). The 

inversion of the anomeric configuration is achieved in one step: the C1 position at the non-reductive end 

of the sugar is attacked by the catalytic base , the proton is then captured by the inter-osidic oxygen on 

the proton donor, leading to the formation of an oxocarbenium ion-like transition state. Finally, bond 

cleavage is achieved 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. 

Most retaining GPs (classified in both GT and GH families, Table 1) act on -glycosides. For these 

enzymes, the anomeric configuration between the newly formed -glycosidic bond of the product and 

the -glycosyl phosphate substrate is maintained. Some members of the GH3 family are the only 

reported retaining GP which could convert -glycosidic substrates to -glycosidic phosphate 

(Macdonald, Blaukopf, and Withers 2015). The mechanism of retaining GPs is close to that of retaining 

GTs. Retaining GPs can operate either via a double displacement mechanism to form a glycosyl-enzyme 

intermediate, or via a front-side displacement mechanism (Puchart 2015) (Figure 5). 

Double displacement mechanism occurs in two steps. First, the nucleophile attacks the C1 of the sugar 

at the non-reductive end, concomitantly to the proton capture by the inter-osidic oxygen on the proton 

donor. Contrary to inverting GPs, a catalytic nucleophilic residue is involved here. The same transition 

state as for inverting GPs is observed, which leads to the cleavage of the inter-osidic oxygen-C1 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 C1 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 cleavage of the 

glycosyl-enzyme bond, yielding a glycoside-phosphate of retained configuration. 

The likely front-side displacement mechanism (also known as internal return-like or SNi-like) used by 

GPs of the GT4 and GT35 families, only requires one catalytic amino acid (Goedl and Nidetzky 

2009). Only the nucleophile is required since the role of proton donor is played by the inorganic 

phosphate itself. One phosphate hydroxyl is providing the proton caught by the glycosidic oxygen, 

which is accompanied by a nucleophilic attack. 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, is stabilized by the nucleophile which is, in that case, a 

glutamine or an asparagine. 

3.2. Classification and substrate specificity 

In the CAZy database, GPs are classified into a total of 11 CAZymes families (Table 1). Let’s note that 

a N-acetylglucosaminidase from the GH84 family has recently been transformed into an efficient GP by 

a single point mutation (Teze et al. 2020). As no native GH84 enzyme has been reported to date to act 

as a GP, the GH84 family will not be mentioned anymore in this chapter. 

3.2.1. Retaining GPs 

Retaining GPs are found in two GHs families (GH3 and GH13_18) and two GTs families (GT4 and 

GT35). 
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Only two characterized GPs have been identified, to date, in the large GH3 family, which contain 30,514 

members (April 2020). The Nag3 from Cellulomonas fimi, which was previously characterized as a 

bifunctional N-acetyl--glucosaminidase and -glucosidase (Mayer et al. 2006)  was in fact found to be 

also a -N-acetylglucosaminide phosphorylase that could produce -D-N-acetyl-glucosamine-1-

phosphate (GlcNAc1P). This new enzyme activity is due to the presence of a His as a catalytic 

acid/base residue, instead of the canonical Glu or Asp. The preferred reaction of Nag3 is the cleavage 

of the disaccharide GlcNAc-anhydro-MurNAc for the recycling of peptidoglycan (Reith and Mayer 

2011; Macdonald, Blaukopf, and Withers 2015). Another -glucoside phosphorylase, BglP, was further 

discovered by activity-based metagenomics. BglP phosphorolyses the -1,4-glucosidic linkages of 

cellulose and cello-oligosaccharides (Macdonald et al. 2018). The other retaining GPs display an -

linkage specificity, such as the retaining GPs from the GH13_18 subfamily, which act on -glucosides 

to produce -glucose 1-phosphate (Glc1P).  

The GH13_18 subfamily was thought for a long time to contain only sucrose phosphorylases. 

Nevertheless, sucrose 6’-phosphate phosphorylases (releasing Glc1P and -D-fructose-6-phosphate) 

were recently discovered from Thermoanaerobacterium thermosaccharolyticum (Verhaeghe et al. 2014) 

and Ruminococcus gnavus (Tauzin et al. 2019). Later on, a novel glucosylglycerate phosphorylase from 

Meiothermus silvanus was discovered (Franceus, Pinel, and Desmet 2017). This enzyme is involved in 

the metabolism of -1,2-glucosylglycerate, a molecule known to protect cells from water loss (Ferjani 

et al. 2003). Then,  an -1,2-glucosylglycerol phosphorylase from Marinobacter adhaerens was 

identified, which could allow the bacterium to tolerate high salt concentrations, thanks to the protective 

effect of glucosylglycerol (Franceus et al. 2018). The sucrose phosphorylases and related enzymes from 

GH13, their applications and engineering were recently reviewed (Franceus and Desmet 2020). 

The GPs from the GT4 family are all trehalose phosphorylases (Kitamoto et al. 1988; Koki Saito et al. 

1998; S.-E. Han et al. 2003; Goedl et al. 2006). Finally, all the characterized members of the GT35 

family are -1,4-glucan phosphorylases acting on glycogen, starch, and maltodextrins (G. T. Cori and 

Cori 1943; Y. P. Lee 1960).  

3.2.2. Inverting GPs 

Inverting GPs are currently grouped in 7 GHs families (GH65, GH94, GH112, GH130, GH149, GH161) 

and one GT family harboring dual glycosyltransferase/phosphorylase activities (GT108) (Sernee et al. 

2019). 

All those of the GH65 family are involved in the cleavage of -glucosides to produce -glucose 1-

phosphate (Glc1P). The first GP from this family was identified from Lactobacillus sanfranciscensis. 

This enzyme  could effectively convert maltose and phosphate into Glc1P and D-glucose (Ehrmann 

and Vogel 1998). Other enzymes with new specificities, playing key roles in various metabolic pathways, 

were further identified, such as the trehalose-6-phosphate phosphorylase from Lactococcus lactis subsp. 

Lactis (Andersson, Levander, and Rådström 2001) , the trehalose phosphorylase from 

Thermoanaerobacter brockii (Maruta et al. 2002), the kojibiose phosphorylase from 

Thermoanaerobacter brockii(Yamamoto et al. 2004), the nigerose phosphorylase and the 3-O--D-

Glucopyranosyl-L-rhamnose phosphorylase from Clostridium phytofermentans (Nihira, Nakai, et al. 

2012; Nihira, Nakai, and Kitaoka 2012), and the 2-O--D-glucosylglycerol phosphorylase from Bacillus 

selenitireducens, which utilizes polyols like glycerol as acceptors instead of longer oligosaccharides or 

polysaccharides, and could be involved in both the biosynthesis and cleavage of 2-O--D-
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glucosylglycerol, allowing the microorganism adaptation to high concentration of salts in the 

environment (Nihira, Saito, et al. 2014).  

The inverting GPs from the GH94 family act on various -linked glycosides to produce Glc1P or -

D-N-acetyl-glucosamine-1-phosphate (GlcNAc1P). The first reported GPs in this family were the 

cellobiose phosphorylase and cellodextrin phosphorylases from Clostridium stercorarium 

(Reichenbecher, Lottspeich, and Bronnenmeier 1997). Then, a N,N’-diacetylchitobiose phosphorylase 

was identified from Vibrio furnissii, which is able to generate -D-N-acetyl-glucosamine-1-phosphate 

(J. K. Park, Keyhani, and Roseman 2000). All the other GH94 GPs which were further discovered are 

specific for Glc1P. They include enzymes acting on various -glucosidic linkages. The laminaribiose 

phosphorylase from Paenibacillus sp. (Kitaoka et al. 2012) ) plays a key role in the metabolism of 

paramylon, an intracellular storage form of -1,3-glucan usually found in Euglena species (Kiss, 

Vasconcelos, and Triemer 1987), while the laminaribiose phosphorylase from Acholeplasma laidlawii 

could effectively produce shorter 1,3--D-glucosyl disaccharides (Nihira, Saito, Kitaoka, Nishimoto, et 

al. 2012). The fungal (Neurospora crassa) and bacterial (Xanthomonas campestris) cellobionic acid 

phosphorylases catalyze the reversible phosphorolysis of 4-O--D-glucopyranosyl-D-gluconic acid, a 

motif found in recalcitrant cellulosic biomass (Nihira, Saito, et al. 2013). Finally, the -1,2-oligoglucan 

phosphorylase from Listeria innocua could be involved in the metabolism of sophorose-containing 

glucans and/or exogenous 1,2--glucans in specific environmental conditions (Nakajima et al. 2014). 

The GH112 family is constituted of inverting phosphorylases acting on -galactosides to release -D-

galactose-1-phosphate (Gal1P). To date, all the characterized GPs from GH112 family contained D-

galactopyranosyl-1,3-N-acetylhexosamine phosphorylases and D-galactosyl--1,4-L-rhamnose 

phosphorylases from bacterial origin. -D-galactopyranosyl-1,3-N-acetylhexosamine phosphorylases 

were further subdivided based on their substrate preference into galacto-N-biose phosphorylase (GNBP, 

with a preference for galacto-N-biose) (Nakajima et al. 2008; Nakajima, Nishimoto, and Kitaoka 2009a), 

lacto-N-biose I phosphorylase (LNBP, with a preference for lacto-N-biose I) (Nakajima and Kitaoka 

2008), and galacto-N-biose/lacto-N-biose I phosphorylase (GLNBP, with no clear preference for either 

galacto-N-biose or lacto-N-biose I) (Derensy‐Dron et al. 1999; Nakajima, Nishimoto, and Kitaoka 

2009a). GNB is the core component of gastrointestinal mucin and LNB I is a main building block of 

human milk oligosaccharides (HMOs) and both are present in the intestinal environment (Kitaoka, Tian, 

and Nishimoto 2005). Besides, the D-galactosyl--1,4-L-rhamnose phosphorylase from Clostridium 

phytofermentans probably plays a role in the degradation of rhamnogalacturonan I (RG-I), an important 

component of pectin (Nakajima, Nishimoto, and Kitaoka 2009a). 

The GH130 family contains inverting phosphorylases that act on -mannosides to generate -D-

mannose 1-phosphate (Man1P). The identification of a 4-O--D-mannosyl-D-glucose phosphorylase 

activity led to the creation of the GH130 family (Senoura et al. 2011). Then, a lot of attention was paid 

to this family to discover mannoside phosphorylases with new specificities, in particular in the group of 

G. Potocki-Veronese, where I performed my PhD work. In 2016, when I started to work on GPs, GH130 

GPs with many different substrate specificities had already been identified, highlighting their role in the 

catabolism of plant, mammal and fungal mannosides, in particular in the human gut where these 

bacterial enzymes are abundant (Figure 6) (Ladevèze 2015).  
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Figure 6: A: Phylogenetic tree of the GH130 family, in 2013. In this radial phylogram, branches 

corresponding to subfamilies GH130_1 and GH130_2 are coloured in blue and red respectively. 

Branches in black correspond to proteins that are not classified into any subfamily (GH130_NC). B, C, 

D: Detailed views of the phylogentic tree of the GH130_1, GH130_2 subfamilies, and of not assigned 

sequences (GH130_NC). Only sequences corresponding to proteins from human gut bacteria are shown. 

Label colour is relative to their prevalence in the human gut metagenome of 301 different individuals: 

Blue: sequences found in the metagenome of 0 to 5 individuals. Light blue: sequences found in the 

metagenome of 24 to 40 individuals. Green: sequences found in the metagenome of 44 to 59 individuals. 

Light green: sequences found in the metagenome of 62 to 76 individuals. Orange: sequences found in 

the metagenome of 83 to 118 individuals. Red: sequences found in the metagenome of 121 to 153 

individuals. Black: Sequences found in the metagenome of 173 to 197 individuals. (Modified from 

(Ladevèze et al. 2013)) 

The -1,4 mannooligosaccharide phosphorylases firstly discovered by Kawahara and colleagues 

(Kawahara et al. 2012), and the 4-O--D-mannosyl-D-glucose phosphorylases, participate in the 

breakdown of plant cell wall mannans and glucomannans. The -1,4-mannosyl-N-acetyl-glucosamine 

phosphorylase and -1,4-mannopyranosyl-chitobiose phosphorylase are both involved in the catabolism 

of eukaryotic N-glycans (Nihira, Suzuki, et al. 2013; Ladevèze et al. 2013). The -1,2-mannobiose 

phosphorylases (Chiku et al. 2014; Tsuda et al. 2015) and -1,2-oligomannan phosphorylases (Chiku et 
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al. 2014) act on exogenous yeast mannan. During my PhD project, a -1,3-mannobiose phosphorylase 

has been discovered (Awad et al. 2017), but its physiological function was not described.  

In 2013, Ladevèze and colleagues indicated that based on sequence similarities, the GH130 family could 

be subdivided into at least two subgroups (Figure 6). The GH130_1 one would include enzymes strictly 

acting on -D-Manp-1,4-D-Glc, and the GH130_2 one, those acting on -1,4-mannosides. The authors 

also mentioned the presence of a large heterogeneous sequence cluster, named GH130_NC, which was 

further shown to include -1,2-mannosidases (Cuskin, Lowe, et al. 2015) and -1,3-mannobiose 

phosphorylases (Awad et al. 2017). This highlights the need to re-evaluate the sequence and functional 

diversity of these enzymes, as described further in Chapter 2.  

GH149 and GH161 are newly created families, with enzymes from the photosynthetic excavate Euglena 

gracilis, the heterokont Ochromonas spp. and from bacteria that act on -1,3-glucans, producing Glc1P. 

These glycosides can be found in bacteria, fungi, plants, and algae, and are used in a wide range of 

biotechnological applications, including as ingredients in agricultural, food, cosmetic, and therapeutic 

products. The members of the GH149, GH161 and GH94 families have the consensus amino acid 

characteristic of a GP activity, likely due to the diversification by evolution from a common ancestor. 

However, their sequences share only around 20 % identity, which led to the creation of the distinct 

GH149 (Kuhaudomlarp et al. 2018) and GH161 families (Kuhaudomlarp, Pergolizzi, et al. 2019).  

The GT108 is also a newly created CAZy family, in which were discovered four GPs acting on 

mannogen, a -1,2-mannan found in in Leishmania parasites for energy storage. Interestingly, these four 

enzymes are dual glycosyltransferase-phosphorylases, which participate to the recycling of mannogen. 

These Leishmania enzymes have the same fold and similar reaction mechanism as bacterial GH130 

mannan phosphorylases or hydrolases, although they significantly differ at the sequence level to be 

classified in another family(Sernee et al. 2019). 

As described above, GPs can thus degrade and synthesize a large variety of glycosidic linkages, except 

-/-1,6 and -1,1 linkages. As of March 2020, only 159 phosphorylases were characterized (Table 1), 

which represents around 1% of all the characterized CAZymes (Garron and Henrissat 2019). Taking 

into consideration the huge number of GTs and GHs that are listed in the CAZy database, there might 

be many GPs with novel specificities that are yet to be discovered.  

3.3. Tertiary and quarternary structures 

With the exception of the GT4 retaining trehalose phosphorylases and GH161 inverting -1,3 glucan 

phosphorylases, for which no structure has been elucidated yet, at least one GP crystallographic structure 

is available for each family in the protein data bank (PDB) (Table 2). 

Thanks to these structures, in particular ones in complex with substrates and products, the catalytic 

residues have been identified, together with the residues involved in phosphate binding. This 

complements the site-directed mutagenesis studies that have been performed to identify the residues that 

are critical for GP activity (for example, (Ladevèze et al. 2013) for the GH130 family). In addition, if 

several GP members from a same family have been functionally and structurally characterized, structural 

comparison allowed to identify the molecular determinants of GP activity and of the donor and acceptor 

specificities ((Ladevèze 2015; Cuskin, Baslé, et al. 2015) for the GH130 family, for example).  

The vast majority of GPs crystallize and act in solution as dimers. However, several GPs crystallize as 

monomers or as large homooligomeric complexes, like the Uhgb_MP enzyme, for which the catalytic 

pocket results from the assembly of the different monomers (Table 2). The topology of GP active sites 
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is thus difficult to predict (Ladevèze et al. 2015). Since my thesis work does not deal with tertiary and 

quaternary structures, this section will not be detailed.  

Table 2: Structurally characterized GPs. Only the enzymes proved to have GP activity are listed. 
ACJ76617.1 have hundreds of PDB, only list one PDB with the best solution. 

CAZy family 
GenBank/UniProtKB 

accession 

PDB accession 

number 
Protein Name Fold 

Quaternary 

structure 
Reference 

GH3 AUG44408.1 5VQD[A], 5VQE[A] -glucoside phosphorylase BglP (/)8 monomer 
(Macdonald et al. 

2018) 

GH13_18 AAO33821.1 

1R7A[A,B], 2GDU[A,B] 

2GDV[A,B], 5C8B[B] 

5M9X[B], 5MAN[B] 

5MB2[B], 6FME[A,B] 

sucrose phosphorylase 

(SucP;SP;BaSP) 
(/)8 dimer 

(Sprogøe et al. 2004; 

Mirza et al. 2006; 

Kraus, Grimm, and 

Seibel 2016; 2017) 

GH13_18 BAN03569.1 6S9U[A] 

sucrose 6(F)-phosphate 

phosphorylase (YM304_32550, 
IcSPP) 

(/)8 monomer (Franceus et al. 2019) 

CAZy family 
GenBank/UniProtKB 

accession 

PDB accession 

number 
Protein Name Fold 

Quaternary 

structure 
Reference 

GH13_18 ADL69407.1 6S9V[A,B] 

sucrose 6(F)-phosphate 

phosphorylase 

(SPP;TtSPP;Tthe_1921) 
(/)8 monomer (Franceus et al. 2019) 

GH65 Q7SIE1 1H54[A] maltose phosphorylase (Lb-MP) (/)6 dimer (Egloff et al. 2001) 

GH65 ABP66077.1  
3WIQ[A], 

3WIR[A,B,C,D] 

kojibiose phosphorylase 

(CsKP;Csac_0439) 
(/)6 dimer (Okada et al. 2014) 

GH65 / 6W0P[B,C,D], 6W0P[A] kojibiose phosphorylase (/)6 dimer unpublished  

GH65 ADI00307.1 
4KTP[A,B], 

4KTR[A,B,C,D,E,F,G,H] 
2-O--glucosylglycerol 

phosphorylase (GGP;Bsel_2816) 
(/)6 dimer (Touhara et al. 2014) 

GH65 BAB97299.1 / trehalose phosphorylase (TreP) (/)6 dimer 
(Van Hoorebeke et al. 

2010) 

GH94 BAA28631.1 

2CQS[A,B],2CQT[A,B] 

3ACS[A,B],3ACT[A,B] 

3AFJ[A,B],3QFY[A,B] 

3QFZ[A,B],3QG0[A,B] 

cellobiose phosphorylase 

(Cbp;CgCBP) 
(/)6 dimer 

(M. Hidaka et al. 

2006; Fushinobu et al. 

2011) 

GH94 AAQ20920.1 

3RRS[A,B],3RSY[A,B] 

3S4A[A,B],3S4B[A,B] 

3S4C[A],3S4D[A] 

cellobiose phosphorylase (CbP) (/)6 dimer unpublished 

GH94 AAL67138.1 3QDE[A,B] cellobiose phosphorylase (Cbp) (/)6 dimer 
(Bianchetti et al. 

2011) 

GH94 ABN54185.1 
5NZ7[A,B] 

5NZ8[A,B] 

cellodextrin-phosphorylase 

(Cdp;CtCDP;Cthe_2989) 
(/)6 dimer 

(E. C. O’Neill et al. 

2017) 

GH94 ABD80168.1 
4ZLE[A], 4ZLF[A] 

4ZLG[A], 4ZLI[A] 

cellobionic acid phosphorylase 94B 

(Cep94B;CBAP;SdCBAP;Sde_0906) 
(/)6 dimer (Nam et al. 2015) 

GH94 BAC87867.1 
1V7V[A], 1V7W[A] 

1V7X[A] 

chitobiose phosphorylase 

(ChbP;VpChBP) 
(/)6 dimer 

(M. Hidaka et al. 

2004) 

GH94 BAJ10826.1 
6GGY[A,B],6GH2[A,B] 

6GH3[A,B] 
laminaribiose phosphorylase (LbpA) (/)6 dimer 

(Kuhaudomlarp, 

Walpole, et al. 2019) 

GH94 ABX41081.1  
5H3Z[A,B], 5H40[A,B] 

5H41[A,B], 5H42[A,B] 
-1,2-oligoglucan phosphorylase 

(LpSOGP;Cphy_0694) 
(/)6 monomer (Nakajima et al. 2017) 

GH112 BAD80751.1 

2ZUS[A,B,C,D], 

2ZUT[A,B,C,D] 

2ZUU[A,B,C,D], 

2ZUV[A,B] 

2ZUW[A,B,C,D], 

3WFZ[A,B,C,D] 

galacto-N-biose / lacto-N-biose 

phosphorylase 

(LnpA1;LnbP;GLNBP;BLLJ_1623) 
(/)8 dimer 

(M. Hidaka et al. 

2009; Koyama et al. 

2013) 

GH130 CAH06518.1  

3WAS[A,B], 
3WAT[A,B] 

3WAU[A,B], 
4KMI[A,B] 

-1,4-mannosylglucose 

phosphorylase (MGP;BF0772) 

5-fold -

propeller 
hexamer (Nakae et al. 2013) 

GH130 ADU21379.1 5AY9[A], 5AYC[A] 
-1,4-mannosylglucose 

phosphorylase 

(RaMP1;RaMGP;Rumal_0852) 

5-fold -

propeller 
trimer  (Ye et al. 2016) 

GH130 ADU20661.1 
5AYD[A,B,C,D,E,F], 

5AYE[A,B,C,D,E,F] 

-1,4-mannooligosaccharide 

phosphorylase 

(MOP;RaMP2;Rumal_0099) 

5-fold -

propeller 
hexamer (Ye et al. 2016) 

GH130 AAD36300.1 1VKD[A,B,C,D,E,F] 
-1,4-mannooligosaccharide 

phosphorylase (TM1225) 

5-fold -

propeller 
dimer unpublished 

GH130 ADD61463.1 

4UDG[A,B,C,D,E,F] 

4UDI[A,B,C,D,E,F] 

4UDJ[A,B,C,D,E,F] 

4UDK[A,B,C,D,E,F] 

-1,4-mannopyranosyl-chitobiose 

phosphorylase (UhgbMP;Uhgb_MP) 

5-fold -

propeller 
hexamer (Ladevèze et al. 2015) 

GH130 CAC96089.1 
5B0P[A,B], 5B0Q[A,B] 

5B0R[A,B], 5B0S[A,B] 
-1,2-mannobiose phosphorylase 

(Lin0857) 

5-fold -

propeller 
dimer (Tsuda et al. 2015) 

GH149 / 6HQ6[A,B], 6HQ8[A,B] 

6HQ6[A] 
-1,3-oligosaccharide 

phosphorylase(Pro_7066) 
(/)6 dimer 

(Kuhaudomlarp, 

Stevenson, et al. 2019) 

GT35 AAM52219.1 2C4M[A,B,C,D] glycogen phosphorylase GT-B tetramer  unpublished 

GT35 AAC76442.1 

1AHP[A], 1E4O[A] 

1L5V[A], 1L5W[A] 

1L6I[A], 1QM5[A] 

2ASV[A,B], 2AV6[A,B] 

2AW3[A,B], 2AZD[A,B] 

2ECP[A] 

maltodextrin phosphorylase 

(MalP;b3417) 
GT-B dimer 

(O’Reilly et al. 1997; 

Kimberly A Watson et 

al. 1999; Geremia et 

al. 2002; Campagnolo 

et al. 2008; O’Reilly, 

Watson, and Johnson 

1999) 

GT35 AAN59210.1 4L22[A] 
maltodextrin phosphorylase 

(GlgP;SMU.1564) 
GT-B monomer unpublished 

GT35 CAB61943.1 
4BQE[A,B], 4BQF[A,B] 

4BQI[A,B] 
-glucan phosphorylase 

(PHS2;AtPHS2;At3g46970) 
GT-B dimer 

(E. O’Neill et al. 

2014) 

GT35 AAB60395.1 5IKO[A], 5IKP[A] 
glycogen phosphorylase (brain) 

(bGP) 
GT-B tetramer (Mathieu et al. 2016) 
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GT35 CAA75517.1 

1EM6[A,B], 1EXV[A,B] 

1FA9[A], 1FC0[A,B] 

1L5Q[A,B], 1L5R[A,B] 

1L5S[A,B], 1L7X[A,B] 

1XOI[A,B], 2ATI[A,B] 

2QLL[A], 2ZB2[A,B] 

3CEH[A,B], 3CEJ[A,B] 

3CEM[A,B], 3DD1[A,B] 

3DDS[A,B], 

3DDW[A,B] 

glycogen phosphorylase (liver) GT-B dimer 

(Rath, Ammirati, 

Danley, et al. 2000; 

Rath, Ammirati, 

LeMotte, et al. 2000; 

Ekstrom et al. 2002; 

Wright et al. 2005; 

Klabunde et al. 2005; 

Anderka et al. 2008; 

Onda et al. 2008; 

Thomson et al. 2009) 

GT35 AAC17451.1 1Z8D[A] 
glycogen phosphorylase (muscle) 

(PigM) 
GT-B dimer (Lukacs et al. 2006) 

GT35 BAK00834.1 5LR8[A,B], 5LRA[A,B] 

5LRB[A,B] 
plastidial -1,4-glucan 

phosphorylase (Pho1;HvPho1) 
GT-B dimer 

(Cuesta-Seijo et al. 

2017) 

GT35 ACJ76617.1 2GJ4[A] 
glycogen phosphorylase (PygM) 

(muscle) 
GT-B dimer 

(Whittamore et al. 

2006) 

GT35 AAB68057.1 1YGP[A,B] 
glycogen phosphorylase 

(Gph1;YPR160w) 
GT-B dimer (K. Lin et al. 1996) 

GT108 CBZ24449.1 6Q50[A] MTP4 (LMXM_10_1260) 
5-fold -

propeller 
monomer (Sernee et al. 2019) 

 

 

3.4. Biotechnological applications 

The different approaches for glycoside production include polysaccharide extraction from natural 

sources (e.g. microorganisms or plants) (Bhaumik and Dhepe 2015; Barcelos et al. 2020), hydrolysis 

and size-fractionation (Dashtban, Schraft, and Qin 2009), chemical synthesis (Overkleeft and Seeberger 

2015), (chemo-)enzymatic synthesis (Overkleeft and Seeberger 2015; R. Chen 2018), and whole cell or 

cell-free synthesis (Anderson, Islam, and Prather 2018; R. Chen 2018). Due to the high diversity of 

glycosides already existing in Nature, extraction from the natural sources remains one of the most used 

method, especially at high scale. However, this often requires several purification steps, the use of harsh 

chemical or mechanical extraction methods, and when produced from plant sources it can compete with 

food and feed industries. This method is thus used for extraction of abundant glycosides, such as sucrose 

(for the food industry) or cellulose (paper industry, biofuels) (Bhaumik and Dhepe 2015; Raimo 2018).  

Chemical synthesis is particularly interesting for the synthesis of structurally simple but also more 

complex carbohydrates. Thanks to its versatility, it is indeed possible to either introduce rare glycosyl 

units in glycosides or to assemble them in modular and complex ways. Recently, several automated 

systems were investigated (Blow 2009; Panza et al. 2018) and led to the synthesis of complex glycoside 

libraries (Eller et al. 2013; Walvoort et al. 2012). Even if they are being addressed (Nielsen and Pedersen 

2018), major drawbacks arise from the use of these chemical syntheses, such as the tedious manipulation 

of protecting groups leading to multi-step pathways, the use of (often toxic) solvents and harsh 

temperature conditions, as well as the lack of reaction selectivity (Overkleeft and Seeberger 2015). 

While some carbohydrates still cannot be accessed through chemical synthesis or with low yields, it 

remains one of the most used method to produce specialty and high added value glycosides at the 

industrial scale. 

Finally, enzyme-based approaches, sometimes in combination with chemical steps to take advantage of 

the best of both worlds, are more and more considered for the synthesis of glycosides (Wang et al. 2013; 

L. Li et al. 2015; Overkleeft and Seeberger 2015). Enzymes indeed offer exquisite regio- and stereo-

specificities, while being able to work under mild pH and temperature conditions in aqueous media. 

Enzymatic glycoside synthesis now benefits from an increasing number of characterized biocatalysts in 

many CAZy families, and they can even be further engineered when lacking the requisite properties 

(McArthur and Chen 2016; Benkoulouche et al. 2019). Whole-cell biocatalysts also showed an 

increasing interest, especially for the in vivo coupling of carbohydrates to lipids or proteins allowing to 

produce complex glycoconjugates for the pharmaceutical industries (R. Chen 2018). 

As explained above, GPs can be used for the synthesis of high-value oligosaccharides, polysaccharides 

and glycoconjugates, by reverse-phosphorolysis from glycosyl phosphates. In addition, the 

http://www.rcsb.org/pdb/explore/explore.do?structureId=2GJ4
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phosphorolysis reaction can be used to regenerate glycosyl phosphates for multi-step enzymatic 

syntheses, for which a review was recently published (Pergolizzi et al. 2017). Several examples of 

glycoside structures accessed through enzymatic synthesis using GPs were previously reported and 

reviewed (Kitaoka 2015; O’Neill and Field 2015). Let’s mention as example the synthesis reaction using 

the GH130 Uhgb_MP enzyme, which can use the relatively cheap N-acetyl-D-glucosamine and Man1P 

substrates to produce the highly expensive -1,4-mannopyranosyl-chitobiose, of major interest as the 

core part of human N-glycans (Ladevèze et al. 2013). Other mannan featuring -1,4 linkages could be 

accessed thanks to GPs, such as crystalline linear -1,4-mannan, a major component of plant cell walls 

hemicelluloses, which has been successfully produced using the GH130 -1,4-mannooligosaccharide 

phosphorylase TM1225 (Grimaud et al. 2019). Similarly, sucrose-phosphorylases use a cheap and 

renewable donor substrate, to synthesize -1,2 glucosylglycerol, a compound used in cosmetics (Goedl 

et al. 2010). As previously mentioned, the ability of GPs to generate sugar phosphates by phosphorolysis 

of low-cost substrates can advantageously be used in enzymatic cascades to regenerate the nucleotide 

sugar donors used by GTs. This was exemplified in vitro, with the kg-scale production of LNB using an 

elegant one-pot 4-enzymes system (M. Nishimoto and Kitaoka 2007; M. Nishimoto 2020), and also in 

cellulo for the production of phenolic glucosides (De Bruyn et al. 2015).  

When using GPs in the reverse phosphorolysis direction for glycoside synthesis, an issue is the 

reversibility of the reaction that could lead to low production yield when reaching an equilibrium. A 

usual solution is to favor the reaction in the desired direction by removing the reverse phosphorolysis 

product, which can be easily achieved in biphasic systems when the product presents low solubility in 

the aqueous medium. For example, cellodextrin and cellobiose produced with the GH94 cellodextrin 

phosphorylase show a low solubility in the reaction medium and precipitated, so it could be easily 

recovered (Samain et al. 1995; Hiraishi et al. 2009). Another method to shift the reaction towards 

substrate consumption is to replace of glycosyl phosphates by glycosyl fluorides as donor substrates. 

The release of fluoride does not cause an attack of the glycoside, thus preventing phosphorolysis to 

happen and significantly increasing the production yields (Nakai et al. 2010). However, glycoside 

fluorides are more expensive than their phosphate counterpart, and just like fluoride donors for the 

glycosynthases mentioned above, they are often unstable. Finally, with continuous flow phosphorylation 

of glucose using immobilized sucrose phosphorylase (Britton, Majumdar, and Weiss 2018), as recently 

exemplified for GPs with cellobiose oligosaccharides synthesis by an immobilized multi-enzymes 

system (Zhong et al. 2020), or with one-pot multi-enzymatic (OPME) synthesis (Yu and Chen 2016; 

Pergolizzi et al. 2017). 

Finally, when native enzymes do not meet the criteria to be considered for industrial scale production 

of carbohydrates, they can be modified using enzyme engineering. It is therefore possible to broaden the 

range of application of GPs, by altering specificity towards donors or acceptors, or even improve the 

enzyme (thermo)stability or resistance to solvents, making them more suited or compatible with certain 

industrial steps. Reviews illustrating several approaches and examples of GPs engineering were recently 

published (Desmet and Soetaert 2012; Benkoulouche et al. 2019; Franceus and Desmet 2020). For 

example, a lactose phosphorylase was engineered by mutating the acceptor binding site to extend the 

range of recognized acceptors (Manu R. M. De Groeve et al. 2009). Similarly, the modification of a 

cellobiose phosphorylase allowed altering the acceptor specificity, the engineered enzyme prefering 

methyl -glucoside as an acceptor instead of the natural glucose acceptor (Groeve et al. 2010). The 

temperature of industrial-operating conditions are usually performed at around 60 °C to avoid microbial 

contamination (Waites et al. 2009), therefore several studies were focused on the discovery of GPs from 

thermophilic microorganisms (Grimaud et al. 2019). For instance, the sucrose phosphorylase from 

Bifidobacteriom adolescentis showed high-temperature tolerance properties compared to the other 
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characterized sucrose GPs, therefore it was a suitable template for thermostability engineering and 

understanding (Van den Broek et al. 2004).  

The diversity of known GPs is unfortunately restricted to one or a few enzymes for each family, limiting 

the understanding of their structure-specificity-stability relationships, and thus, rational engineering 

studies. Efforts are needed to discover new GP candidates for industrial applications. The two next 

sections will therefore focus on the approaches that are used to characterize their activity and to discover 

them.  

 

 

 

4. Methods for glycoside phosphorylase activity detection 

 

Enzyme engineering and discovery from natural sources require the usage of suitable screening 

methodologies. The number of candidates to be tested can amount to hundreds of millions, especially 

when mining from metagenomic or combinatorial mutagenesis libraries. One recurrent limiting step is 

the screening of large libraries to identify the activity or property of interest.  

The determination of GP activity can rely on chromogenic assays, chromatographic or spectroscopic 

methods.  

4.1. Chromogenic assays 

The inorganic phosphate released during the reverse-phosphorolysis reaction, and consumed during 

phosphorolysis, directly reflects GP activity, and is very convenient to screen it by chromogenic assays. 

The molybdenum blue activity assay was initially developed by Fiske and Subbarow, but not specifically 

for detection of GP activity (Fiske and Subbarow 1925). With this method, the measurement of 

phosphate consumption or release, depending on the reaction screened for, is based on its conversion to 

a phosphomolybdate complex in presence of the molybdate reactant. In acidic conditions, 

phosphomolybdate is reduced in molybdenum, of which the blue color intensity can be quantified by 

absorbance measurement at 655 nm (Figure 7). This method was further modified in several ways to 

adapt it to micro-plate format and automate it (Drueckes, Schinzel, and Palm 1995; Cogan, Birrell, and 

Griffith 1999; Gawronski and Benson 2004), and to make it compatible with the detection of GP-

catalyzed reverse phosphorolysis activity in crude cellular extracts of E. coli, which cause high 

background and consumes glycosyl phosphates (M. R. M. De Groeve et al. 2010; Macdonald et al. 2019).  
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Figure 7: Synthetic scheme of the screening of glycoside phosphorylase activity using the molybdenum 

blue assay (from (Macdonald et al. 2019) 

 

Phosphate concentration can also be measured with another chromogenic assay in liquid medium, using 

coupled enzyme systems. For instance, sucrose phosphorylase activity can be detected using a coupled 

assay with a phosphoglucomutase (which isomerizes G1P to G6P) and a glucose-6-phosphate 

dehydrogenase for the release of 6-phosphogluconate and NADH. A final step involves a 6-

phosphogluconic dehydrogenase for the release of an additional NADH molecule as well as ribulose-5-

phosphate (Tedokon et al. 1992). 

Similarly, the glyceraldehyde-3-phosphate dehydrogenase uses glyceraldehyde-3-P, NAD+ and 

inorganic phosphate to form 1,3-bisphosphoglycerate, releasing H+ and NADH. The latter can then be 

detected at 340 nm (Serrano and Löffelhardt 1994). It could therefore be possible to couple this reaction 

to a reaction that involves the release of inorganic phosphate, the absorbance readout of NADH being 

directly related to the activity of the phosphorylase. Finally, a coupled enzymatic assay usable at pH 6 

to 9 was recently developed and demonstrated in the context of DNA polymerase. It is based on a three-

enzyme system: after the concerted action of an inorganic pyrophosphatase, a purine nucleoside 

phosphorylase and a xanthine oxidase, uric acid is generated and its absorbance is read at 293 nm and 

linked to the release of phosphate (Suárez et al. 2012). These two assays have yet never been used to 

detect GP activity. 

More recently, another assay in liquid format was used for the screening of GP-catalyzed phosphorolysis 

reactions. It relies on the cleavage, in the presence of inorganic phosphate, of a 2,4-dinitrophenyl 

glycoside used as donor, releasing phenols that could be revealed by absorbance measurement at 400 

nm. Even though it was proved to be compatible with detection of activity for some GPs (Macdonald et 

al. 2018), others can be inactive or weakly active (Ladevèze et al. 2013) on such chemically modified 

substrates which do not exactly mimic the natural glycoside targets. 

4.2. Chromatographic and spectroscopic methods for carbohydrate detection and 

characterization 

Thin layer chromatography (TLC) is a qualitative separation method that is widely applied for the 

separation of monosaccharides, oligosaccharides and sugar phosphates. It is easy to implement and 

perform, cheap and fast. The limitations are a relative low separation efficiency and lack of information 

when dealing with unknown spots (Qureshi et al. 2011). 

High performance liquid chromatography (HPLC) can be used as a quantitative analysis methodology. 

It relies most of the time on a column-based separation, for example with copolymer resins in protonated 
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or metal ion forms that are suited for carbohydrate separation. While it offers good separation of 

carbohydrates (often after optimization of the elution gradient), one main roadblock is the carbohydrate 

detection. Commonly, carbohydrates can be detected using low-wavelength UV. However,  due to the 

similar absorbance between charged sugars and organic mobile phase, UV detection requires 

derivatization to add suitable chemical groups that can be detected in a different wavelength (Harvey 

2011). More common system for carbohydrate detection is based on the refractive index difference using 

refractive index detection (RI), although it often suffers from low sensitivity. 

High-performance anion-exchange chromatography (HPAEC) offers a highly sensitive separation for 

mono-, oligo- and polysaccharides based on their structural features. For example, several DP2 or DP3 

oligosaccharides differing only by their osidic linkage types can be separated by HPAEC. It is often 

coupled with pulsed amperometric detection (PAD) which is a highly specific and sensitive detection 

method (in the nanomole range) for carbohydrates (Corradini, Cavazza, and Bignardi 2012), HPAEC-

PAD remains one of the most attractive and powerful methods for carbohydrate analysis. Nevertheless, 

as the response factor depends on the carbohydrate structures, it is impossible to determine the 

concentration of a product for which no pure standard is available. In addition, if HPAEC allows 

separating glycosyl phosphates from low DP glycosides and monosaccharides, the PAD response factor 

is very low for glycosyl phosphates, which makes difficult the simultaneous determination of 

monosaccharide, oligosaccharide and glycosyl phosphate concentrations. 

The determination of oligosaccharide structures requires information about the anomers, linkages, and 

their component glycosyl units. Permethylation analysis was developed in the late 1960s and used to 

determine the position of glycosidic linkages (Hellerqvist et al. 1968). Typically, the carbohydrates are 

derivatized to form acid-stable methyl ethers, then hydrolyzed and converted to alditol acetates to be 

finally separated by gas chromatography and analyzed by mass spectrometry (MS) (Ciucanu 2006). The 

methylated alditol acetates are identified based on a combination of the relative retention times of the 

analytes and their fragmentation spectra. 

Mass spectrometry (and more specifically, tandem MS) is a powerful strategy allowing the identification 

of ionized species according to their mass-to-charge (m/z) ratios (L. Han and Costello 2013), and it is 

widely used to determine glycoside structures. 

Finally, NMR spectroscopy can provide the configuration of glycosidic linkages, by comparing of the 

chemical shifts with those of pure standard molecules. It is non-destructive, highly sensitive and allows 

an analysis of products in mixtures, even in crude cell extracts (Irague et al. 2011). NMR is extensively 

used to determine the structure of homooligosaccharides and homopolysaccharides synthesized by GPs 

(Ladevèze et al. 2013; Chiku et al. 2014; Grimaud et al. 2018). 

Recently, new methods such as ion-mobility based separation arose, offering exquisite carbohydrate 

separation, even for isomers co-eluted by other separation techniques (Ropartz et al. 2019). Coupled 

with very sensitive and specific tandem MS methods, (complex) carbohydrate structure can now be 

completely determined (Ropartz et al. 2019; Tsai et al. 2019). Overall, great improvements in these 

methodologies allowed a faster separation, handling of more samples (with data acquisition in few 

minutes for one sample), while consuming less amounts of compounds (a few nmol) for the analysis. 

These methods, before being used in final screening steps for precise product characterization, now offer 

real possibilities for the screening of larger libraries with the generation of good quality data. 

5. Enzyme discovery by functional (meta)genomics 
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As explained in section 3, the vast majority of the GPs discovered until now are issued from bacteria, 

which produce these enzymes for glycoside catabolism. More than 1030 bacterial and archaeal cells are 

present on Earth (Flemming and Wuertz 2019). Depending on the habitats, uncultured species make up 

more than 99.9 % of the ecosystem (Jo Handelsman 2004). For example, the human gut microbiota, 

which is one of the most studied ecosystem because of its impact on health, counts around 70 % of 

uncultured species (van de Guchte, Blottière, and Doré 2018). With the rapid development of next 

generation sequencing (NGS) technologies, the cost of sequencing significantly decreased in the past 

two decades, opening the way to the massive sequencing of metagenomes, the collective genomes of a 

microbiota (J. Handelsman et al. 1998). Most of these works are monogenic metagenomic studies, which 

correspond to the sequencing of 16S (bacteria, archea) and 18S (eukaryotes) rRNA genes to describe 

the diversity of microorganisms in an environmental sample without culturing them (Pace et al. 1986). 

Nevertheless, in the past decade, more and more functional metagenomics projects were launched. 

Functional metagenomics is the sequencing of functional genes to predict and/or to prove their function 

(Healy et al. 1995). These projects led to the establishment of several catalogs of genes from various 

microbiota, in particular those of human (J. Li et al. 2014; Tierney et al. 2019), mouse (Xiao et al. 2015; 

Lesker et al. 2020), pig (Xiao et al. 2016) and cow (J. Li et al. 2020) guts, totalizing nearly 34 millions 

genes and thousands metagenome-assembled genomes (MAGs). The drastic increase in available 

metagenomic sequences from several catalogs led to the discovery of hundreds novel enzymes and 

activities, through activity- or sequence-based analyses. In the following sections, I detail these 

approaches and their applications to the discovery of GPs.  

5.1. Sampling strategies 

Many microbial environments were sampled in the past two decades to search for novel enzymes, in 

particular CAZymes (Ferrer et al. 2005; Tasse et al. 2010). Enzymes that are naturally adapted to the 

conditions of industrial processes (heat, cold, acidic or basic conditions, presence of toxic compounds 

etc.), can be searched from extreme environments (Ufarté et al. 2015; Mirete, Morgante, and González-

Pastor 2016). Enrichment steps before sampling can also be used to improve the relative abundance of 

micro-organisms producing the targeted enzymes, which resist to harsh conditions or are involved in the 

metabolization of a specific substrate. This can be achieved in vitro, by changing the physico-chemical 

conditions of the environment in enrichment reactors (van Elsas et al. 2008), or by adding the substrate 

to be metabolized in the reactors (DeAngelis et al. 2010), and even in vivo, by feeding animals with the 

targeted substrate (Bastien et al. 2013). 

5.2. Activity-based approaches 

The typical procedure of activity-based approaches starts with the cloning of metagenomic DNA (or 

cDNA for eukaryotes), after sampling their metatranscriptome (Bailly et al. 2007) in a vector (plasmids, 

fosmids or bacterial artificial chromosomes) to express the genes issued from the microbiome in a 

recombinant host. In activity-based metagenomic studies, the host is often Escherichia coli, due to its 

high transformation efficiency and its ability to efficiently express genes issued from distant taxa (Tasse 

et al. 2010). The metagenomic libraries have then to be screened with a suitable screening assay, 

preferably at a high throughput. Activity-based approaches raise issues, for example because of the GC 

bias in typical E. coli clone libraries, which could affect the DNA insert stability in the vector (Lam and 

Charles 2015), or the fact that the exogenous gene expression can have toxic effects on the cells. 

To circumvent these problems, other host strains and vectors have been developed (Taupp, Mewis, and 

Hallam 2011; Lewin, Lale, and Wentzel 2017; Lam, Martens, and Charles 2018). In activity-based 
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metagenomics, the positive hit rate vastly depends on the source of the metagenomic DNA, its 

abundance in the metagenomic sample, the chosen cloning vector and expression host, which results in 

variable efficiency of heterologous gene expression, and the sensitivity and inherent bias of the 

screening assay. A typical hit rate ranges from 0.01 ‰ to 10 ‰ (Tauzin et al. 2017). This approach thus 

requires high-throughput screening facilities to screen a sufficiently large sequence space (typically 104 

- 105 clones, which corresponds to 0.3 to 30.106 genes for fosmid libraries). Depending on the format of 

the assay, the screening throughput varies between 104 (automated liquid assays in micro-plates) to 105 

assays per day (automated assays on solid plates) (Ufarté, Potocki-Veronese, and Laville 2015), and 

even 106 with droplet-microfluidics (Colin et al. 2015). 

To date, only three activity-based functional metagenomic studies have been performed to discover GPs. 

In the first one, a new sucrose-phosphorylase (Genbank accession FJ472846, not listed in the CAZy 

database, but likely a GH13_18 member) was isolated from a 5,000 clones metagenomic library   

constructed from a sucrose refinery sample. In this case the screen was a positive selection assay on a 

solid mineral medium containing sucrose as sole-carbon source (Du et al. 2012). More recently, the 

group of S. Withers started to use metagenomics to mine various ecosystems from GPs. The first study 

was based on the screening of 17,168 clones library obtained from a passive mine tailings biochemical 

reactor system, on the activated substrate 2,4-dinitrophenyl -D-glucoside (DNPGlc) and inorganic 

phosphate, yielding to the discovery of the retaining -glucoside-phosphorylase BglP, one of the rare 

GPs from the GH3 family (Macdonald et al. 2018). The last study was focused on cellooligosaccharide-

degrading GPs, searched in ∼23,000 clones sourced from the same passive mine tailings biochemical 

reactor system as in the previous study, and from beaver feces. In this work, MacDonald and colleagues 

used a liquid assay based on molybdenum blue formation, and  identified seven new GPs from the GH94 

and GH149 families (cellobiose phosphorylases, cellodextrin phosphorylases, laminaribiose 

phosphorylases, and a -1,3-glucan phosphorylase) (Macdonald et al. 2019). In addition, the authors 

demonstrated the versatility of the screening method, varying substrate combinations. This should yield 

to the discovery of other GPs from families GH13, GH65, GH112, and GH130 in the next future. 

5.3. Sequence-based approaches 

Contrary to activity-based approaches, sequence-based screening is performed using either in silico 

sequence homology-based methods, or in vitro, using DNA/DNA or DNA/RNA hydridization-based 

methods (such as PCR) to detect sequences with known consensus motifs. The latter, which have been 

only rarely used to discover CAZymes (Cottrell, Yu, and Kirchman 2005) are not well suited for the 

discovery of new enzyme activities and families, since the sequences that could be retrieved possess the 

same motifs involved in substrate recognition and catalysis as those of already known enzymes.  

The in silico sequence homology-based methods are based on the search for sequences which are similar 

to a reference sequence of which the function has been experimentally verified, or which differs from it 

for some particular motifs. Two highly similar sequences have indeed good chances to be evolved from 

a common ancestor, and thus most likely share a similar function. These methods require alignment-

search tools such as BLAST (Altschul et al. 1990) to classify proteins into evolutionary families. It is 

also possible that two protein sequences which do not share significant overall sequence similarities still 

have the same function owing to structurally conserved active site motifs. This is the case for members 

of different CAZy families which have the same activity. For instance, -mannosidases can be found in 

five different families (GH1, GH2, GH5, GH130 and GH164), some being unrelated, having different 

folds (/)8 for the related families GH1, GH2 and GH5, five-bladed beta-propeller for GH130, 
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unknown for GH164). In other cases, the CAZy families can be only distantly related, sharing less than 

20-30 % sequence identity, but high structural similarities, such as, for example, the GH130 and GT108 

families which have a same five-bladed beta-propeller fold, and which both contain -mannoside-

phosphorylases (Sernee et al. 2019). 

Several databases including COGs, Pfam and KEGG can be used for automated functional annotation 

of metagenomic sequences. COGs identify orthologous genes which typically share the same general 

function, for instance carbohydrate transport and metabolism for the G cluster, which includes 

CAZymes (Tatusov, Koonin, and Lipman 1997). Pfam contains nearly 18,000 protein families (Pfam 

32.0, (El-Gebali et al. 2019). Each family is created based on multiple sequence alignments and hidden 

Markov models (HMMs) (Coggill, Finn, and Bateman 2008). Since Pfam families (like CAZy families) 

contain members with several activities, the activity of an enzyme cannot be deduced from the family it 

belongs to. Finally, KEGG can provide information on the involvement of a protein in the metabolism 

of an organism or an ecosystem (Coggill, Finn, and Bateman 2008). Nevertheless, orphan genes (which 

do not share significant sequence similarity with known sequences) cannot be annotated using sequence 

similarity-based methods. Furthermore, for the other sequences, there can be mistakes in the preliminary 

functional annotation using these databases, due (and participating to) to the amplification of incorrect 

functional annotations in databases. For example, when searching for the GH130 -1,4-mannoside-

phosphorylase Uhgb_MP (Genbank accession number ADD61463.1) in these databases, the results are 

the following: 

- COG: the protein belongs to COG2152: Predicted glycosyl hydrolase, GH43/DUF377 family 

[Carbohydrate transport and metabolism]. The biochemical characterization of this enzyme 

(Ladevèze et al. 2013), indicated that these results are false, this enzyme being a mannoside-

phosphorylase of the GH130 family, which does not contain a GH43 module. 

- Pfam: the protein contains the domain Glyco_hydro_130 (PF04041), described as ‘beta-1,4-

mannooligosaccharide phosphorylase’. This is true, but the same result is found for the the 

GH130 -1,2-Mannosidase AAO78885.1 (Cuskin, Baslé, et al. 2015) 

- Kegg: no result 

The IMG-M and MG-RAST servers (Markowitz et al. 2008; Meyer et al. 2008) and the commercially 

available QIAGEN CLC Microbial Genomics Module are convenient tools to integrate the data resulting 

from the interrogation of these different databases, and make it possible to quantify and compare the 

abundance of the main functional families in the target ecosystems. 

For more accurate function prediction, in particular regarding the substrate specificity of an enzyme or 

its mechanism, sequence analysis can be complemented with analysis of the genomic neighbourhood, 

as performed to discover the function of Uhgb_MP (for ‘unknown human gut bacterium_mannoside-

phosphorylase’) the first GP issued from an uncultured bacterium (Ladevèze et al. 2013), thanks to the 

cloning of entire metagenomic PULs in fosmids (Tasse et al. 2010). More recently, this strategy was 

also used to elucidate the function of a novel sucrose-6F-phosphate-phosphorylase from the cultured 

human gut bacterium Ruminococcus gnavus E1 (Tauzin et al. 2019). Nevertheless, such a strategy 

cannot be used with highly fragmented loci sequences, such as in datasets obtained by massive and 

random sequencing of metagenomes. 

Mining unexplored clades of phylogenetic trees targeting GP-containing CAZy families or subfamilies 

is also an efficient strategy to discover new GP specificities, as shown for the GH13_18 subfamily 

(Franceus and Desmet 2020), which led to the discovery of glucosylglycerate phosphorylases (Franceus, 

http://doi.org/10.1601/nm.4156
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Pinel, and Desmet 2017; Franceus et al. 2018) and of a sucrose 6’-phosphate phosphorylases (Verhaeghe 

et al. 2014), and for the GH130 family, with the discovery of -1,3- (Awad et al. 2017) and -1,2-

mannoside-phosphorylases (Chiku et al. 2014) from genomes of cultured strains. 

Structure prediction and docking experiments can also be very useful (Lobb and Doxey 2016). 

Examination of the active site and of the conservation of the catalytic residues is indeed probably the 

best way to predict if a CAZyme is a GH or a GP. When I started my PhD, it had indeed previously been 

showed that inverting GH130 enzymes can either be GHs when they possess the two canonical 

carboxylic amino acids required to catalyze hydrolysis reactions, or GPs when they possess only the 

proton donor and phosphate-binding residues (Ladevèze et al. 2013; Cuskin, Baslé, et al. 2015). 

Regarding retaining enzymes, some GH3 members were shown to act as phosphorylases rather than 

hydrolases because they use a His/Asp dyad as an acid/base catalyst rather than the standard Glu or Asp 

residues. This allows an anionic phosphate to enter in the active site, which is greatly disfavored when 

the active site bears a deprotonated carboxylate base directly adjacent to the anomeric center of the 

glycosyl enzyme (Macdonald, Blaukopf, and Withers 2015). In addition, more recently, it was shown 

that GH84 retaining hydrolases can be converted to efficient phosphorylases by a single point mutation 

of the acid base, from Asp to Asn (Teze et al. 2020). However, in 2016, such in depth-sequence analysis 

or structure prediction had never been attempted for GP discovery from metagenomes, which requires 

specific expertise and facilities to deal with the comparison and alignment of thousands sequences. 

To analyse such high numbers of sequences more easily than by using multiple sequence alignments 

and phyologenetic tree analyses, and to visualize sequence relationships in protein families, the Enzyme 

Function Initiative-Enzyme Similarity Tool (EFI-EST) was developed in 2015 

(http://efi.igb.illinois.edu/efi-est/ (Gerlt et al. 2015). This web tool, dedicated to all members of the 

biological/biomedical community, including non-bioinformaticians, automatically generates sequence 

similarity networks (SSNs) (Atkinson et al. 2009), based on pairwise sequence comparison. In an SSN 

(Figure 8), each sequence is represented by a node (symbol) and is connected with an edge (line) to the 

nodes for all other sequence that share a sequence similarity greater than a user-specified value. This 

approach allows highlighting unexplored sequence spaces, guiding biochemists to discover novel 

functions. SSNs have been used to split a glycoyl radical enzyme superfamily into different iso-

functional clusters, and to target the biochemical characterization efforts towards unexplored clusters of 

metagenomic sequences highly abundant in the human gut microbiome. This led to the discovery of a 

novel enzyme involved in the biosynthesis of L-proline, a key mediator of healthy microbiota-host 

symbioses (Levin et al. 2017). The SSNs-based approach had never been tested to analyze the diversity 

of CAZymes until very recently, when SSNs have been used to subdivide the multispecific GH16 family 

into 23 robust subfamilies (Viborg et al. 2019), and to unravel an subgroup of family AA5 containing 

an aryl alcohol oxidase with weak activity on carbohydrates (Mathieu et al. 2020). However, the CAZy 

database and the publically available metagenomic sequence datasets represent gold mines to explore 

with such approaches, to discover novel GPs. 

 

http://efi.igb.illinois.edu/efi-est/
https://www.sciencedirect.com/science/article/pii/S1570963915001120?casa_token=NhQclER24C8AAAAA:mzmSwmofmI1x-v3nCEcCjtN7YUS2lWeImRzyapykoCFy07x05eLesE6CIVDdSwrziDuV7uE5#f0010
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Figure 8: comparison of trees and sequence similarity networks. Panel A, a rooted phylogenetic tree 

created with ClustalW; panel B, the sequence similarity network using the same sequence set as shown 

in Panel A. (Gerlt et al. 2015) 
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Thesis objectives 

As introduced in the previous sections, GPs are widespread in many living organisms, in particular 

bacteria, in which they ensure, for most of them, the final steps of glycoside catabolism. In vitro, these 

enzymes are also highly interesting biocatalytic tools for glycoside synthesis. Despite this interesting 

feature, the diversity of known GPs is much lower than that of others carbohydrate active enzymes. 

Indeed, their prevalence in all living organisms, their role in carbohydrate metabolism and their 

biotechnological potential are probably underestimated, as they are often misannotated as glycoside 

hydrolases and glycosyltransferases in genomic and metagenomic datasets because of the structural and 

mechanistic similarities they share with them. 

When this project started, in November 2016, there were eight CAZy families containing GPs (GH3, 

GH13_Sub18, GH65, GH94, GH112, GH130, GT4 and GT35), against eleven today. In only three years, 

three families were indeed created after the biochemical characterization of new enzymes with GP 

activity (GH149, GH161 and GT108), highlighting the increasing interest that these enzymes currently 

generate. However, there was no mature approach to mine large sequence spaces for GP discovery. 

In this context, the main goal of my PhD project was to develop a novel a sequence-based approach of 

metagenome mining for GPs, in order to identify novel functions of carbohydrate breakdown in 

microbial ecosystems, and to design novel enzymatic routes for the synthesis of oligosaccharides. 

At the beginning of this project, several questions arised: 

• How to easily handle thousands CAZy sequences to highlight those that could code for putative 

GPs? 

• How to predict their linkage specificity? 

• What is the best strategy to rapidly validate GP activity and screen for substrate specificity? 

• What is the diversity, abundance and prevalence of GPs in gut microbiomes? 

• What are their physiological roles in these ecosystems?  

• Would some GPs display novel activities that are relevant for biotechnological applications, in 

particular for human health? 

 

The work carried out to address these questions is presented in the three following chapters. 
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Chapter 1 

As explained in the previous chapter, GPs are widespread in bacteria, even though some of them are 

found in archaea and in eukaryotes. When I started this project, it had been shown that GPs can be found 

in prominent human and bovine gut bacteria. However, only one GP had been identified from uncultured 

bacteria, the Uhgb_MP enzyme from the GH130 family, discovered in 2013 by Ladeveze et al. in the 

DiscOmics group where I performed my PhD work. We thus decided to develop an approach to mine 

large genomic and metagenomic datasets for new GPs, in order to better understand their physiological 

roles and their sequence/function relationships. I established to proof of concept of this strategy by 

targeting the GH130 CAZy family. This family indeed contains both phosphorylases and hydrolases, 

and its biochemically characterized members target mannosides of various structures and origins. In 

addition, GH130 enzymes are involved in several interactions between eukaryotes and prokaryotes in 

the human gut. Furthermore, they are biocatalytic tools of interest for the synthesis of high-added value 

mannosides for the food and health industries. 

In this chapter, I present the work carried out on this CAZy family, to analyze its functional and sequence 

diversity and to discover new GPs. To this aim, I tested the EFI-EST tool presented in the previous 

chapter to create sequence similarity networks. In the Enzymology pole of TBI, I was the first one to 

test this approach, which had never been used to analyze CAZyme diversity, at least in published works.  

In this study, Vincent Lombard, Nicolas Terrapon and Bernard Henrissat, from the CAZy team in 

Marseille (France), annotated the GH130 enzymes in the targeted metagenomes. Diego Morgavi, from 

INRAE Saint-Genès-Champanelle (France), provided us with the bovine rumen metagenomic dataset. 

Elisabeth Laville provided me with the sequence abundance and prevalence data in the human gut 

microbiome, and I performed their analysis. I miniaturized the molybdate blue assay to screen for GP 

activity in micro-plates, and with Laurence Tarquis I characterized the enzymes identified thanks to the 

sequence analysis that I performed. Simon Charnock and Darren Cook, from Prozomix in 

Northumberland (UK), provided me with some of the enzymes characterized in this study. David 

Guieysse performed the NMR analyses and David Ropartz, from the BIBS platform at INRAE of Nantes 

(France), the mass spectrometry ones. Julien Durand provided me with -mannoside standards and GPs 

with various specificities. Jeremy Esque helped me to manage large sequence datasets with the EFI-EST 

and Cytoscape tools, and supervised the phylogenetic analyses. This results presented here are described 

in a publication submitted to Microbial Genomics on February 27th, 2020.  

 

Analysis of the diversity of the Glycoside Hydrolase Family 130 in mammal 

gut microbiomes reveals a novel mannoside-phosphorylase function 

 

Data summary 

The GH130 amino acid sequences were collected from the manually curated CAZy database and from 

four public gut microbial gene datasets from human gut (GigaDB, DOI: 10.5524/100064, (Li et al. 

2014)), mouse gut (GigaDB, DOI: 10.5524/100114, (Xiao et al. 2015)), pig gut (EBI, PRJEB11755, 

(Xiao et al. 2016)) and bovine rumen (GigaScience Database, DOI: 10.5524/100391(Li et al. 2020)) 

automatically annotated with human supervision. The sequence accession numbers used in this study 

are listed in Table 1 (available in the online version of this article).  
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Introduction  

Mannosides occur in many living organisms, from microbes to plants and animals, in the form of homo- 

or hetero-polymers or glycoconjugates. They play a critical role in several cellular processes, such as 

cell wall structuring in plants (Brett and Waldron 1996), cell signaling, as key components of 

proteoglycans (Sharma, Ichikawa, and Freeze 2014), lipopolysaccharides and capsular polysaccharides 

in bacteria, yeasts, mammals and plants (Zeleznick et al. 1965),  and also as a carbohydrate storage 

polymer in certain parasites (Zhang and Beverley 2019). Mannoside synthesis is mostly carried out by 

glycoside transferases (GTs) from mannose diphosphonucleotides, whereas mannoside degradation is 

carried out by glycoside hydrolases (GHs). These enzymes are very diverse in terms of structures, 

mechanisms and specificities, as indicated by their respective membership to 13 and 15 different GT 

and GH families, respectively, in the classification of carbohydrate-active enzymes (CAZy database, 

http://www.cazy.org/, (Lombard et al. 2014)). In addition, mannoside synthesis and degradation can also 

be performed by mannoside phosphorylases (GPs). The latter enzymes, which are classified in related 

CAZy families GH130 (Senoura et al. 2011) and GT108 (Sernee et al. 2019), breakdown -mannosides 

in the presence of inorganic phosphate to generate -mannose-1-phosphate (Man1P), through an 

inverting phosphorolytic mechanism. They can also act as -mannoside-synthases from Man1P and 

glycosyl acceptors, in the so-called reverse-phosphorolysis reaction. The newly created GT108 family 

contains only six characterized members, all acting on mannogen, a linear -1,2-polymannoside. In 

contrast, the GH130 family is much more polyspecific, with 18 characterized members, of which 3 are 

-1,2-mannosidases (Cuskin et al. 2015; Nihira et al. 2015) and 14 are glycoside phosphorylases acting 

on a large variety of substrates such as  -1,4-mannooligosaccharides (Kawahara et al. 2012; Chekan et 

al. 2014; Ye et al. 2016; La Rosa et al. 2019; Grimaud et al. 2019), -1,4-mannosyl-N-acetyl-

glucosamine (Nihira et al. 2013), -1,4-mannosyl-N,N’-diacetylchitobiose (Ladevèze et al. 2013), -

1,2-mannobiose (Chiku et al. 2014; Tsuda et al. 2015), -1,2-oligomannans (Chiku et al. 2014) and -

1,3-mannobiose (Awad et al. 2017). Their large diversity of specificities, the tolerance of some enzymes 

towards acceptors, and their ability to generate Man1P through phosphorolysis of cheap substrates for 

the synthesis of various heteromannosides, makes GH130 glycoside phosphorylases attractive enzymes 

for the in vitro synthesis of -mannosidic linkages, which are considered to be some of the most 

challenging glycosidic linkages in synthetic carbohydrate chemistry (Tang and Pohl 2015). However, 

the functional and sequence diversity of GH130 enzymes, and their role in the functioning of ecosystems, 

are underinvestigated.  Less than 1% of the 2,142 GH130 enzymes listed in the CAZy database (release 

08/01/2020) have been biochemically characterized. In order to predict the specificity of enzymes in 

this family that are still uncharacterized, in 2013 we proposed a classification into two subfamilies, 

namely GH130_1, strictly acting on -1,4-mannosyl-glucose, and GH130_2, targeting -1,4-mannosyl-

N,N’-diacetylchitobiose (the core oligosaccharide of N-glycans), or -1,4-mannooligosaccharides 

(Ladevèze et al. 2013). This subfamily analysis also revealed one heterogeneous GH130_NC sequence 

cluster, which was later shown to include enzymes of various specificities and mechanisms, such as -

1,2-mannosidases (Cuskin et al. 2015; Nihira et al. 2015), -1,2-mannobiose- and -1,2-oligomannan-

phosphorylases (Chiku et al. 2014; Tsuda et al. 2015), and a -1,3-mannobiose-phosphorylase (Awad 

et al. 2017). Even though these early subfamilies are still used today (La Rosa et al. 2019), we wished 

to perform a new analysis based on the greater sequence diversity available today. Indeed, the number 

of GH130 sequences listed in the CAZy database alone is now almost six times larger than in 2013. 

Because the CAZy database only lists sequences from daily releases from GenBank, we also wished to 

include a number of metagenomic GH130 sequences not present in CAZy in our novel analysis, as these 

may reveal a diversity not yet present in GenBank.  

http://www.cazy.org/
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The Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) was developed in 2015 

(http://efi.igb.illinois.edu/efi-est/ (Gerlt et al. 2015)) to rationalize the search of sequences of interest in 

large datasets. This web tool automatically generates sequence similarity networks (SSNs) to visualize 

sequence relationships in protein families (Atkinson et al. 2009). SSNs have recently been used to search 

for new functions in the glycyl radical enzyme superfamily, a class of prominent enzymes in the human 

gut microbiome (Levin et al. 2017), and to subdivide the multispecific GH16 family into 23 robust 

subfamilies (Viborg et al. 2019).  

In the present study, we used SSNs to analyze the diversity of GH130 sequences listed in the CAZy 

database, and in four metagenome datasets selected from mammalian guts, as ecosystems that are rich 

in mannosides of various origins and structures (Ladevèze et al. 2017). By segregating the GH130 

sequences into iso-functional meta-nodes and analyzing the conservation of the active site residues 

involved in catalysis and substrate accommodation, we uncover a strategy to distinguish GPs from GHs 

and to predict their linkage specificity. We tested our predictions by biochemically characterizing 

members of the unexplored meta-nodes. This study allowed us to reveal a new function of 

heteromannoside degradation and synthesis. 

 

Methods 

GH130 sequence mining in mammal gut metagenomes 

The GH130 sequences were identified from the metagenomic sequence datasets following a procedure 

previously described for other metagenomics analyses (Svartström et al. 2017). The procedure consisted 

of a BLAST (Altschul et al. 1990) search of the protein sequences against the full-length GH130 

sequences included in the CAZy database (http://www.cazy.org) in November 2018, using a cut-off E-

value of 10-6. Sequences that aligned over their entire length with a GH130 sequence in the database 

with >50% identity were directly assigned to the GH130 family. The remaining sequences were 

subjected to a sequence similarity search using the Hidden Markov models (HMMER v3) built for each 

CAZy family, allowing identification of the CAZy family they belong to (Lombard et al. 2014).  

Sequence similarity networks 

The web-based Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) 

(http://efi.igb.illinois.edu/efi-est) (Gerlt et al. 2015) was used to construct sequence similarity networks 

(SSNs) from the GH130 sequences retrieved from the CAZy database in November 2018 (1,592 

sequences) and from the 4 metagenomes (4,714 sequences), plus two sequences of recently 

characterized GPs (VCV21229.1 and VCV21228.1), with E-value thresholds between 10-30 and 10-90. 

The node networks were visualized using Cytoscape 3.2 (https://cytoscape.org/ (Shannon et al. 2003)). 

Analysis of sequence similarity 

The CD-HIT program was used to analyze sequence redundancy within and between the datasets 

(http://weizhong-lab.ucsd.edu/cdhit-web-server/cgi-bin/index.cgi) (Huang et al. 2010). For each GH130 

sequence selected for biochemical characterization, the most similar sequence was identified from the 

CAZy database using BLAST, with the NIH blastp default search parameters 

(https://blast.ncbi.nlm.nih.gov). The conservation of active site residues was analyzed using multiple 

sequence alignments performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The 

http://efi.igb.illinois.edu/efi-est/
http://www.cazy.org/
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=VCV21229.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=VCV21228.1
https://cytoscape.org/
http://weizhong-lab.ucsd.edu/cdhit-web-server/cgi-bin/index.cgi
https://www.ebi.ac.uk/Tools/msa/clustalo/
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alignments were corrected in the region containing residue K199 (reference sequence AAO78885.1), 

according to available structural information. 

Phylogenetic analysis 

First, a multiple structural alignment using mustang 3.2.2 (Konagurthu et al. 2006) was performed with 

the 11 GH130 sequences associated to a PDB code (1VKD, 3QC2, 3R67, 3TAW, 3WAS (Nakae et al. 

2013), 4ONZ, 4UDG (Ladevèze et al. 2015) , 5A7V (Cuskin et al. 2015), 5AYC (Ye et al. 2016), 5AYE 

(Ye et al. 2016) and 5B0R (Tsuda et al. 2015) . Then, 10 sequences for each of the 15 meta-nodes (150 

sequences in total) were chosen, including the 18 characterized sequences and 132 randomly chosen 

sequences. The multiple structural alignment was used to guide the multiple sequence alignment of the 

whole dataset (150 sequences) using MAFFT and the G-INS-i strategy (Iterative refinement, using WSP 

and consistency scores, of pairwise Needleman-Wunsch global alignments) (Katoh and Standley 2013). 

Finally, a phylogenetic tree was constructed by setting 1000 bootstrap replicates using the default 

neighbor-joining method (Katoh and Standley 2013; Naruya Saitou and Nei 1987) and was visualized 

with iTOL (Letunic and Bork 2016). 

Signal peptide detection  

Signal peptides were predicted using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) 

(Nielsen 2017).  

Analysis of sequence prevalence and abundance in the human gut metagenome 

The prevalence and abundance of the GH130 genes in the human gut microbiome were calculated from 

the abundance table of 9.9 million genes from the human gut metagenomes of 1,267 subjects 

(http://meta.genomics.cn/meta/dataTools, (Li et al. 2014)).  

Chemicals 

The reverse phosphorolysis reaction was tested using different acceptors and donors, as follows: 

i) Acceptors: D-glucose (Glc) and D-fructose (Fru) (VWR Chemicals BDH), D-mannose 

(Man), D-galactose (Gal), N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine 

(GalNAc), L-arabinose  (Ara), L-rhamnose (Rha), D-xylose (Xyl), D-glucuronic acid (GlcA) 

(Sigma Aldrich), D-glucosamine (GlcN), N-acetyl-D-mannosamine (ManNAc) and D-

galacturonic acid (GalA) (Carbosynth);  

ii) Donors: -D-glucose-1-phosphate (Glc1P), -D-mannose-1-phosphate (Man1P), -D-

galactose-1-phosphate (Gal1P), -D-N-acetyl-glucosamine-1-phosphate (GlcNAc1P) 

(Sigma Aldrich); -D-glucose-1-phosphate (Glc1P) (Carbosynth). -1,4-mannobiose, -

1,4-mannotriose (Megazyme), -1,3-mannobiose and -1,2-mannobiose (Carbosynth) were 

used as standards. The sodium molybdate reagent and L-ascorbic acid were purchased from 

Sigma Aldrich. 

The hydrolysis reaction was assessed using various pNP-substrates : 4-nitrophenyl -L-

arabinopyranoside; 4-nitrophenyl -L-arabinopyranoside; 4-nitrophenyl -D-mannopyranoside; 4-

nitrophenyl -D-mannopyranoside; 4-nitrophenyl -D-glucopyranoside; 4-nitrophenyl -D-

glucopyranoside; 4-nitrophenyl -D-galactopyranoside; 4-nitrophenyl -D-galactopyranoside; 4-

nitrophenyl -D-galactofuranoside; 4-nitrophenyl -L-fucopyranoside; 4-nitrophenyl -L-

http://www.cbs.dtu.dk/services/SignalP/
http://meta.genomics.cn/meta/dataTools
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fucopyranoside; 4-nitrophenyl -D-fucopyranoside; 4-nitrophenyl--D-glucopyranosiduronic acid; 4-

nitrophenyl -D-xylopyranoside and 4-nitrophenyl -L-rhamnopyranoside (Megazyme). 

Enzyme production  

The genes encoding U3, U6 and U7 were synthesized by Biomatik Limited (Cambridge, Ontario, 

Canada), with optimization of codon usage for expression in E. coli, andcloned in the pET-23a(+) vector, 

in fusion with N- and C-terminal (His)6 tags, and expressed in the E. coli BL21-DE3 star strain. The 

recombinant E. coli cells were cultured overnight at 37°C in  auto-inducible medium ZYM5052, 

supplemented with100 µg/ml ampicillin. The cells were harvested by centrifugation for 5 min at 5,000 

rpm, before being resuspended and concentrated in 20 mM Tris-HCl, pH 7.0 to obtain a final OD600 nm 

of 80. They were then lysed by sonication. The cell debris were centrifuged at 13,000 rpm for 10 minutes 

and the cytoplasmic extracts were filtered using a 0.20 μm Minisart RC4 syringe filter.  

The U1 and U4 enzymes were produced with an N-terminal (His)6 tag by Prozomix (Northumberland, 

UK), and provided in the form of cell free extract powder. 

Enzyme purification 

The recombinant E. coli BL21-DE3 star cells were harvested, resuspended in the TALON buffer (20 

mM Tris-HCl, pH 7.0, 300 mM NaCl) at OD600 nm 80, and lysed by sonication.The supernatant was 

collected after centrifugation at 13,000 rpm for 10 minutes and the cytoplasmic extracts were filtered 

using a 0.20 μm Minisart RC4 syringe filter. For U1 and U4, the cell free extract powder was solubilized 

in the TALON buffer, at 10 mg mL-1. 

The cytoplasmic extracts in the TALON buffer were subsequently applied to a TALON resin loaded 

with cobalt (GE Healthcare), washed with 20 mM Tris-HCl, pH 7.0, 300 mM NaCl, then eluted with 20 

mM Tris-HCl, pH 7.0, 300 mM NaCl, 20 mM imidazole. The purified protein was eluted with 20 mM 

Tris-HCl, pH 7.0, 300 mM NaCl, and 200 mM imidazole. Lastly, the purified protein was desalted using 

a PD-10 column (GE Healthcare) and recovered in 20 mM Tris-HCl, pH 7.0. The protein concentration 

was determined by spectrometry using a NanoDrop (Thermo Fisher Scientific, Waltham, MA).  

Acceptor and donor specificity screening 

All enzymatic reactions were carried out at 37 °C. The Molybdenum Blue Activity Assay was used to 

assess the release of inorganic phosphate during reverse phosphorolysis (Gawronski and Benson 2004; 

De Groeve et al. 2010; Macdonald et al. 2019). The reaction mixture was composed of 45 µL of purifed 

enzyme (fnal concentration 0.03 mg ml−1 for U1 and U3, and 0.0025 mg ml−1 for U7) in 255 µl of a 

solution containing 20 mM Tris/HCl (pH 7.0), 200 mM sodium molybdate, 10 mM sugar-1-phosphate 

and 10 mM monosaccharide (fnal concentrations). 

At sampling times, 50 µL of the reaction mixture were transferred to a 96-well plate containing, per 

well, 150 µL of a L-ascorbic acid solution 0.24% (w/v) in 0.1 N HCl. After incubation at room 

temperature for 5 min, 150 µL of stop solution (2% (v/v) acetic acid and 2% (w/v) sodium citrate tribasic 

dihydrate) were added to stop the reaction. The absorbance was measured at 655 nm using a microplate 

reader (InfiniteM200pro; TECAN). One unit of activity corresponds to the amount of enzyme that 

catalyzes the production of 1 µmol of inorganic phosphate min−1 in the assay conditions 

Hydrolysis assays 
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The hydrolytic activity of the purified enzymes was quantified by monitoring the hydrolysis of pNP-

glycosides (list above). Assays were performed for 1h at 37°C in 96-well microtiter plates. The reaction 

mixture was composed of 1mM (final concentration) pNP-glycosides in 140 μL of 20 mM Tris-HCl 

buffer, pH 7.0, and of 40 μL of 1 mg mL-1 of purified enzyme.  Para-nitrophenol (0 to 1mM) was used 

as standard. The reaction was stopped by adding 180 μL of 200 mM Na2CO3. At the initial and fnal 

reaction times, the OD was measured at 405 nm with a microplate reader (InfiniteM200pro; TECAN). 

Mannoside synthesis  

The synthesis of manno-oligosaccharides by reverse-phosphorolysis was performed over 24h at 37°C 

in a total reaction volume of 100 µL, with 0.1 mg mL-1 purified protein, 10mM Man1P and 10 mM 

acceptor in 20 mM Tris-HCl buffer, pH 7.0. The variation of substrate and product amounts was assessed 

by high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-

PAD).  

HPAEC-PAD analysis 

Carbohydrates and Man1P were separated on a 4×250mm Dionex CarboPack 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 flow rate of 1mL min-1. Detection was performed by using a 

Dionex ED40 module with a gold working electrode and an Ag/AgCl pH reference. 

NMR Spectroscopy 

All spectra were acquired using a Bruker Advance 500-MHz spectrometer with a 5-mm z-gradient TBI 

probe at 298 K, and an acquisition frequency of 500.13 MHz for 1H and 125.75 MHz for 13C NMR. The 

data were processed using TopSpin 3.0 software. The freeze-dried reaction media and standards were 

re-suspended in deuterated water. Deuterium oxide was used as the solvent and the chemical shift scales 

were internally referenced to sodium 2,2,3,3-tetradeuterio-3-trimethylsilylpropanoate (d4-TSP) for 1H 

and to the non-deuterated acetone (singlet at 30.89 ppm) for 13C NMR. The various signals were 

assigned by comparison with signals obtained from D-mannose, D-glucose, Man1P, -1,4-D-

mannobiose (Megazyme, Irleland), and -1,3-mannobiose (Carbosynth, UK). Usual 2D techniques such 

as TOCSY, HSQC, and HMBC were used. 

Mass spectrometry 

The reverse-phosphorolysis reaction performed with U1 was analyzed by mass spectrometry (MS), on 

a Synapt G2 Si HDMS (Waters Corp., Manchester, UK) equipped with a LockSpray Exact Mass 

Ionization Source (Electrospray ion source, ESI). The instrument was operated in positive polarity in 

the sensitivity mode. The parameters used for electrospray were as follows: capillary voltage: 2.1 kV; 

sampling cone: 70; desolvation temperature: 120°C; desolvation gas: 350 L h-1. The tandem MS 

(MS/MS) measurement was performed in the transfer cell of the triwave setting using an energy of 22. 

After drying, the sample was solubilized in H2O/MeOH and infused at a flow rate of 5 μL min-1. MS 

and MS/MS measurements were recorded for 30 seconds. Data were acquired using MassLynx 4.1 and 

processed using Mmass 5.5.0 (Niedermeyer and Strohalm 2012). The MS/MS spectrum was annotated 

according to the nomenclature of Domon and Costello (Domon and Costello 1988).  

 

Results 



76 

 

GH130 sequence mining in mammal gut microbiomes 

In order to extend the GH130 diversity from the genomic to the metagenomic sequence space, 4 mammal 

gut metagenomes, totaling 33,962,473 genes, were searched for sequences containing at least one 

GH130 module (Figure 1A). Respectively GH130 sequences were retrieved from the human, mouse, 

pig and bovine gut metagenomes (1,205, 467, 681 and 2,361 sequences respectively, making a total of 

4,714) (Table 2). The relative numbers of GH130 genes in these four datasets are of the same order of 

magnitude, varying from 6×10
-3

 to 26×10
-3

% of the genes in each metagenome. Te proportion of 

sequences that lack N- and/or C-terminal ends varies between 31–66%.Logically, the larger is the N50 

assembled contig length in the metagenomic dataset and the smaller is the percentage of fragmentary 

sequences. Most of the metagenomic sequences contain one single catalytic module. Only 19 combine 

a GH130 module with a GH2, GH43, GH92, GH127, or with a GH142, module (Table 3). This very 

low number of multi-modular sequences is probably not due to gene fragmentation in the metagenomic 

datasets, since only six of the 1,592 sequences listed in the CAZy database as of November 2018 are 

multimodular (GH130-GT81 and GH130-GH130 modular combinations). None of the CAZy or 

metagenomic sequences contains a CBM domain. Of the 4,714 metagenomic sequences, only 0.7% (31 

sequences) are fully identical to sequences already listed in the CAZy database. Among the 

metagenomic sequences, only 0.5% (24 sequences) are identical. With a threshold of 90% sequence 

identity, sequence redundancy between each metagenome and the CAZy database does not exceed 

10.7%. Between the metagenomes, it reaches 51.5%, highlighting the similarities between mammal gut 

microbiomes regarding these mannoside-metabolizing enzymes (Table 2).  

 



77 

 

 
Figure 1: Strategy of glycoside phosphorylase discovery by metagenome mining. (A), the human, bovine, 

pig and mouse gut metagenomes were mined for GH130 sequences, by comparing the GH130 sequences 

of the CAZy database and the HMM built for each CAZy family to each metagenome; (B), sequence 

similarity networks were constructed using the EFI-EST webtool; (C), for each SSN meta-node, the 

mechanism of glycosidic linkage breakdown (phosphorolysis or hydrolysis) and linkage specificity were 

predicted based on detection of signal peptides and analysis of the conservation of the residues involved 

in catalysis and substrate binding; (D), for each uncharacterized SSN meta-node, the most abundant 

and prevalent sequences of the human gut microbiome were identified for biochemical characterization; 

(E), biochemical characterization of the new glycoside phosphorylases, by screening acceptor and 

donor specificity (analysis of the rate of inorganic phosphate release during the reverse-phosphorolysis 

reaction, using the Molybdenum Blue Activity Assay), and by elucidating the structure of the synthesized 

mannosides by HPAEC-PAD, NMR and MS.  
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Table 2: Diversity of metagenomic GH130 sequences in mammal gut metagenomes 

Data bases GH130 sequences  

Metagenome 
Number 

of genes 

N50 

average 

contig 

length (kb) 

Number of 

GH130 

sequences  

% of 

GH130 

Number of 

complete 

sequences 

Number of 

multimodular 

sequences 

Number of redundant 

sequences with those of 

the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 1,205 12×10
-3

 676 (56 %) 3 22 210 

Mouse 7,685,872 6.6 467 6×10
-3

 324 (69 %) 0 7 53 

Pig 2,572,074 1.87 681 26×10
-3

 298 (44 %) 0 1 62 

Bovine 13,825,880 0.91 2,361 17×10
-3

 800 (34 %) 16 1 180 

Total 33,962,473 - 4,714 - 2,098 19 31 505 

Redundancy between metagenomes 24 2,426 

 

Table 3: List of the multi-modular sequences containing a GH130 module, and their location in the 

SSN meta-nodes. 

Sequence ID Modularity SSN Cluster 

CAZy DB 

ACY49488.1 GH130-GH130 small meta-node (<20 sequences) 

AEN74517.1 GH130-GH130 small meta-node (<20 sequences) 

AKM78124.1 GH130-GH130 small meta-node (<20 sequences) 

AKM83974.1 GH130-GH130 small meta-node (<20 sequences) 

CCP27154.1 GH130-GT81 small meta-node (<20 sequences) 

AEE92278.1 GH130-GT81 small meta-node (<20 sequences) 

Human metagenome 

DOM025_GL0036051 GH130-GH92 Singletons 

MH0378_GL0079806 GH92-GH130 C3 

MH0369_GL0053907 GH127-GH130_distantly related small meta-node (<20 sequences) 

Rumen metagenome 

0081_GL1521727 GH130-GH78 C3 

3042_GL0231557 GH130-GH78 C3 

0081_GL0217456 GH130-GH78 C3  

7049_GL1068002 GH2-GH130 C3 

554_GL2279888 GH92-GH130 C3 

7049_GL1012174 GH92-GH130 C3 

2009040_GL1278742 GH43-GH130 C3 

555_GL0472243 GH130_dist-GH142 UC4 

555_GL1429890 GH130_dist-GH142 UC4 

0081_GL0027620 GH130_dist-GH142 UC4 

0081_GL1803283 GH130_dist-GH142 UC4 

2009040_GL1002494 GH130_dist-GH142 UC4 

7049_GL0472254 GH130_dist-GH142 UC4 

7049_GL0484382 GH130_dist-GH142 UC4 

552_GL1270477 GH130_dist-GH142 UC4 

554_GL0058843 GH130_dist-GH142 UC4 

 

 

Sequence diversity in the GH130 family  

To analyze sequence diversity in the GH130 family, we constructed SSNs with the 1,592 sequences 

from the CAZy database, plus 2 sequences corresponding to recently characterized GPs, the 4,714 

metagenomic sequences (Figure 1B). The low number of identical sequences does not affect 

clusterization, since they appear in the same nodes. We also checked that the presence of the four multi-

modular GH130-GH130 sequences in our dataset (Table 3) did not create erroneous edges between 

otherwise distinct meta-nodes. Taken independently, the sequences of each of the modules indeed gather 

in the same meta-node. Different E-value thresholds (10-30 and 10-90) were tested to construct the SSNs 
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(Figures 2 and 3). For each SSN, we mapped the known functions of the 18 characterized GH130 

sequences on the meta-nodes obtained. We defined isofunctional clusters as meta-nodes containing 

characterized members with the same osidic linkage and acceptor specificities. The optimal E-value 

threshold was defined as the highest threshold yielding to the separation of the sequences into the 

maximum number of isofunctional meta-nodes. Optimal clusterization was obtained by setting an E-

value threshold of 10-70, corresponding to 63% sequence identity (Figure 2).  

In this optimal configuration, we obtained five isofunctional meta-nodes (meta-nodes C1, and C3 to C6, 

Figure 2). The characterized GPs targeting -1,2-mannosides appear in two different meta-nodes (C4 

and C6). This result cannot be explained by differences of specificity towards -1,2-mannosides of 

various chain lengths, since meta-node C6 contains both a -1,2-mannobiose phosphorylase and a -

1,2-oligomannan phosphorylase.  Conversely, the GPs acting on -1,4-Man-GlcNAc and on -1,4-

mannosides (sequences belonging to the former GH130_2 subfamily) are grouped in the same meta-

node (C2), apart from the those targeting -1,4-Man-Glc (former GH130_1 subfamily). It was not 

possible to obtain an SSN representation grouping GPs which act on -1,2-mannosides into one single 

meta-node while splitting them out from those acting on -1,3- mannosides (C5, Figure 3). In addition, 

even at the lowest E-value tested (10-90), the characterized sequences targeting -1,4-Man-GlcNAc and 

-1,4- mannosides are still grouped in the same meta-node. This may be due to the high promiscuity 

towards acceptors of these enzymes, as demonstrated for the RaMP2, BT1033 and Uhgb_MP enzymes 

(Kawahara et al. 2012; Nihira et al. 2013; Ladevèze et al. 2013).  
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Figure 2: Protein sequence similarity network (SSN) of the 6,308 GH130 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-70. Each of the 3,637 nodes 

contains sequences with more than 70% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 63%. In this figure, the 694 sequences appearing in 641 singletons have been 

omitted. Red nodes containing biochemically characterized members, belonging to meta-nodes C1 to 

C6. The meta-nodes containing at least 20 sequences and with no characterized members are labelled 

as UC1 to UC9. (A), nodes colored according to the origin of the sequences: sky blue, CAZy database; 

pink, human gut metagenome; green, mouse gut metagenome; black, pig gut metagenome; orange, 

bovine rumen metagenome. (B), nodes colored according to the meta-node they belong to. 
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Figure 3: Protein sequence similarity networks (SSNs) of the 6,308 GH130 sequences from the CAZy 

database and from gut metagenomes, with various E-value thresholds. The 3,637 nodes contain 

sequences with more than 70% identity. Red nodes correspond to biochemically characterized members 

of the GH130 family. Other nodes are colored according to the meta-node they belong to in the optimal 

SSN, obtained with the E-value threshold 10-70. (A), E-value threshold 10-30, corresponding to 32% 

sequence identity; the 79 sequences appearing in 78 singletons have been omitted from the figure. (B), 

E-value threshold 10-40, corresponding to 41% sequence identity; the 189 sequences appearing in 177 

singletons have been omitted from the figure. (C), E-value threshold 10-50, corresponding to 53% 

sequence identity; the 333 sequences appearing in 315 singletons have been omitted from the figure. 

(D), E-value threshold 10-60, corresponding to 61% sequence identity; the 491 sequences appearing in 

457 singletons have been omitted from the figure. (E), E-value threshold 10-80, corresponding to 64% 

sequence identity; the 896 sequences appearing in 826 singletons have been omitted from the figure. 

(F), E-value threshold 10-90, corresponding to 65% sequence identity; the 1130 sequences appearing in 

1027 singletons have been omitted from the figure.  

 

 

The optimal SSN contains 15 meta-nodes containing more than 20 sequences each, this is 1 of the criteria 

used to define subfamilies in the CAZy database (Viborg et al. 2019). Six meta-nodes contained 

characterized enzymes (meta-nodes C1 to C6). The other nine meta-nodes (UC1 to UC9) did not contain 

characterized sequences and were therefore investigated for their functions. In addition to these meta-

nodes, the SSN also contains 20 meta-nodes with fewer than 20 sequences, and 641 singletons sharing 

less than 63% identity with the sequences in meta-nodes. These small meta-nodes and singletons contain 

798 sequences, which correspond to 12.7% of the 6,308 sequences used to construct the SSN. They 

correspond to small sequences, of less than 292 amino acids in size, which is the length of the shortest 

full-length GH130 sequence indexed in the CAZy database (CEP78012.1). These short sequences 

appearing as singletons represent the majority (94%) of the incomplete metagenomic sequences. The 

longest sequences correspond to the few multi-modular proteins, which are distributed in different meta-

nodes, in particular C3 and UC4 (Tables 1 and 3).  
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Prediction of mechanism  

In order to support the functional assignment of meta-nodes containing characterized proteins, and to 

predict the function of the members of the uncharacterized SSN meta-nodes, we predicted the 

mechanism of osidic linkage breakdown (phosphorolysis or hydrolysis) for all the meta-nodes, based on 

three criteria (Figure 1C). The first one was the presence or absence of a signal peptide in the sequences. 

Because GPs need intracellular phosphate to perform phosphorolysis, we assumed that they were all 

cytoplasmic enzymes. To test this hypothesis, we predicted the presence or absence of a signal peptide 

in all the sequences of characterized GPs from the GH3, GH13_18, GH65, GH94, GH112, GH130, 

GH149, GH161, GT4, GT35 and GT108 families, using the SignalP 4.1 server. No signal peptide was 

detected. In addition, none of the sequences from the GH130 SSN meta-nodes containing characterized 

GPs was predicted to have a signal peptide (Table 4). Conversely, the meta-node containing the 

characterized GHs (-1,2-mannosidases) contained sequences with signal peptides (for example, two of 

the three characterized members). Based on this finding, we considered that the meta-nodes containing 

sequences with a predicted signal peptide do not include GPs. 

The second criterion was the conservation of the catalytic machinery. As previously shown for GH130 

enzymes (Cuskin et al. 2015; Ladevèze et al. 2013), inverting GPs indeed require a single catalytic 

amino acid to perform the catalytic event, with phosphate playing the role of a catalytic base . 

Conversely, inverting GHs require the presence in their catalytic site of an additional carboxylic amino 

acid acting as a catalytic base to catalyze the hydrolytic reaction. We thus examined the conservation of 

the catalytic proton donor Aspartate (D), and searched for D or Glutamate (E) residues which may act 

as a catalytic base, by aligning the non-truncated sequences of each meta-node with those of the 18 

phosphorylases and hydrolases characterized previously. Sequences ADD61463.1 and AAO78885.1 

were chosen as references for amino acid numbering (Table 4). We assigned the GP activity to the meta-

nodes where more than 95% (to take into account the rare shifts in the automatic multiple sequence 

alignments) of sequences included the putative catalytic donor but lacking the catalytic base, and the 

GH activity to those where more than 95% of sequences contained the two putative catalytic residues.  

The final criterion was the conservation of the phosphate binding residues in GP-encoding sequences. 

By examining the multiple alignments in each meta-node, we assigned the GP activity to the meta-nodes 

where more than 90% of sequences included the arginine/histidine (R/H) pair described as being 

involved in Pi binding (Ladevèze et al. 2015). Conversely, all the sequences clustering with the 

characterized GHs lack the phosphate binding residues. An overview of this analysis is given in Figure 

4, highlighting key regions in the multiple sequence alignment, as proton donor, putative catalytic base, 

+1 subsite and Pi binding site. 

Based on the three criteria, we assigned all UC meta-nodes except UC4 to GPs. It is noted that meta-

node UC3 has 15 sequences (< 10%) where the phosphate binding residue H is replaced by Tyrosine 

(Y). This variation in phosphate binding residues have already been described in other GP-containing 

families, such as members of family GH13_18 (Wildberger, Todea, and Nidetzky 2012).  In the 

sequences belonging to the meta-node UC4, the catalytic and phosphate binding residues are not 

conserved, but the presence of a signal peptide in some of these sequences suggests that they could be 

hydrolases. 
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Table 4: Presence of signal peptides and conserved residues in the sequences of each SSN meta-node. 

The proven activities are mentioned in bold type. 

 

 

 

Reference sequences 

Catalytic residues Phosphate 

binding 

residues 

Subsite +1 

Predicted 

mechanism 

and linkage 

specificity 

Proton 

donor_D 

Catalytic 

base_E/D 

-1-4_Man_GlcNAc phosphorylase ADD61463.1 

Ladevèze et al., 2013 

D 

1 

0 

4 

_ 

R 

1 

6 

8 

H 

2 

3 

1 

R 

5 

9 

Y 

1 

0 

3 

R 

1 

5 

0 

D 

3 

0 

4 

-1,2-Mannosidase AAO78885.1 

Cuskin et al.,2015 

D 

1 

4 

2 

E 

2 

2 

7 

_ _ 

R 

8 

9 

E 

1 

4 

1 

K 

1 

9 

9 

D 

3 

6 

3 

Meta-node 

Numbers of full length 

sequences in 

CAZy/metagenomes/Total 

SignalP 
Catalytic residues Phosphate 

binding 

residues 

+1 Subsite Proton 

donor_D 

Catalytic 

base_E/D 

C1 221/836/1057 No D _ R H R Y R D GPs--1-4 

C2 268/757/1025 No D _ R H R Y R D GPs--1-4 

C3 113/152/265 Yes D D/E _ _ R E K D GHs--1-2 

C4 290/76/366 

295/366 

No D _ R H 

R E K D 

GPs--1-2 

70/366 R E R D 

C5 42/70/112 No D _ R H R E R D GPs--1-3 

C6 85/0/85 No D _ R H R E K D GPs--1-2 

UC1 31/66/97 No D _ R H R Y R D GPs--1-4 

UC2 199/0/199 No D _ R H R E K D GPs--1-2 

UC3 135/18/153 

124/153 

No D _ R H 

R/D E K D GPs--1-2 

7/153 R/D E R 

D 

GPs--1-3 

14/153 R/D Y R GPs--1-4 

UC4 0/53/53 Yes _ _ _ _ S M N _ GHs 

UC5 61/0/61 No D _ R H R E K D GPs--1-2 

UC6 0/11/11 No D _ R H R I R D GPs 

UC7 9/10/19 No D _ R H R E R D GPs--1-3 

UC8 26/7/33 No D _ R H R E K D GPs--1-2 

UC9 29/0/29 No D _ R H R E K D GPs--1-2 
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Figure 4: Multiple sequence alignment of all the characterized GH130 enzymes, including U1, U3 and 

U7.  

 

Prediction of linkage specificity  

In order to predict the linkage specificity of the enzymes assigned to uncharacterized meta-nodes, we 

studied the conservation of the residues involved in the recognition and accommodation of the acceptor 

at the +1 subsite (R59, Y103, R150, D304 residues, ADD61463.1 numbering, Table 4), based on the 

functional and structural knowledge of the previously characterized GH130 enzymes (Cuskin et al. 2015, 

201; Ye et al. 2016; Tsuda et al. 2015; Ladevèze et al. 2015; Nakae et al. 2013). Firstly, the UC4 

sequences do not contain any of these conserved residues. As they also lack the GH130 catalytic residues, 

we consider these sequences as very distant from the other GH130 enzymes, which correlates with the 

fact that this meta-node was the first to separate from the other large meta-nodes in the SSN constructed 

with an E-value threshold of 10-30, corresponding to 32% sequence identity (Figure 3). This was 

confirmed by constructing a phylogenetic tree representing the distances between 10 sequences of each 

meta-node (Figure 5).  

In all the characterized meta-nodes and in UC1, UC3, UC7 and UC8, residue R59 is more than 98% 

conserved, regardless of the linkage specificity of the enzymes. The Y103 residue is also conserved in 

more than 98% of the sequences of the two meta-nodes containing characterized members targeting -

1,4-mannosides (C1 and C2), but is replaced by an E in more than 99% of sequences of the three meta-

nodes with members targeting -1,2-mannosides (with a gap at this position for two sequences). An E 

is also observed in more than 80% of the sequences of the C5 meta-node, otherwise it is a Glutamine 

(Q). These isosteric Q and E residues thus may have the same function, although it is not yet proven. 

The residue at position Y103 thus seems to be involved in linkage specificity, although it is not its only 

determinant. Residue R150 is conserved in 99% of the sequences of the meta-nodes targeting -1,4 and 

-1,3 mannosides. This residue is also strictly conserved in uncharacterized meta-nodes UC1, UC6 and 

UC7, and in 18% of the UC3 sequences. It is replaced by a Lysine (K) in 90% of sequences of the meta-

nodes targeting -1,2-mannosides, the remaining 10%, which belong to C4, having an R. A K is also 

present in meta-nodes UC2, UC5, UC8 and UC9, and in 82% of UC3. It was previously proposed that 

this K residue confers -1,2-linkage specificity to GH130 enzymes (Cuskin et al. 2015). Lastly, D304 

is conserved in more than 99% of the sequences of all meta-nodes except UC4, and is thus not involved 

in linkage specificity.  
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Based on these results, we identified the pairs of residues corresponding to the residues Y103 and R150 

in ADD61463.1 as the determinants of linkage specificity. The Y/R pair is conserved in all characterized 

GH130s that target -1,4-mannosides, the E/K pair in all those that target -1,2-mannosides, and the 

E/R pair in all those that target -1,3-mannosides (+1 subsite region in Figure 4). The conservation of 

this pair of residues was then used to predict the linkage specificity of the uncharacterized meta-nodes. 

Meta-node UC1 would thus target -1,4-linkages, meta-node UC7 -1,3 linkages and meta-nodes UC2, 

UC5, UC8, and UC9 the -1,2 linkages. In meta-node UC3, again, 81% of the sequences contain the 

E/K pair, and would thus target -1,2 linkages, while those containing the E/R pair would target -1,3 

linkages and those containing the Y/R pair would target -1,4 linkages. The prediction of linkage 

specificity for the UC6’ sequences is not possible, since they have the conserved R150, but lack the 

Y103 or E, which is replaced by an Isoleucine (I) in 10 of the 11 sequences and by a Methionine (M) in 

the remaining one. We thus propose that they may feature a new linkage specificity in the GH130 family. 

 

 

Figure 5: Maximum-likelihood phylogenetic tree, generated using 10 representative sequences for each 

SSN meta-node, defined with an E-value threshold of 10-70. 
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Biochemical characterization of sequences from uncharacterized SSN meta-nodes 

In order to experimentally validate our predictions regarding the mechanism and linkage specificity of 

the enzymes of the uncharacterized meta-nodes, and to discover potential new functions in the GH130 

family, we selected one sequence to characterize in each meta-node containing at least 20 metagenomic 

sequences (Table 5).  

 

Table 5: Characteristics of the sequences chosen for biochemical characterization. 

Meta-node Sequence ID 

Prevalence in the 

human gut 

metagenome (% 

of individuals) 

Best Blast hit 

with a GH130 sequence 

from the CAZy DB 

Best Blast hit with a 

characterized GH130 
Activity 

Query 

coverage 
% Identity 

Query 

coverage 
% Identity 

UC1 MH0431_GL0150624 17 % 
AVM43672.1 AAO76140.1 -1,4-mannosyl-glucuronic 

acid phosphorylase 95% 59.8% 94% 33.1% 

UC3 MH0373_GL0093988 17 % 
APF19181.1 WP_026485574.1 -1,4-mannooligosaccharide 

phosphorylase 95% 43.4% 97% 39.3% 

UC4 MH0011_GL0029022 53 % 
AMM53793.1 ACT94389.1 

/ 
69% 31.1% 57% 30.0% 

UC6 MH0409_GL0096961 4 % 
ADO84614.1 VCV21229.1 

/ 
98% 36.6% 98% 36.6% 

UC7 340101.Vvad_PD3074 12 % 

AIQ48603.1 CAZ94304.1 -1,3-mannosyl-glucose 

phosphorylase 

-1,3-mannooligosaccharide 

phosphorylase 

97% 46.7% 97% 28.6% 

 

 

We thus selected 5 human gut metagenomic sequences from meta-nodes UC1, UC3, UC4, UC6 and 

UC7, and named them U1, U3, U4, U6, and U7, respectively. The remaining meta-nodes UC2, UC5, 

UC8 and UC9 contain no or only a few metagenomic sequences (Table 6). The chosen sequences are 

very different from those of the 18 GH130 enzymes already characterized, with less than 40% identity 

(Table 5). The target genes were synthesized and expressed in E. coli. Unfortunately, U6 was insoluble, 

and could not be characterized. The U1, U3, U4 and U7 enzymes were produced in soluble form and 

were further characterized. 

Table 6: Distribution of the predicted phosphorylases and hydrolases in the SSN meta-nodes. The 

number of sequences include the full-length and truncated ones. 

GH130 C1 C2 C4 C5 C6 UC1 UC2 UC3 UC5 UC6 UC7 UC8 UC9 Total C3 UC4 Total 

Predicted 

mechanism 
GP GP GP GP GP GP GP GP GP GP GP GP GP GP GH GH GH 

CAZy 222 269 290 42 85 31 199 135 61 0 9 26 29 1,398 113 0 113 

Human mg 347 332 53 51 2 31 0 24 0 20 6 8 0 874 113 31 144 

Mouse mg 149 227 18 5 0 1 0 0 0 0 1 2 0 403 26 2 28 

Pig mg 235 244 13 13 0 24 0 3 0 1 4 0 0 537 39 5 44 

Bovine mg 970 643 19 61 0 118 0 7 0 11 13 0 0 1,842 78 53 131 

Total 1,923 1,715 393 172 87 205 199 169 61 32 33 36 29 5,054 369 91 460 

 

Based on our mechanistic prediction, the members of meta-nodes UC1, UC3, and UC7 are probably 

phosphorylases, while the members of meta-node UC4 are expected to be hydrolases (although no signal 

peptide was predicted in the U4 sequence). In order to test these hypotheses, we screened for GP activity 

by means of an assay based on the measurement of released inorganic phosphate in the direction of 

glycoside synthesis, using the E. coli cell extracts (De Groeve et al. 2010) (Figure 1E). We first tested 

Man1P as a donor, and 11 different monosaccharides as acceptors, to detect phosphate release and 

https://www.sciencedirect.com/topics/chemistry/inorganic-phosphate
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identify the best acceptor for the validated GPs. Then, using the best acceptor, we assessed promiscuity 

towards glycosyl donors by comparing the phosphate release rates from Man1P, Glc1P, Gal1P, 

GlcNAc1P, and Glc1P. The release of phosphate from Man1P was proven for the U1, U3 and U7 

enzymes (Figure 6), in the presence of different acceptors. No other donor was identified for the 

synthesis reaction, indicating that these enzymes are strict mannoside phosphorylases. In the assay 

conditions, U1’s best acceptor was GlcA (specifc activity 1300±40 Ug−1). A slight reverse 

phosphorolysis activity was also detected with GalA (specifc activity 270±80 U g−1). U3’s best acceptor 

was Man (specifc activity 3700±130 U g−1). It also reacted, very weakly, with GlcA (specifc activity 

130±20 U g−1). In contrast, U7 is a promiscuous enzyme, which is able to efciently accommodate Glc 

(specifc activity 46,480±4030 U g−1), but also, to a lesser extent, Man (specifc activity 26700±860 U 

g−1) and GlcNAc (specifc activity 18620±100 U g−1). Without acceptor, U1, U3 and U7 also displayed 

a slight activity ofαMan1P hydrolysis (specifc activities 80±60, 100±50 and 440±80 U g−11, 

respectively), a side reaction already described for mannosidephosphorylases. No phosphate was 

released with the U4 target, regardless of the acceptor tested. In case this enzyme might accommodate 

another sugar-phosphate, we also tested it in the presence of various donors and mannose, this 

monosaccharide being the best acceptor for most characterized GH130 GPs. No phosphate release was 

detected, indicating that U4 is probably not a GP, but rather, as hypothesized, a glycosidase. We further 

tested the ability of the purified U4 to hydrolyze -1,2/1,3 and 1,4-mannobiose and various pNP-

glycosides, but no substrate consumption was observed by HPAEC-PAD analysis of the reaction media, 

or by the chromogenic assays performed with pNP-glycosides (data not shown).  

To confirm the acceptor and donor specificity of U1, U3 and U7, and to determine the degree of 

polymerization of their products and their linkage specificity, the enzymes were purified and the 

glycoside synthesis reaction media were analyzed by HPAEC-PAD, and 1H / 13C NMR or MS, as 

appropriate.  

For U1, a 30% decrease in Man1P and GlcA concentrations was observed on the HPAEC-PAD 

chromatograms after reaction, confirming that reverse-phosphorolysis occurred (Figure 7).  MS analysis 

was then performed in order to elucidate the structure of the glycoside produced from Man1P and 

GlcA. The ESI MS measurement in positive ionization mode highlighted a species at m/z 379.09 (Figure 

8_A, red spectrum). This ion corresponds to the [M+Na]+ of a disaccharide composed of an hexose and 

an uronic acid. The structural characterization of this disaccharide was performed by MS/MS. The 

intracyclic fragments 0,2A1 and 1,4X0 confirmed that the uronic acid is at the reducing end of the 

disaccharide and the 3,5A2 fragment proves that, as predicted, the linkage between the two subunits is of 

type 1,4 (Figure 8_B). Since all the characterized GH130 enzymes share an inverting mechanism, we 

deduced from these results that the compound produced by U1 from Man1P and GlcA is -1,4-Man-

GlcA.  

The HPAEC-PAD chromatogram of the U3 reaction indicated that a disaccharide and a trisaccharide 

were produced from Man1P and Man (Figure 7). Their retention times correspond to those of the -

1,4-mannobiose and -1,4-mannotriose standards. The -1,4 linkage specificity of U3 was confirmed 

by 1H NMR (Figure 9). The signals of the anomeric protons (H1, H1, H1') were assigned by 

comparison with signals obtained from -1,4-mannobiose standard. This validates our prediction, U3 

harboring the Y/R pair responsible for -1,4 linkage specificity.  

The U7 synthesis reactions were performed with Man1P and Man or Glc acceptors. In both cases, one 

single product was observed on the HPAEC-PAD chromatograms (Figures 7B and 7C), and its retention 

times did not correspond to that of -1,4-mannobiose. By comparing the anomeric region in 1H NMR 
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with standards, we proved that -1,3-mannobiose was produced from mannose as an acceptor. For the 

reaction performed in the presence of glucose as an acceptor, for which there is no available commercial 

standard, the 1H and13C NMR (1D and 2D) analyses of the reaction medium proved that U7 produced 

the -1,3-Man-Glc disaccharide (Figure 9). This linkage specificity confirms our prediction for meta-

node UC7’ sequences. Te traces of free Man detected by 1H NMR in this reaction medium result from 

αMan1P hydrolysis. 
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Figure 6: Determination of the acceptor specifcity of the purifed enzymes U1 (a), U3 (b) and U7 (c). 

The reactions were performed using 10 mM of αMan1P (glycosyl donor) and 10 mM of acceptor. The 

release of inorganic phosphate was followed using the molybdenum blue activity assay. Reactions 

were performed in triplicate. When no reverse phosphorolysis activity was detected (similar inorganic 

phosphate release rate to that in the presence of αMan1P as sole substrate), the data do not appear in 

this fgure. 
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Figure 7: HPAEC-PAD analysis of the reverse-phosphorolysis reactional mixtures after incubation for 

0 min (in black) and 24hrs (in color) with U1 (A), U3 (B) and U7 (C, D). The reactions were performed 

in the presence of 10 mM of Man1P (glycosyl donor) and 10 mM of GlcA, Glc or Man (acceptors). 

Only the peaks at the retention times corresponding to commercial standards are labelled. 

 

Figure 8: Mass spectrometry measurements of the U1 reverse-phosphorolysis reactional mixture 

(substrates: 10 mM Man1P and 10 mM glucuronic acid), in positive ionization mode. The upper 

spectrum in red corresponds to the ESI MS measurement. The lower spectrum in black corresponds to 

the ESI MS/MS of the precursor ion isolated as a [M+Na]+ at m/z 379.1. The detailed structure is shown 

with the specific fragments. Details of the annotation: red, unambiguous fragments; gra, ambiguous 

fragments (not reported on the corresponding structure); blue, water losses.  
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Figure 9: NMR analysis of the reverse-phosphorolysis reactional mixtures incubation for 24hrs with 

U7 and U3. The reactions were performed in presence of 10 mM of Man1P (glycosyl donor) and 10 

mM Glucose or Mannose (acceptors). (A, B, C, D, E) 500 MHz 1H NMR spectra of the anomeric region 

(5.5-4.5 ppm) and (F) 13C NMR spectra region (102-80 ppm). (A), U3 reaction medium: at 5.19 ppm 

(H1), 4.92 ppm (H1), 4.74 ppm (H1'). (B), -D-mannopyranosyl-1,4-D-mannose standard 

(Megazyme). (C), U7 reaction medium performed with mannose as acceptor: at 5.22 ppm (H1), 4.90 

ppm (H1), 4.85 ppm (H1'). (D), -D-mannopyranosyl-1,3-D-mannose standard (Carbosynth). (E, F), 

U7 reaction medium performed with glucose as acceptor: at 5.24 ppm (H1), 4.68 ppm (H1), 4.90 

ppm (H1') and 85.2 ppm (1→3)- C3 -D-Glcp, 82,7 ppm (1→3)- C3 -D-Glcp. 
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Discussion 

Use of SSNs to analyze the functional diversity of mono-modular CAZymes 

The efficiency of SSNs for rapid clustering of a large number of sequences has already been shown 

(Levin et al. 2017), and was recently applied to the creation of subfamilies within the large multi-

functional CAZy family GH16 (Viborg et al. 2019). In the present paper, we describe the use of SSNs 

to: 

i) analyze the functional diversity of CAZyme encoding metagenomic sequences, whose role in 

microbial ecosystems had never been investigated;  

ii) identify new CAZyme functions. 

Here, we have targeted a family which mainly contains putative glycoside phosphorylases, in order to 

extend our knowledge of their structure-function relationships, to investigate their physiological 

functions, and because they are biotechnological tools of interest for glycoside synthesis. Mannoside-

phosphorylases of the family GH130 are intracellular enzymes described as targeting, in cellulo, only 

di- or trisaccharides (Ladevèze et al. 2015). The breakdown of such simple carbohydrate structures does 

not require complementary catalytic modules or carbohydrate binding modules, which are found to bind 

and depolymerize complex glycans in numerous cell surface-associated GHs. Thus, more than 99% of 

the sequences proven or predicted in this study to encode mannoside-phosphorylases are monomodular. 

This specific feature means that GH130 sequences can be directly analyzed with the EFI-EST web tool, 

without isolating the target catalytic domain, contrary to what has been done in respect of the often 

multi-modular GH16 sequences (Viborg et al. 2019). 

Despite these advantages, the SSN analysis presents two limitations. Firstly, as explained in Viborg et 

al. 2019, it cannot be used to establish evolutionary relationships between functional meta-nodes. The 

formation of stable sub-families, whose boundaries will not evolve at the rate of the rapid increase of 

the number of genomic and metagenomic sequences, requires the use of complementary approaches, 

such as phylogenetic and Hidden Markov Model analyses. Secondly, as previously shown for the GH16 

family and confirmed here with GH130s, SSNs do not sufficiently differentiate sequences with local 

structural differences, which can however have major implications in terms of enzyme specificity and 

mechanism. Regardless of the E-value threshold (10-30 to 10-90) used, it was impossible to cluster GH130 

sequences according to linkage specificity (-1,2, 1,3 or 1,4), or acceptor specificity (Figures 2 and 3). 

We thus had to devise another strategy to predict these determinants of enzymatic function. 

This generic approach could be used regardless of CAZy family. The first stage is to eliminate 

hydrolases by excluding the meta-nodes that contain sequences with i) signal peptides; ii) and conserved 

carboxylic acid residues which could act as catalytic base residues in inverting hydrolases. This second 

criterion can only be used for inverting families (representing 7 of the 11 GP-containing families), 

because, like GHs, retaining GPs involve a catalytic machinery that contains both an acid/base and a 

nucleophile. Another criterion that could be used for easy discrimination of hydrolases from 

phosphorylases could be to eliminate sequences containing CBMs, as it is indeed unlikely that 

intracellular enzymes acting on short oligosaccharides possess CBMs. This hypothesis was not tested 

here, as none of the GH130 sequences contains a CBM. The second stage aims to predict linkage 

specificity. For the first time, thanks to the increasing number of crystallographic structures available in 

the GH130 family, we have found that the linkage specificity of GH130 members, be they 

phosphorylases or hydrolases, is linked to the presence of a specific pair of amino acids located in the 

+1 subsite.  
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These predictions were biochemically validated with sequences belonging to three meta-nodes, and 

allowed us to isolate, from thousands of GH130 sequences, GPs that catalyse a reaction never described 

before, namely the synthesis and degradation of Man-β-1,4-GlcA by the U1 enzyme. 

The reliability of this prediction remains to be validated for the members of the five meta-nodes which 

do not yet include any characterized GP member. Sequences of meta-node UC6 are of particular interest, 

since multiple sequence alignments show that the amino acids conferring specificity towards -1,2 / 1,3 

/ 1,4 linkages are not conserved. These enzymes may target -1,6-linked mannosyl residues, since 

heteromannoside structures containing this motif do exist in fungal polysaccharides, such as in Lentinus 

enodes (Lee et al. 2009) and in bacterial exopolysaccharides, in particular those of the enterobacterium 

Edwardsiella tarda (Guo et al. 2010) (Figure 10). 

  

GH130 enzymes ensure diverse ecological functions, targeting mammal, plant, mold, yeast 

and bacterial mannosides 

The SSN analysis presented here allowed us to represent the diversity of GH130 enzymes in mammalian 

gut microbiomes. A large number of metagenomic sequences within a SSN meta-node indicates their 

dissemination in numerous bacteria, and thus, that the function might play a role in habitat colonization 

by these species. The largest meta-nodes by far are C1 and C2, with 36% and 31% of the metagenomic 

sequences, respectively. These meta-nodes contain the enzymes that target plant cell wall mannans and 

N-glycans. This is not surprising, given the abundance of plant-derived fibers in the human, bovine, pig 

and mouse diet, and the fact that the gut microbes are in close contact with mammal cells harbouring N-

glycans.  

The meta-nodes containing the sequences shown or predicted to be involved in the degradation of -

1,2-mannosides, by either phosphorolysis or hydrolysis, are much more restricted, amounting to 8% of 

the metagenomic sequences. In these meta-nodes, the only characterized member from a mammal gut 

bacterium has been shown to target Candida albicans mannan (Cuskin et al. 2015). However, fungal 

mannosides are probably not the only targets of the enzymes from these eight meta-nodes, since several 

other yeast (Mille et al. 2008; Shibata et al. 2003), mould (Lee et al. 2009) and bacterial 

heteromannosides (Katzenellenbogen et al. 2009; Liu et al. 2014) harbour -1,2-linked mannosyl 

residues (Figure 10). Furthermore, a fungal GH130 sequences is contained in meta-node UC9 (Figure 

11). These fungal enzymes may be involved in mannoside recycling, via the release of Man1P, which 

in turn could be transformed by pyrophosphorylases into GDP-mannose, which would further be used 

as GT substrate for heteromannan biosynthesis. 

The UC1, UC7 and C5 meta-nodes are the final SSN meta-nodes for which we inferred a function from 

the analyses described here. Together, they only represent a few hundred of the sequences in mammal 

gut microbiomes. These meta-nodes also contain a few dozen genomic sequences from various bacterial 

phyla, including Firmicutes, Bacteroidetes and Actinobacteria, which are highly abundant in the gut 

microbiota (Figure 11, Table 1). The UC1 meta-node, the U1 member of which was shown in this study 

to target the Man--1,4-GlcA disaccharide, only represents 4% of our metagenomic dataset. The Man-

-1,4-GlcA motif is described in Nicotiana plumbaginifolia (Sims and Bacic 1995), but this tobacco 

plant species is not a dietary constituent for mammals. This motif also exists in bacterial 

lipopolysaccharides (Figure 10), in particular the O-antigen polysaccharide of Shigella boydii (Alberta 

et al. 1994), one of the four Shigella species considered as major enteropathogens causing childhood 

diarrhea worldwide (Lima, Havt, and Lima 2015). The UC7 and the C5 meta-nodes, which target -1,3-

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=636
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linked mannosides, together represent just 3% of the metagenomic dataset. These two meta-nodes each 

contain promiscuous GPs, of which the substrates are the Man--1,3-Glc and Man--1,3-Man 

disaccharides (U7 and zobellia_231 (Awad et al. 2017)). These motifs are found in some moulds (Figure 

10, (Lee et al. 2009; Chen et al. 2017), and also in the lipopolysaccharides of certain pathogenic bacterial 

species, like Pseudomonas aeruginosa (Kocharova et al. 1988) (Figure 11). Thanks to their ability to 

produce these particular oligosaccharides through reverse phosphorolysis, the U1 and U7 GPs 

characterized in this study are thus tools of interest for the synthesis of antigenic oligosaccharides.  

In this study, we thus revisited the functional diversity of the GH130 CAZy family by integrating that 

from mammalian gut microbiomes. By combining a series of in silico and in vitro approaches, we 

predicted that the vast majority of the GH130 enzymes are glycoside-phosphorylases and not hydrolases. 

We identified that some of them are specific for oligosaccharidic motifs found in bacterial 

lipopolysaccharides, in particular those of certain pathogenic species. Co-culture and transcriptomic 

studies targeting the commensals that produce these enzymes will be needed to confirm the role of 

mannoside-phosphorylases in bacterial interactions.  

 



97 

 

 

Figure 10: Examples of mannoside and heteromannoside structures containing the motifs targeted by 

GH130 enzymes. 
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Figure 11: Taxonomical origin of the GH130 sequences listed in the CAZy database, for each SSN meta-

node.  
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Chapter 2 

In the previous chapter, I described the analysis of GH130 sequence diversity in mammalian gut 

microbiomes, with a specific focus on uncharacterized sequence clusters. In order to choose the target 

to characterize, we analyzed the prevalence and abundance of all the GH130 sequences identified in the 

human gut metagenome. I identified several highly prevalent sequences in the microbiome, whatever 

are the geographical origins and health status of the individuals, and characterized the function of three 

of them. By performing this analysis, I also highlighted GH130 sequences which are strikingly 

overprevalent and overabundant in the microbiome of patients suffering from inflammatory bowel 

diseases. In this chapter, I describe this analysis and the biochemical characterization of one of the 

corresponding enzymes, that we named IBD_P1. In this study, Elisabeth Laville provided me with the 

sequence abundance and prevalence data. I performed the analysis of these data to highlight the 

sequences of interest, and predicted the enzyme mechanisms. Elisabeth and I analyzed the sequence 

similarities, taxonomical origin, and genomic context. I produced and purified the IBD_P1 enzyme and 

performed its biochemical characterization, based on chromogenic assays and HPAEC-PAD analysis of 

the reaction products. David Guieysse (TBI) performed the NMR analysis. Simon Ollivier and David 

Ropartz (BIBS platform, INRAE Nantes) determined the structure of one of the trisaccharides 

synthesized by this enzyme.  The experimental procedure and each step of this highly challenging ion 

mobility-mass spectrometry analysis will not be detailed in this chapter. The results presented here will 

be coupled with the detailed description of the mannooligosaccharide structural determination, as one 

single publication which will be submitted once we will have performed the few validation experiments 

that are still missing.  

 

A dual glycoside-phosphorylase/transmannosylase enzyme from an 

uncultured gut bacteria, associated with inflammatory bowel diseases 

 

Introduction 

Mannose-containing glycosides are found in many living organisms. They are involved in multiple 

biological functions, such as structuration of plant cell walls (as hemicellulose components), cell 

signaling (as component of proteoglycans, lipopolysaccharides and capsular polysaccharides of the 

external surface of cellular membranes) (Brett and Waldron 1996; Sharma, Ichikawa, and Freeze 2014) 

and, in some parasites, as energy storage polymer in the form of mannogen (Sernee et al. 2019). 

Mannosides are thus ubiquitous sources of energy for the organisms that store them, and for those which 

feed on them. To harvest them, bacteria produce a large diversity of CAZymes, mainly glycoside 

hydrolases (GHs). -mannanases and -mannosidases are found in the families GH1, GH2, GH5, GH26, 

GH113, GH130 and GH134 of the CAZy classification (Lombard et al. 2014), while -mannanases and 

-mannosidases are found in the GH31, GH38, GH47, GH63, GH76, GH92, GH99 and GH125 families. 

Bacteria can also breakdown -mannosides by phosphorolysis, involving glycoside-phosphorylases 

(GPs) of the GH130 family. The family 108 of glycosyltransferases also contains enzymes acting on 

mannogen, a linear -1,2-mannoside, by combining phosphorolysis and GDP-mannose dependent 

mannosyltransferase activities (Sernee et al. 2019). Nevertheless, no bacterial enzyme has yet been 

characterized in this family.  
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In presence of inorganic phosphate (Pi), -mannoside-phosphorylases breakdown their substrates with 

an inverting mechanism, to generate -D-mannose-1-phosphate (Man1P) (Sernee et al. 2019; Senoura 

et al. 2011) and a -mannoside of reduced length. To date, 21 bacterial enzymes of the GH130 family 

have been characterized, of which 3 are -1,2-mannosidases (Cuskin et al. 2015; Nihira et al. 2015) and 

18 are GPs acting on a large variety of substrates, such as -1,4-mannooligosaccharides (Chekan et al. 

2014; Grimaud et al. 2019; Kawahara et al. 2012; La Rosa et al. 2019; A. Li et al. 2020; Ye et al. 2016), 

-1,4-mannosyl-N-acetyl-glucosamine and -1,4-mannosyl-N,N’-diacetylchitobiose (Ladevèze et al. 

2013; Nihira et al. 2013), -1,2-mannobiose and -1,2-oligomannans (Chiku et al. 2014), -1,3-

mannobiose or -1,3-Mannosyl-Glucose (A. Li et al. 2020; Tsuda et al. 2015), and -1,4-mannosyl-

glucuronicacid (A. Li et al. 2020). In vitro, mannoside-phosphorylases also have the ability to synthesize 

-mannosides, by reverse-phosphorolysis. This reaction corresponds to the transfer of a mannosyl 

residue from the Man1P donor to a glycosyl acceptor, by releasing Pi (Ye et al. 2016; Nihira et al. 

2013; Ladevèze et al. 2013; Chiku et al. 2014; Tsuda et al. 2015, 201; Jaito et al. 2014; Awad et al. 

2017). GP-based -mannoside synthesis processes are attractive compared to those based on mannosyl-

transferases, which use expensive mannose diphosphonucleotides as donnors (Revers et al. 1999; Zhao 

and Thorson 1999), or on transmannosylation catalyzed by the rare native or engineered mannosidases 

or mannanases (Dilokpimol et al. 2011; Eneyskaya et al. 2009; Ishimizu et al. 2004; Murata and Usui 

1997; Sasaki, Ishimizu, and Hase 2005; Usui et al. 1994).   

As we recently showed by analyzing their sequence diversity, GH130 enzymes are widespread in 

bacteria residing in the gut of mammals, where there can feed on diverse mannosides of plant, mammal 

and microbial origins (A. Li et al. 2020). In the human gut microbiome, the prevalence and abundance 

of GH130 sequences is variable (Ladevèze et al. 2013; A. Li et al. 2020), but some of them are present 

in more than 50 % of individuals, indicating that they probably play a critical role in mannose foraging 

in the gut. Interestingly too, the abundance and prevalence of some sequences in the microbiome is 

significantly higher in patients suffering from inflammatory bowel diseases (IBD, including Crohn 

desease and ulcerative colitis) than in healthy individuals (Ladevèze et al. 2013). However, to date, only 

one of these IBD-associated enzymes has been biochemically characterized (the Uhgb_MP enzyme, 

(Ladevèze et al. 2013), revealing its specificity towards the host N-glycans that line the intestinal 

epithelium.  

In this chapter, we present the biochemical characterization of a mannoside-acting enzyme of which the 

sequence is a striking biomarker for IBD. Its ability to degrade, but also to synthesize mannosides, in 

particular -1,2-linked ones, will be highlighted, and its ecological role in the human gut microbiota 

will be discussed with regard to IBD-related dysbiosis.  

Material and Methods 

Sequence analysis 

The IBD_P1 sequence is available in the database of the Integrated reference catalog of the human gut 

microbiome (J. Li et al. 2014), under gene identifier MH0105_GL0062872, locus 

scaffold61381_1:8141:9193 (http://meta.genomics.cn/meta/dataTools). This sequence was retrieved 

from the human gut metagenomic gene catalog, according to the procedure described in Li et al (A. Li 

et al. 2020) for the prediction of GH130 sequences. Signal peptide was searched using the SignalP 4.1 

server (http://www.cbs.dtu.dk/services/SignalP/) (Nielsen 2017). The sequence abundance and 

prevalence in the human gut metagenome were retrieved from the 9.9 million gene abundance table in 

760 European individuals (http://meta.genomics.cn/meta/dataTools).  

http://meta.genomics.cn/meta/dataTools
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Chemicals 

The IBD_P1 specificity towards acceptors was tested in reverse-phosphorolysis using i) different 

acceptors: D-glucose (Glc) and D-fructose (Fru) (VWR Chemicals BDH), D-mannose (Man), D-

galactose (Gal), N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc), L-arabinose 

(Ara), L-rhamnose (Rha), D-xylose (Xyl), D-glucuronic acid (GlcA) (Sigma Aldrich), D-glucosamine 

(GlcN), N-acetyl-D-mannosamine (ManNAc) and D-galacturonic acid (GalA) (Carbosynth), and ii) 

donors: -D-glucose-1-phosphate (Glc1P), -D-mannose-1-phosphate (Man1P), -D-galactose-1-

phosphate (Gal1P), -D-N-acetyl-glucosamine-1-phosphate (GlcNAc1P) (Sigma Aldrich); -D-

glucose-1-phosphate (Glc1P) (Carbosynth). Sodium molybdate and L-ascorbic acid were purchased 

from Sigma Aldrich. -1,2-mannobiose and -1,2-mannotriose used as standards and substrates to 

assess the phosphorolytic and hydrolysis activities were  obtained by purification of the products of the 

reverse-synthesis reaction performed from 10 mM M1P and 10 mM Man by the mannoside-

phosphorylase Teth514-1788, according to the protocol described in Chiku et al.(Chiku et al. 2014). -

1,2-mannobiose was purchased from Carbosynth.  

Recombinant enzyme production and purification  

The gene encoding IBD-P1 was synthetized by Biomatik Limited (Cambridge, Ontario, Canada), with 

optimization of codon usage for expression in E. coli. The IBD-P1 encoding gene was cloned in the 

pET-23a (+) vector, in fusion with N- and C-terminal (His) 6 tags, and expressed in the E. coli BL21-

DE3 star strain. The recombinant E. coli cells were cultured overnight at 37°C in  ZYM5052 auto-

induction medium, supplemented with100 µg/ml ampicillin. To prepare the cytoplasmic extracts used 

for activity screening, the cells were harvested by centrifugation for five minutes at 5,000 rpm, before 

being re-suspended and concentrated in 20 mM Tris-HCl buffer (pH 7.0) to obtain a final OD600nm of 80. 

Cell lysis was carried out using sonication. Cell debris were centrifuged at 13,000 rpm for 10 minutes, 

and cytoplasmic extracts were filtered using a 0.20 μm Minisart RC4 syringe filter.  

To purify the enzyme, the recombinant cells were harvested, re-suspended in TALON buffer (20 mM 

Tris-HCl, pH 7.0, 300 mM NaCl) and disrupted by sonication. The supernatant was collected by 

centrifugation and subsequently loaded on a TALON resin loaded with cobalt (GE Healthcare) and 

previously washed with 20 mM Tris-HCl, pH 7.0, 300 mM NaCl. After washing with 20 mM Tris-HCl, 

pH 7.0, 300 mM NaCl, 20 mM imidazole, the purified protein was eluted by 20 mM Tris-HCl, pH 7.0, 

300 mM NaCl, and 200 mM imidazole. At last, the purified protein was desalted using a PD-10 column 

(GE Healthcare) to eliminate imidazole, and change the buffer to 20 mM Tris-HCl, pH 7.0. The protein 

concentration was determined by spectrometry using NanoDrop (Thermo Fisher Scientific, Waltham, 

MA).  

Enzymatic assays  

Screening for acceptor and donor specificity  

All enzymatic reactions were carried out at 37 °C (corresponding to the human gut temperature) in 20 

mM Tris-HCl buffer, pH 7.0. The Molybdenum Blue Activity Assay was used to assess the release of 

Pi during the reverse-phosphorolysis of the GP activity (De Groeve et al. 2010; Macdonald et al. 2019). 

The method is based on quantification of the Pi resulting from the reverse-phosphorolysis reaction. In 

acidic conditions, Pi forms molybdenum blue, which is quantified by absorbance measurement at 655nm. 

The reverse-phosphorolysis reactions were performed at 37°C.  The reaction mixtures were composed 
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of 45 µL of cytoplasmic extract and 255 µL of substrate solution, resulting in a final reaction medium 

containing 20 mM Tris-HCl buffer (pH 7.0), 200 mM sodium molybdate, 10 mM of donor (list above) 

and 10 mM of acceptor (list above). After 0, 15, 30 and 60 min of incubation, 50 µL of the reaction 

mixture were transferred to 96-wells microplates containing, per well, 150 µL of a 0.24% (w/v) L-

ascorbic acid solution in 0.1 N HCl. After incubation at room temperature for 5 min, 150 µL of stop 

solution (2% (v/v) acetic acid and 2% (w/v) sodium citrate tribasic dihydrate) were added to stop the 

reaction. At last, the absorbance was measured at 655 nm using a microplate reader (InfiniteM200pro, 

TECAN).  The best acceptor was first identified using M1P as donor. Then, the donor specificity was 

determined using the best acceptor identified with M1P as donor.  Negative control assays contained 

no donor, or no acceptor.  

Mannooligosaccharide synthesis, phosphorolysis and hydrolysis assays 

The synthesis of manno-oligosaccharides was performed in a reaction volume of 100 µL with 0.1 mg/ml 

purified enzyme, 10mM of M1P and 10 mM of mannose in 20 mM Tris-HCl buffer, pH 7.0, during 

24h at 37°C. The mannooligosaccharide degradation reactions were performed in 20 mM Tris-HCl 

buffer, pH 7.0 during 24h at 37°C, in reaction volumes of 100 µL, containing either 0.02 or 0.1 mg/mL 

purified enzyme, 0.1 mg/ml of a mixture containing -1,2-mannobiose and mannose (massic ratio 87/13, 

which corresponds to final concentrations of 72 µM mannose and 254 µM mM -1,2-mannobiose in the 

reaction mixture), with (for phosphorolysis) or without (for hydrolysis) 10 mM Pi.  

HPAEC-PAD analysis 

The variation of M1P, carbohydrate acceptor and product amounts was assessed by high performance 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Carbohydrates 

and M1P were separated on a 4*250 mm Dionex CarboPak PA100 column. A gradient of sodium 

acetate (from 0 to 150mM in 15 min) and an isocratic step of 300 mM sodium acetate in 150 mM NaOH 

was applied at a 1mL min-1 flow rate. Detection was performed by using a DionexED40 module with 

a gold working electrode and an Ag/AgCl pH reference. 

NMR Spectroscopy 

Spectra were acquired using a Bruker Advance 500-MHz spectrometer with a 5-mm z-gradient TBI 

probe at 298 K, and an acquisition frequency of 500.13 MHz for 1H and 125.75 MHz for 13C NMR. The 

data were processed using TopSpin 3.0 software. The freeze-dried reaction media and standards were 

re-suspended in deuterated water. Deuterium oxide was used as the solvent and the chemical shift scales 

were internally referenced to sodium 2,2,3,3-tetradeuterio-3-trimethylsilylpropanoate (d4-TSP) for 1H 

and to the non-deuterated acetone (singlet at 30.89 ppm) for 13C NMR. The various signals were 

assigned by comparison with signals obtained from D-mannose, Man1P, -D-mannopyranosyl-1,4-D-

mannose (Megazyme, Irleland), and -D-mannopyranosyl-1,3-D-mannose (Carbosynth, UK), and the 

-D-mannopyranosyl-1,2-D-mannose used as substrate for the degradation reactions. Usual 2D 

techniques such as TOCSY, HSQC, and HMBC were used. 

Mass spectrometry 

The synthesized products were analyzed by high resolution ion mobility-mass spectrometry (IMS-MS) 

by David Ropartz and Simon Ollivier at the BIBS platform (https://www.bibs.inrae.fr). Experiments 

were performed on a Select Series Cyclic IMS (Waters Corp., Manchester, UK), using electrospray 

ionization. The analysis procedures will be detailed in a collaborative paper with the results presented 

https://www.bibs.inrae.fr)/
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below and the structural characterization of the products synthesized from -1,2-mannobiose, in 

presence and absence of inorganic phosphate.  

Results 

GH130 sequence prevalence in the human gut microbiome 

Among the 1,205 bacterial GH130 sequences identified in the human intestinal metagenome (A. Li et 

al. 2020), we searched for the one with the highest prevalence in IBD individuals (n= 359, against n=401 

for healthy ones). Two sequences were found quite exclusively in the metagenome of the IBD 

individuals (Figure 1). The MH0055_GL0072634 sequence clusters in metanode C3 of the sequence 

similarity network (SSN) of the GH130 family, together with the -1,2-mannosidases (A. Li et al. 2020).  

It is found in the gut metagenome of 147 individuals, of which 90% are from the IBD cohort. Our 

attempts to express gene MH0055_GL0072634 in E. coli to characterize the encoded enzyme failed. 

The second one (MH0105_GL0062872) clusters in metanode C4 of the GH130 SSN, together with the 

-1,2-mannoside-phosphorylases Lin0857 from Listeria innocua Clip11262 (CAC96089.1, (A. Li et al. 

2020)). The MH0105_GL0062872 sequence was found in 120 individuals, of which 85 % are from the 

IBD cohort. We named the encoded enzyme IBD_P1. Its sequence was assigned to Bacteroidetes by Li 

et al. (J. Li et al. 2014). In the non-redundant NCBI database, the nearest sequence of IBD_P1 in a 

sequenced genome is the Bacsa1715 protein from Bacteroides salanitronis DSM 18170 (ADY36113.1), 

with 99% coverage and 87% identity. The second one is the XB1A BXY_23240 protein from 

Bacteroides xylanisolvens (CBK67392.1), with 98% coverage and 87% identity. Both of these 

sequences also belong to metanode C4 of the SSN, as IBD_P1, but the corresponding proteins have not 

yet been biochemically characterized. The distribution of the most similar sequences of Bacsa1715 and 

BXY_23240 in the human gut metagenome (MH0290_GL0113903 and O2.UC21-2_GL0054119, 

respectively) is very different from that of IBD_P1. MH0290_GL0113903, which was initially 

discovered in the chicken gut microbiota. MH0290_GL0113903 is very rare, almost absent from the 

human gut metagenome (Figure 2). In contrast, O2.UC21-2_GL0054119 is very prevalent and abundant, 

whatever is the medical status of the individuals. The IBD_P1 sequence distribution in the human 

metagenome is also very different from that of all other characterized members of the GH130 family 

(Figure 3), of which only one (Uhgb_MP, ADD61463.1) is differentially prevalent and abundant in IBD 

and healthy individuals, as previously described (Ladevèze et al. 2013). Nevertheless, this trait is 

dramatically less marked than for IBD_P1, for which the correlation between its presence in the gut 

metagenome and the IBD status is striking. IBD_P1 likely belongs to a bacterium of the Bacteroides 

genus, even though the species and strain from which it is issued is yet unknown, given that no identical 

sequence was found in a sequenced genome.  
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Figure 1: Abundance and prevalence of GH130 sequences in the gut metagenome of European healthy 

and IBD individuals. (A) Genes of the C3 and metanode; (B) genes of the C4 metanode. Genes are in 

rows. Individuals are in columns. The normalized abundance is represented by the following color scale: 

white, not detected; dark blue, light blue, orange and red, increasing abundance with a 100-fold change 

between colors. Black arrow, IBD markers. 
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Figure 2: Abundance and prevalence in the gut metagenome of European healthy and IBD individuals 

of the IBD_P1 encoding gene, and of its two best blast hit sequences. Gene abundance in the gut 

metagenomes is represented by the following color scale: white, not detected; blue, turquoise, green, 

yellow and orange, increasing abundance with a 10-fold change between colors.  

 

 
Figure 3: Abundance and prevalence of genes encoding characterized GH130 enzymes in the gut 

microbiome of European healthy and IBD individuals. Gene abundance in the gut metagenomes is 

represented by the following color scale: white, not detected; blue, turquoise, green, yellow and orange, 

increasing abundance with a 10-fold change between colors. 
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Prediction of IBD_P1 mechanism and linkage specificity 

IBD_P1 is quite distantly related to the 21 GH130 enzymes characterized to date, since it shares only 

44% sequence identity (98% coverage) with Lin0857, the most similar enzyme. The Lin0857 enzyme  

preferentially phosphorolyzes -1,2-mannobiose over -1,2-mannotriose (Tsuda et al. 2015). Like all 

known GP encoding sequences and the other sequences of the C4 metanode, that of IBD_P1 has no 

signal peptide. In addition, it contains the well conserved Asp amino acid acting as proton donor in all 

GH130 enzymes, and no Asp or Glu residues could be found at the location of the putative catalytic 

base residue in GH130 mannoside-hydrolases (Figure 4). The His and Arg amino acids involved in 

phosphate binding in GH130 GPs are conserved in the IBD_P1 sequence. The conserved Arg and Asp 

residues of the +1 subsite of GH130 enzymes are also present, together with the “EK” motif (Glu/Lys) 

conferring specificity for -1,2-mannosides (A. Li et al. 2020). The canonical catalytic machinery of 

GH130 -1,2-mannoside-phosphorylases is thus perfectly conserved in IBD_P1. Furthermore, the 

IBD_P1 sequence contains the 61 amino acids loop described in the Lin0857 enzyme (Figure 4). The 

presence of this loop is a specific trait of the C4 metanode’s sequences, since the other metanodes 

containing -1,2-mannosidases (C3) and -1,2-mannoside phosphorylases (C6) lack it. In Lin0857, this 

loop covers the active site and confines a small pocket for di- or trisaccharide binding (Tsuda et al. 2015). 

These structural informations allowed predicting the IBD_P1 enzyme as a phosphorylase specific for -

1,2-mannooligosaccharides with a polymerization degree (DP) of 2 or 3.  
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Figure 4: Multiple sequence alignment of all the characterized GH130 enzymes, including IBD_P1.  
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Profiling of IBD_P1 specificity towards glycosyl acceptors and donors in reverse-

phosphorolysis 

The IBD_P1 encoding gene was synthetized and expressed in E. coli. A soluble recombinant protein of 

40 KDa was produced. To investigate the phosphorylase activity of IBD_P1, we first examined its 

specificity towards acceptors in the reverse-phosphorolysis reaction, using the usual donor of GH130 

GPs, Man1P. We screened the IBD_P1 activity in crude enzymatic extracts, using the Molybdenum 

Blue colorimetric method based on the detection of released Pi during reverse-phosphorolysis (A. Li et 

al. 2020; De Groeve et al. 2010; Macdonald et al. 2019). Among the twelve carbohydrate acceptor 

candidates, only Man was efficiently used as substrate. Using Man as acceptor, we confirmed that 

Man1P is the best donor (Figure 5A and B). These results confirmed that IBD_P1 is a glycoside-

phosphorylase quite specific for mannosyl residues, both as donor and acceptor.  In addition, a slight 

Man1P hydrolysis activity was highlighted, since Pi was released from Man1P as sole substrate 

(Figure 5B). 

 

 

Figure 5: screening of the acceptor (A) and donor (B) specificity of IBD_P1, in reverse-phosphorolysis. 

The release of inorganic phosphate was followed using the molybdenum blue activity assay. 

Determination of IBD_P1 linkage specificity, and characterization of its mannoside 

synthesis and degradation abilities 

To determine the polymerization degree of the reverse-phosphorolysis products and the IBD_P1 linkage 

specificity, the enzyme was purified, tested for reverse-phosphorolysis, phosphorolysis and hydrolysis, 

and the reaction media were analyzed by HPAEC-PAD. At the enzyme concentration usually used to 

characterize GPs (0.1mg/mL, (A. Li et al. 2020; Ladevèze et al. 2013)), the reverse-phosphorolysis 

reaction was very fast, since oligosaccharides were synthesized from Man1P and Man after only 30 

seconds of reaction (Figure 6A). The retention time of these products were compared to those of the -

1,2-mannobiose and -1,2-mannotriose synthesized by the Teth514_1788 -1,2-mannoside-

phosphorylase from Man1P and Man (Chiku et al. 2014). The retention time of one of the products 

synthesized by IBD_P1 strictly corresponds to that of -1,2-mannobiose, which is different from those 

of  -1,3-mannobiose and -1,4-mannobiose (A. Li et al. 2020). The presence of -1,2-mannobiose in 

the reaction mixture was also confirmed by 1H NMR (Figure 7A, (spectra 2 & 3) with the signals of the 

- and -anomeric protons at 5.30 and 5.0 ppm, respectively, from the reducing terminal mannose), 
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confirming the -1,2 linkage specificity of IBD_P1 that was predicted by sequence analysis. An 

oligosaccharide with a retention time corresponding to that of -1,2-mannotriose was also produced, but 

surprisingly, the corresponding peaks on the HPAEC-PAD chromatograms at 30s and 24h of reaction 

are not fully resolved, highlighting the presence of at least one other oligosaccharide, likely a DP3 

mannoside, in the reaction mixture. According to published date (Faille et al. 1992; Shibata et al. 1992) 

the presence of -1,2-mannotriose was confirmed by 1H NMR (Figure 7A, spectrum 3) with the signals 

of the - and -anomeric protons at 5.288 and 4.996 ppm, respectively, from the reducing terminal 

mannose and also H2’ (4.427 ppm) and H2’ (4.292 ppm) for the beta anomer and alpha anomer of 

mannotriose respectively (Figure 7C).As -1,2-mannotriose, this product could have been produced by 

reverse-phosphorolysis from -1,2-mannobiose and Man1P. In this case, it would be either -1,3-

mannotriose, -1,4-mannotriose or -1,6-mannotriose. The other hypothesis is that this putative DP3 

mannoside resulted from transmannosylation, that is the transfer of a mannosyl residue from an 

oligosaccharide to an hydroxylated acceptor, without involvement of phosphate. GH130 enzymes being 

inverting enzymes, if the donor oligosaccharide is -linked, the synthesized linkage would be in the -

configuration, and reversely. In this case, the DP3 would thus be a mixed - and -linked mannotriose. 

To further investigate the IBD_P1 mechanism and its ability to degrade and to synthesize 

mannooligosaccharides, we tested its ability to phosphorolyse -1,2-mannobiose in presence of Pi. We 

reduced the enzyme concentration from 0.1 to 0.02 mg/mL for this reaction, with the objective to better 

describe what happened between the initial and final times of reaction. Due to the exorbitant price of 

purified -1,2-mannobiose (110 €/mg), we used, as substrate, a mixture of Man and -1,2-mannobiose 

that were co-purified from the Teth514_1788-catalyzed reverse-phosphorolysis reaction mixture. As 

shown in Figure 6B, IBD_P1 efficiently degraded -1,2-mannobiose. In addition, after only 30s of 

reaction, one or several DP3 oligosaccharides also appeared, highlighted by a peak at the same retention 

time as the one appearing after 30s of reaction. Its retention time is not the same as that of -1,2-

mannotriose, indicating that it probably corresponds to a mixture of the same DP3 products as those 

produced by reverse-phosphorolysis, or only to the DP3 with the highest retention time.  

To investigate the hydrolysis and transmannosylation abilities of IBD_P1, we tested the enzyme without 

Pi, in presence of the same mixture of Man and -1,2-mannobiose as for phosphorolysis. At an enzyme 

concentration of 0.02 mg/ml, no reaction occurred (Figure 6C), indicating that IBD_P1 is more efficient 

to phosphorylate -1,2-mannobiose than to hydrolyze it. However, with a five times higher enzyme 

concentration (0.1 mg/ml), -1,2-mannobiose was significantly hydrolyzed into Man (Figure 6D). A 

very significant additional peak also appeared at a retention time slightly higher than that of -1,2-

mannotriose. Since there was no Man1P nor Pi in the reaction medium, the oligosaccharide(s) 

corresponding to this peak on HPAEC-PAD chromatogram was/were not produced by reverse-

phosphorolysis, but by transmannosylation. To check that this/these product(s) did not result from the 

activity of an E. coli CAZyme that could have been co-purified with the recombinant IBD_P1 enzyme, 

we tested an enzyme which does not display any mannoside-phosphorylase activity (sequence 

MH0257_GL0045417, unpublished data), produced and purified in the same conditions as IBD_P1, at 

0.1 mg/ml. No reaction occurred from -1,2-mannobiose (data not shown).  
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Figure 6: HPAEC-PAD analysis of the monosaccharides and oligosaccharides of the reactional 

mixtures obtained by IBD_P1-catalyzed reverse-phosphorolysis (A), phosphorolysis (B), 

transmannosylation/hydrolysis (C, D), after incubation for 30 sec and (in black) and 24hrs (in red). The 

chromatograms are compared to those containing Man, -1,2-mannobiose and -1,2-mannotriose 

obtained from Man1P and Man by reverse-phosphorolysis with the Teth514_1788 enzyme (in blue). 

The reactions were performed in the presence of 0.1 mg/ml (A, D) or 0.02 mg/ml of purified IBD_P1 (B, 

C). The reverse-phosphorolysis reaction was performed from 10 mM of Man1P and 10 mM of Man. 

The phosphorolysis reaction was performed from 254 µM of -1,2-mannobiose, 72 µM of Man and 10 

mM Pi. The transmannosylation/hydrolysis reactions were performed from 254 µM of -1,2-

mannobiose and 72 µM of Man, in absence of Pi. The HPAEC-PAD elution gradient was different in 

expriment D compared to those of A, B, C. This will be written in the experimental procedures as soon 

I can access to the laboratory after the CoVID-19 lockout. 
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Figure 7: 1H NMR spectra of the reverse-phosphorolysis (A, spectrum 3) and 

transmannosylation/hydrolysis (B spectrum 4) reactional mixtures incubated for 24h with 0.1 mg/ml of 

purified IBD_P1. The reverse-phosphorolysis reaction (3) was performed in presence of 10 mM of 

Man1P and 10 mM of Man. The transmannosylation/hydrolysis reaction (4) were performed from 254 

µM of -1,2-mannobiose and 72 µM of Man, in absence of Pi . (1) 1H-NMR of mannose at 298K in 

D2O, (2) 1H-NMR of purified -1,2-mannobiose at 286 K in D2O. (C) Structures and anomeric 

annotation of Man-1,2-Man, Man-1,2-Man-1,2-Man and Man-1,2-Man-1,2-Man. 

 

To confirm the polymerization degree and determine the structure of the product(s) synthesized by 

transmannosylation, Simon Ollivier and David Ropartz (BIBS platform, INRAE Nantes) analyzed the 

reaction mixture obtained after 24 h of reaction with 0.1 mg/ml enzyme from -1,2-mannobiose and 

Man. Using a novel approach combining tandem mass spectrometry (MS/MS) with multidimensional 

ion mobility spectrometry (IMS-IMS), they specifically analyzed the structure of the DP3 

oligosaccharides by mobility selection and fragmentation, starting with a very small amount of product, 

since we provided them with only 1 µg of carbohydrates in total, together with -1,2-mannobiose and 

-1,2-mannotriose (co-purified with -1,2-mannobiose and -1,2-mannotetraose from the 

Teth514_1788-catalyzed reverse-phosphorolysis reaction mixture) as standards.  

MS analysis of the reaction mixture indicated that no DP4 was synthesized, according to the HPAEC-

PAD results and to the predicted specificity of IBD_P1 towards -1,2-mannooligosaccharides of DP2 

and DP3. The extracted ion mobiligrams (EIM) of the [DP3+Li]+ and [DP3+Na]+ ions and the arrival 

time distributions (ATD) of each of their fragments highlighted the presence in the reaction mixture of 

two DP3 mannooligosaccharides, probably Man-1,2-Man-1,2-Man and Man-1,2-Man-1,2-Man, 

of which the structures are schematized on Figure 7C. 18O labelling of the reducing ends, which will 

allow the distinction between C and Y fragments, respectively at the non-reducing and reducing ends, 

will be performed to definitively confirm the anomeric conformation of Man-1,2-Man-1,2-Man. 

These two DP3 mannooligosaccharides are the same as those produced in the reverse-phosphorolysis 

reaction, as revealed by NMR analysis of both reaction mixtures (Figure 7B).  

In the transmannosylation/hydrolysis sample, the Man-1,2-Man-1,2-Man trisaccharide was likely 

produced by a three-step reaction (Figure 8): i) -1,2-mannobiose hydrolysis in Man (even though Man 

was already present in the reaction medium); ii) transmannosylation from -1,2-mannobiose as donor 

and Man as acceptor, yielding to -1,2-mannobiose; iii) transmannosylation from -1,2-mannobiose as 

donor and acceptor, yielding to Man-1,2-Man-1,2-Man. Since no Man1P nor Pi was present in the 
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reaction medium to allow IBD_P1 performing reverse-phosphorolysis, we speculate that Man-1,2-

Man-1,2-Man is the product of a transmannosylation reaction from 1,2-mannobiose as donor and -

1,2-mannobiose as acceptor (Figure 8). With the analyses performed to date, no trace of -1,2-

mannotriose or Man-1,2-Man-1,2-Man was detected, indicating that no transmannosylation reaction 

occurred from 1,2-mannobiose as donor and -1,2-mannobiose as acceptor, or from 1,2-mannobiose 

as donor and as acceptor (Figure 8). 18O labelling of the reducing end of the DP3 products will allow us 

to confirm this result. 

Figure 8: List of the reverse-phosphorolysis, phosphorolysis, hydrolysis and transmannosylation 

reactions proved or hypothesized to be catalyzed by the IBD_P1 enzyme. The reactions proved to be 

impossible are also mentioned.  
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Discussion 

IBD_P1: the first known dual-activity mannoside-phosphorylase/transmannosylase  

We discovered and characterized IBD_P1, a new enzyme of the GH130 family, issued from an 

uncultured human gut bacterium. By analyzing the SSN previously constructed for the GH130 family, 

conservation of residues involved in catalysis, phosphate and acceptor binding, and of a specific loop 

restricting access to long substrates, we predicted, and further confirmed by biochemical 

characterization,  that this enzyme is an inverting glycoside-phosphorylase specific for -1,2-

mannosides of DP 2 and 3. Results of screening for acceptors and donors in reverse-phosphorolysis 

highlighted its strict specificity for Man1P and Man as sole donor and acceptor, respectively. However, 

contrary to all other characterized mannoside-phosphorylases, this enzyme does not only catalyze 

phosphorolysis and reverse-phosphorolysis reactions, but also transmannosylation, and likely, 

oligosaccharide hydrolysis.  This is the first mention of an enzyme presenting dual transmannosylase 

and mannoside-phosphorylase activities. Glycoside-phosphorylases with transglycosidase activity were 

already described, for example sucrose-phosphorylases, which can be employed in the enzymatic 

synthesis of -D-glucosides (Aerts et al. 2011; Kitao et al. 1993). However, the term transglycosylation 

is often employed in litterature to describe glycosylation by reverse-phosphorolysis from sugar-

phosphates, and should not be confused with a real transglycosylation reaction, which occurs from 

oligosaccharides or polysaccharides as glycosyl donors.  

In the present study, transmannosylation products were evidenced both by HPAEC-PAD analysis and 

using a novel, highly resolutive pipeline for oligosaccharide structure determination, combining MS/MS 

and IMS/IMS. Transmannosylation occured in a significant yield, since both the reverse-phosphorolysis 

and transmannosylation DP3 products were synthesized in presence of Man1P and Man, even at the 

very beginning of the reaction. In absence of Man1P or Pi, transmannosylation was also catalyzed with 

a quite low enzyme concentration, usually used to characterize GPs. However, it appeared that the 

enzyme/substrate ratio is an important parameter to control transmannosylation, since we observed this 

reaction with a molar ratio of 10.10-3 but not with 2.10-3. The only way for IBD_P1 to synthesize Man-

1,2-Man-1,2-Man is by transmannosylation from -1,2-mannobiose as donor and acceptor. In 

addition, in absence of Man1P, the only way for it to synthesize Man-1,2-Man-1,2-Man is by 

transmannosylation from 1,2-mannobiose as donor and -1,2-mannobiose as acceptor. Preliminary 

IMS/IMS experiments targeting the DP2 oligosaccharides showed the presence of -1,2-mannobiose in 

the reaction mixture from 1,2-mannobiose and Man. We hypothesize that the 1,2-mannobiose 

retention time on HPAEC-PAD chromatograms would be very near from that of 1,2-mannobiose, 

explaining why we did not observe two peaks corresponding to putative DP2 oligosaccharides. This will 

be checked with the commercial 1,2-mannobiose standard. In addition, we will have to confirm the 

ability of IBD_P1 to perform hydrolysis, phosphorolysis and transmannosylation from 1,2-

mannobiose as sole carbohydrate substrate, to definitively confirm the transmannosylation mechanism 

used by IBD_P1 to synthesize Man-1,2-Man-1,2-Man. Furthermore, we showed that IBD_P1 is 

unable to produce -1,2-mannotriose or Man-1,2-Man-1,2-Man by transmannosylation, while it is 

able to produce -1,2-mannobiose from -1,2-mannobiose and Man. These results proved that the -1 

subsite of IBD_P1 is specific for -linked mannosides, when its +1 and +2 subsites are occupied by - 

or -linked mannobiose. Nevertheless, it could also accommodate -linked mannosides when only Man 

is bound in the +1 subsite (Figure 9). The resolution of the IBD_P1 crystallographic structure will be 

necessary to identify the molecular determinants of such a flexibility of the donor and acceptor binding 

sites.  
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At this stage, the catalytic duality of IBD_P1 is only an in vitro curiosity and any biological implication 

remains to be proved.  Nevertheless, the original catalytic properties of this new enzyme make it a very 

interesting enzyme for the synthesis, in a one-pot reaction from Man1P and Man, of Man-1,2-Man-

1,2-Man. To our knowledge, IBD_P1 is the first known enzyme which is able to synthesize mixed - 

and -linked oligosaccharides, and the only known member of the GH130 family which targets -linked 

oligosaccharides. The Man-1,2-Man-1,2-Man trisaccharide is a particularly interesting target for 

synthesis of antigenic epitopes. Indeed, it is a key motif linking the -1,2- and -1,2-linked mannosyl 

chains in yeast N-glycans (Shibata et al. 2003), in particular in the antigenic factor 6 of the pathogenic 

yeast Candida albicans (Kobayashi, Shibata, and Suzuki 1992), which uses the -mannosyltransferase 

CaBmt1 from the GT91 family to synthesize this motif from -1,2-linked mannosides (Fabre et al. 2014). 

The Man-1,2-Man-1,2-Man motif is also found in other microbial glycans, such as in the O antigen 

part of the lipopolysaccharide of the pathogenic Salmonella species (Liu et al. 2014) (Figure 10).  

 

 

Figure 9: Specificity of the IBD_P1 donor and acceptor binding sites towards - and -linked 

mannosides.  

Physiological function of IBD_P1 

The IBD_P1 enzyme is classified in the C4 metanode of the GH130 SSN, which contains another 

characterized member, the Lin0857 enzyme from Listeria innocua. This enzyme is a canonical -1,2-

mannoside-phosphorylase, of which the biological function was not discussed by Tsuda et al., who 

discovered and characterized it (Tsuda et al. 2015). Prediction of the physiological role of a bacterial 

CAZyme can be done by analyzing the genomic context of the target gene. The structure of the targeted 
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glycan can indeed be deduced from the known (or predicted) activities of the CAZymes expressed from 

a same operon (Lapébie et al. 2019). The IBD_P1 sequence is a metagenomic sequence issued from the 

gene catalog of the human gut microbiome, in which the listed genes are disconnected from their 

genomic environment. Therefore, we analyzed the genomic environment of the two best blast hits of 

IBD_P1, Bacsa1715 from Bacteroides salanitronis DSM 18170 (ADY36113.1) and BXY_23240 from 

Bacteroides xylanisolvens XB1A (CBK67392.1). Both genes belong to predicted polysaccharide 

utilization loci (PUL) listed in the PULDB (Terrapon et al. 2015), the predicted PUL9 (Bacsa_1536 to 

1541) and PUL31 (BXY_23190 to 23240), respectively. These PUL both contain SusC/SusD and MFS 

transporter sequences, but no other CAZyme encoding ones, which could have provided us with 

information on the structure of the PUL’s cognate substrates. This is also the case for the other 

Bacteroidetes GH130 sequences of the C4 metanode, found in 13 PUL of the PULDB, which contain 

no other CAZy sequence to functionally complement the putative operon. This consistency in the 

genomic environment of the Bacteroidetes GH130 of the C4 cluster suggests that these GH130 may, in 

vivo, ensure the final phosphorolysis of short (< DP4) -1,2- mannooligosaccharides internalized in 

bacterial cells, providing M1P which can enter directly the central carbon metabolism without 

consumption of ATP. The IBD_P1 enzyme, in particular, would also be involved in the metabolization 

of -1,2- mannobiose and of the Man-1,2-Man-1,2-Man trisaccharide. This original ability makes of 

it an enzyme perfectly adapted to the metabolisation of the N-glycans of Candida albicans (Figure 10). 

This yeast is one of the dominant fungal species in the human gut microbiota, since C. albicans 

operational taxonomic units are present in more than 80% of the stool samples of healthy individuals 

(Nash et al. 2017). However, in patients with IBD, the fungal microbiota is skewed, with an increased 

proportion of C. albicans compared with healthy individuals (Sokol et al. 2017). This yeast is also a 

possible initiator of the inflammatory process (Gerard et al. 2015). The increased proportion of C. 

albicans in the microbiota of IBD individuals is thus in accordance with the strikely overprevalence and 

overabundance of the IBD_P1 sequence in the microbiota of IBD individuals, given the substrate 

targeted by this enzyme. It would also explain the IBD marker status of the other sequence highlighted 

in the present study, which, belonging to metanode C3 of the GH130 SSN (A. Li et al. 2020), is predicted 

to target -1,2-linked mannosides, which are highly abundant in C. albicans N-glycans. Besides, as 

explained above, the mannosides targeted by IBD_P1 are also present in the lipopolysaccharides of 

Salmonella species, which do not contain long -1,2-linked mannan chains, contrary to C. albicans N-

glycans (Figure 10). Salmonella is the cause of typhoid fever, paratyphoid fever, and the foodborne 

illness salmonellosis (Liu et al. 2014). Interestingly, Salmonella infection could promote the onset of 

IBD (Schultz et al. 2017; Gradel et al. 2009) and increase their severity (Szilagyi et al. 1985). The 

discovery and functional characterization of the IBD-associated enzyme IBD_P1 allowed us to decipher 

a novel mechanism of mannoside metabolization, which may thus be the key of disease-specific inter-

kingdom and inter-genera interactions.  
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Figure 10: Schematic representation of the structures of the N-glycan of Candida albicans and of the O-

antigen part of the Salmonella lipooligosaccharides. 
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Chapter 3 

In the Chapter 1 of the Results section, I presented a novel approach based on sequence similarity 

networks analysis to analyze GP sequence diversity, and to highlight unexplored sequence spaces to 

mine for function discovery. The proof of concept of this approach was established with the GH130 

family, which contains mannoside-acting enzymes. 

In this chapter, I describe the application of this novel strategy to the analysis of five other CAZy families 

containing inverting GPs. In this study, I performed all the sequence analyses, except annotation of the 

GH65, GH94, GH112, GH149 and GH161 sequences in the targeted metagenomes, which was 

performed by Vincent Lombard, from the CAZy team in Marseille (France). Diego Morgavi, from 

INRAE Saint-Genès-Champanelle (France), provided us with the bovine rumen metagenomic dataset. 

Jeremy Esque helped me to manage large sequence datasets with the EFI-EST and Cytoscape tools. The 

figures presented in this chapter are not optimal, since because of the lockout due to the COVID 

pandemy, I could not finalize them with the computing facilities available at the Toulouse 

Biotechnology Institute.  

 

Analysis of the diversity of the Glycoside Hydrolase Families 65, 94, 112, 

149 and 161 in genomes and mammalian gut metagenomes 

 

Introduction 

Glycoside-phosphorylases (GPs) are very particular enzymes, which break down glycosides by 

transferring a glycosyl moiety from the non-reducing end of the substrate to inorganic phosphate, 

producing a glycosyl-1-phosphate and a shortened glycoside. GPs are also able to synthetize glycosides 

by reverse-phosphorolysis, from a glycosyl-1-phosphate and an appropriate hydroxylated acceptor, 

releasing inorganic phosphate. GPs are intracellular enzymes, requiring the cytoplasmic inorganic 

phosphate to perform phosphorolysis. They are widespread in bacteria, in the genomes of which the GP 

encoding genes often cluster in operon-like loci with genes encoding glycoside hydrolases and 

transporters, with which they participate to glycoside catabolism (Simon Ladevèze et al. 2017). It has 

also been suggested that some bacterial GPs may salvage polysaccharides to synthesize their own 

lipopolysaccharides or capsule polysaccharides (Nihira, Nakai, and Kitaoka 2012). In addition, in 

eukaryotes but not only, some GPs are involved in the intracellular recycling of energy storage or 

osmoregulator glycosides, such as trehalose (Schiraldi, Di Lernia, and De Rosa 2002), sucrose (Goedl 

et al. 2010), glycogen (Daghlas and Mohiuddin 2020), starch (E. O’Neill 2013) (ref), cyclic -1,2-

glucans (Cho et al. 2016), laminarin (Papaspyridi, Zerva, and Topakas 2018) and mannogen (Sernee et 

al. 2019). 

GPs perform the phosphorolysis and reverse phosphorolysis reactions using the same catalytic features 

as glycoside-hydrolases (GHs) and glycosyltransferases (GTs), with which they share high sequence 

and mechanistic similarities (Puchart 2015). In the CAZy database, GPs are thus classified in GHs and 

GTs families. To date, there are 8 GH and 3 GT families containing GPs. GPs can be divided into 

retaining GPs (GH3, GH13_18, GT4, GT35) and inverting GPs (GH65, GH94, GH112, GH130, GH149, 

GH161, GT108) depending on whether the glycosidic bond is formed with retention or inversion of the 

anomeric configuration of the glycosyl-1-phosphate substrate, in the reverse-phosphorolysis reaction, 
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and reversely in the phosphorolysis reaction (Koshland 1953). There is much less functional diversity 

in retaining GPs than in inverting ones. Indeed, the specificity towards glycosyl-phosphates of retaining 

GPs acting on -glycosides (GH13_18, GT4 and GT35) is limited to -D-glucose-1-phosphate, and 

their linkage specificity to -1,2, -1,1 and -1,4. The only retaining GPs acting on -glycosides are 

the rare ones from the GH3 family, which are specific to -D-glucose-1-phosphate or -D-N-

acetylglucosamine-1-phosphate, and to -1,4 or -1,3 glycosidic linkages. The remaining families 

contain inverting GPs, which change the anomeric configuration in the product, yielding -glycosyl-

phosphates from -glycosides or -glycosyl-phosphates from -glycosides. The linkage and acceptor 

specificities of inverting GPs are very diverse, even intra family, even though only one type of glycosyl-

phosphate is recognized by all the biochemically characterized GPs of each family (-D-glucose-1-

phosphate for GH65, -D-glucose-1-phosphate for GH149 and GH161, -D-mannose-1-phosphate for 

GH130 and GT108), except for GH94 GPs which act either on -D-glucose-1-phosphate or on -D-N-

acetylglucosamine-1-phosphate. Recently, we used sequence similarity networks (SSNs) to analyze the 

diversity of GH130 genomic and metagenomic sequences, and to highlight unexplored sequence spaces, 

yielding to the discovery of a new enzymatic function in this family (A. Li et al. 2020).  

In the present study, we used SSNs to analyze the sequence diversity of five CAZy families containing 

inverting GPs (GH65, GH94, GH112, GH149, GH161). The newly created GT108 family has not yet 

been included in this study. For each family, we analyzed the sequences of the CAZy database and those 

retrieved from four metagenomic datasets, selected from the gut of mammals, as ecosystems that are 

rich in glycosides of various origins and structures. By segregating the sequences into iso-functional 

groups, we isolated unexplored ones likely to offer functional novelty. 

 

Material and Methods 

GH sequence mining in mammal gut metagenomes 

The GH sequences were identified from the metagenomic sequence datasets following a procedure 

previously described for other metagenomics analyses (Svartström et al. 2017). The procedure consisted 

of a BLAST (Altschul et al. 1990) search of the protein sequences against the full-length GH65, GH94, 

GH112, GH149 and GH161 sequences included in the CAZy database (http://www.cazy.org) in 

November 2019, using a cut-off E-value of 10-6. Sequences that aligned over their entire length with one 

of the five family sequence in the database with >50% identity were directly assigned to the concerned 

family. The remaining sequences were subjected to a sequence similarity search using the Hidden 

Markov models (HMMER v3) built for each CAZy family, allowing identification of the CAZy family 

they belong to (Lombard et al. 2014).  

Sequence similarity networks 

The web-based Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) 

(http://efi.igb.illinois.edu/efi-est) (Gerlt et al. 2015) was used independently in each family to construct 

sequence similarity networks (SSNs) from the sequences retrieved from the CAZy database in 

November 2019 and from the four metagenomes, with E-value thresholds between 10-120 and 10-320. The 

node networks were visualized using Cytoscape 3.2 (https://cytoscape.org/ (Shannon et al. 2003)). 

Analysis of sequence similarity 
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The CD-HIT program was used to analyze sequence redundancy within and between the datasets 

(http://weizhong-lab.ucsd.edu/cdhit-web-server/cgi-bin/index.cgi) (Huang et al. 2010).  

Signal peptide detection  

Signal peptides were predicted using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) 

(Nielsen 2017). 

 

Results 

CAZy sequence mining in mammalian gut microbiomes  

Four mammalian gut metagenomes, totaling 33,962,473 genes, were searched for sequences containing 

at least one catalytic module assigned to one of the GH65, GH94, GH112, GH149 and GH161 families. 

Respectively, 1394, 7506, 1658, 404 and 374 sequences were retrieved from these metagenomes (Table 

1). The relative number of sequences extracted from each dataset is in the same range, varying from 

2.10-3 to 52.10-3 % of the genes in each metagenome for all families except family GH149, which is 

absent or rare in mammalian gut metagenomes (from 0 % in the mouse database to 4.10-5 % in the pig 

database). The proportion of truncated sequences, which lack N- and/or C-terminal ends, varies between 

59.8 to 84.2% of the metagenomic sequences. Sequences of the families GH112, 149 and 161 are strictly 

monomodular, while maximum 1.9% of the metagenomic GH65 and GH94 sequences are multimodular 

(Table 2). Whatever the database or the family, very few sequences are fully identical to sequences of 

the CAZy database; the maximum is 30 sequences (0.1%) in family GH65. Among the metagenomic 

sequences, no GH112, GH149 and GH161 sequence was found in two or more metagenomes, and only 

two GH65 and six GH94 sequences are fully identical in several metagenomes. With a threshold of 90% 

sequence identity, sequence redundancy between metagenomes and the CAZy database was less than 

11%, with no common sequence in the GH149 family. Between the metagenomes, it reaches 43.5% 

(Table 3). 

Table 1: Diversity of sequences from the GH65, GH94, GH112, GH149 and GH161 families in 

mammalian gut metagenomes. 

Metagenome 
Number 

of genes 

N50 

average 

contig 

length 

(kb) 

Number 

of GH65 

sequences 

% of 

GH65 

Number 

of full-

length 

sequences 

Number of 

multimodularsequences 

Number of redundant 

sequences with those 

of the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 573 6.10-3 
318 

(55.5%) 
0 24 79 

Mouse 7,685,872 6.6 132 2.10-3 
73 

(55.3%) 
0 3 22 

Pig 2,572,074 1.87 195 8.10-3 
68 

(34.9%) 
1 3 8 

Bovine 13,825,880 0.91 494 4.10-3 
102 

(20.6%) 
1 0 2 

Total 33,962,473 -- 1,394 -- 
561 

(40.2%) 
2 (0.1%) 30 

111 

(7.9%) 

Redundancy between metagenomes 2 (0.1%) 
306 

(21.9%) 
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Metagenome 
Number 

of genes 

N50 

average 

contig 

length (kb) 

Number of 

GH94 

sequences 

% of 

GH94 

Number of 

full-length 

sequences 

Number of 

multimodular 

sequences 

Number of redundant 

sequences with those of 

the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 1,364 14.10-3 670 (49%) 12 9 87 

Mouse 7,685,872 6.6 713 9.10-3 373 (52%) 25 0 6 

Pig 2,572,074 1.87 1,349 52.10-3 424 (31%) 57 0 72 

Bovine 13,825,880 0.91 4,080 30.10-3 710 (17%) 53 0 345 

Total 33,962,473 -- 7,506 -- 
2177 

(29%) 
147 (1.9%) 9 510 (6.8%) 

Redundancy between metagenomes 
6 (8.10-

4%) 

3270 

(43.5%) 

Metagenome 
Number 

of genes 

N50 

average 

contig 

length (kb) 

Number of 

GH112 

sequences 

% of 

GH112 

Number of 

full-length 

sequences 

Number of 

multimodular 

sequences 

Number of redundant 

sequences with those of 

the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 672 7.10-3 142 (21%) 0 5 151 

Mouse 7,685,872 6.6 441 6.10-3 99 (22%) 0 0 9 

Pig 2,572,074 1.87 221 9.10-3 75 (34%) 0 0 16 

Bovine 13,825,880 0.91 324 2.10-3 113 (35%) 0 0 7 

Total 33,962,473 -- 1,658 -- 
429 

(25.9%) 
0 (%) 5 183 (11%) 

Redundancy between metagenomes 0 (%) 
702 

(42.3%) 

Metagenome 
Number 

of genes 

N50 

average 

contig 

length (kb) 

Number of 

GH149 

sequences 

% of 

GH149 

Number of 

full-length 

sequences 

Number of 

multimodular 

sequences 

Number of redundant 

sequences with those of 

the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 4 4.10-5 2 (50%) 0 0 0 

Mouse 7,685,872 6.6 0 0 0 0 0 0 

Pig 2,572,074 1.87 67 2.6.10-3 27 (40.3%) 0 0 0 

Bovine 13,825,880 0.91 333 2.4.10-3 35 (10.5%) 0 0 0 (%) 

Total 33,962,473 -- 404 -- 64 (15.8%) 0 (%) 0 0 (%) 

Redundancy between metagenomes 0 (%) 
126 

(31.2%) 

Metagenome 
Number 

of genes 

N50 

average 

contig 

length (kb) 

Number of 

GH161 

sequences 

% of 

GH161 

Number of 

full-length 

sequences 

Number of 

multimodular 

sequences 

Number of redundant 

sequences with those of 

the CAZy database 

100 % 

identity 

≥ 90 % 

identity 

Human 9,878,647 5.0 102 12.10-3 36 (35.3%) 0 1 2 

Mouse 7,685,872 6.6 33 7.10-3 23 (69.7%) 0 0 0 

Pig 2,572,074 1.87 46 26.10-3 7 (15.2%) 0 0 0 

Bovine 13,825,880 0.91 193 17.10-3 14 (7.2%) 0 0 2 

Total 33,962,473 -- 374 -- 80 (21.4%) 0 (%) 1 4 (1%) 

Redundancy between metagenomes 0 (%) 70 (18.7 %) 
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Table 2: List of the multi-modular sequences containing a GH65 or a GH94 module, and their location 

in the SSN meta-nodes. 

 

Sequence ID Modularity SSN Meta-nodes 

GH65 

Pig metagenome 

PIG_031_GL0134317 GH65-GH123 UC1 

Rumen metagenome 

552_GL0092692 GH39-GH50-GH65 Singleton 

GH94 

Human metagenome 

MH0028_GL0003057 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

764487809_stool1_revised_scaffold5909_1_gene196520 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0174_GL0056037 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

158337416_stool1_revised_C1288134_1_gene152125 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0355_GL0196938 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0371_GL0043287 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0229_GL0068780 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0373_GL0036976 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

O2_UC44_2_GL0183344 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

V1_FI17_GL0166068 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH0149_GL0070226 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

O2_UC47_1_GL0061816 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

Mouse metagenome 

G1_3A_GL0084201 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

8_6_GL0008594 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

8_7_GL0089744 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

S_Fe9_GL0201599 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MC_6_2_GL0007599 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

S_Fe10_GL0136174 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MC_6_3_GL0000468 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MC_6_4_GL0003412 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MC_6_5_GL0004986 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH_6_3_GL0034105 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

MH_6_4_GL0094834 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

Group2_3A_GL0144932 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

Group2_7A_GL0098350 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

1_3_GL0036569 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

28_GL0027913 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2B_dyr23_07_GL0045266 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

37_GL0058896 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

4_7_GL0009465 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

6_1_GL0015423 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7_2_GL0090807 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

S_Fe12_GL0120881 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

16_GL0012642 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2A_dyr16_07_GL0030507 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

4_8_GL0013147 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

S_Fe8_GL0189988 GH94-GH31 C7(GPs-Glc--1,4-(Glc)n_2) 
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Sequence ID Modularity SSN Meta-nodes 

GH94 

Pig metagenome 

PIG_004_GL0051592 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_011_GL0243393 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_015_GL0289875 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_019_GL0060800 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_020_GL0136562 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_022_GL0064627 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_023_GL0070918 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_028_GL0050292 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_030_GL0073751 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_041_GL0117714 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_046_GL0080949 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_053_GL0083850 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_053_GL0167626 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_056_GL0132660 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_058_GL0013445 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_059_GL0010219 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_131_GL0151701 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_10B_GL0129047 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_11B_GL0022917 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_12B_GL0224971 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_3B_GL0141403 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_5B_GL0055499 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_11B_GL0068516 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_4B_GL0076575 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_6B_GL0056378 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_7B_GL0075281 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_11B_GL0000689 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_11B_GL0016812 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_511B_GL0007200 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_512B_GL0090269 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

EYZ_183B_GL0034834 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

EYZ_362B_GL0236707 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

EYZ_378B_GL0161831 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

EYZ_652B_GL0251890 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

SYZ_423B_GL0029902 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

ZXZ_10B_GL0052922 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

ZXZ_10B_GL0061714 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

ZXZ_4B_GL0003134 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_154_GL0132841 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_186_GL0052376 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_116_GL0211365 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_116_GL0249540 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_153_GL0190531 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_002_GL0090830 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_014_GL0084799 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_023_GL0211078 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_123_GL0211566 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

PIG_079_GL0011828 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BHZ_10B_GL0250266 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_4B_GL0126628 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 
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Sequence ID Modularity SSN Meta-nodes 

GH94 

Pig metagenome 

BMZ_5B_GL0010348 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

BMZ_9B_GL0154221 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_510B_GL0207906 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

DB_512B_GL0201683 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

EYZ_120B_GL0209766 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

SYZ_533B_GL0049271 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

ZXZ_4B_GL0101816 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

Bovine metagenome 

554_GL0968146 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

554_GL2815684 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0596946 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

555_GL0467606 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

555_GL0567853 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

555_GL2263323 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0824374 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL0053622 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL0177273 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0895504 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0936267 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL2154069 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0083189 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL1678326 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL3066203 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL3167091 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL3183669 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL3298800 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL3568686 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL1299512 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL1456528 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL1590182 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL1844098 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL2277690 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

3042_GL1652457 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7049_GL0175957 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7049_GL0191990 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7049_GL0676236 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7049_GL1871656 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0181451 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0206120 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

552_GL1372664 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

583_GL0085070 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

583_GL0656402 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

583_GL0733471 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

554_GL0086158 GT84-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

554_GL2456883 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

553_GL0040713 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL1012976 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL2147646 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL1026702 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL2230308 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 
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Sequence ID Modularity SSN Meta-nodes 

GH94 

Bovine metagenome 

2009040_GL1820487 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

2009040_GL1820769 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

3042_ GL0469036 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

3042_GL2774413 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

583_GL0256027 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

583_GL0638438 GT84-GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

555_GL1726641 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

0081_GL1064759 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

100058_GL2367730 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

552_GL0709473 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

7049_ GL0638626 GH144-GH94 C2(GSs-Glc−−1,2-(Glc)n) 

 

Table 3 Redundancy of metagenomic sequences. The redundancy of the GH130 sequences was 

previously analyzed (A. Li et al. 2020). 

Families 
Number of CAZy  

sequences (Nov.2019) 
Number of metagenomic 

sequences 

Redundancy (ID ≥  90%) 

Metagenomes/CAZy Within metagenomes 

GH65 5,871 1,394 7.5 % 21.9 % 

GH94 2,741 7,506 6.8 % 43.5 % 

GH112 326 1,658 11 % 42.3 % 

GH130 1,594(Nov.2018) 4,714 10.7 % 51.5 % 

GH149 122 404 0 31.2 % 

GH161 96 374 1 % 18.7 % 

 

Sequence diversity analysis  

The analysis of sequence diversity was done by the construction of Sequence Similarity Networks (SSN) 

for each family, including all sequences from the CAZy database and from the four target metagenomes.  

As it was shown in the previous study on the GH130 family, the identical sequences do not affect the 

clusterization, insofar as identical sequences are grouped in the same node. When the number of nodes 

containing sequences with 100% identity was higher than 5000, we chose to group in the same node the 

sequences sharing more than 70% identity, in order to be able to use the EFI-ST webserver.  This 

procedure was applied to the family GH94, containing 10,247 non-redundant sequences. For the family 

GH65, the procedure was not applied due to the great number (in total 2,389) of sequences from the 

CAZy database sharing 100% identity, leading to an initial number of nodes lower than 5,000. In 

addition, very few sequences are multimodular (≤ 1,9 %), which should not impact the clustering, as 

previously shown for the GH130 family. To construct the SSNs, we tested different E-value thresholds 

(between 10-120 and 10-320), and mapped the functions of the characterized enzymes on the obtained 

meta-nodes. For families GH65, GH94 and GH112, we obtained isofunctional clusters that are defined 

as meta-nodes containing characterized members with the same osidic linkage and acceptor specificities. 

In these cases, the optimal E-value threshold was defined as the highest threshold yielding to the 

separation of the sequences into the maximum number of isofunctional meta-nodes. Two families, 

GH149 and GH161, have only two characterized members, which have the same substrate and linkage 

specificities. For these families, the optimal E-value threshold was defined as the lowest threshold that 

allows maintenance of characterized members in the same meta-nodes. Finally, in the optimal 

configuration, sequences of each meta-nodes were retrieved to search for the presence of signal peptide, 

indicating the presence of putative extracellular or membrane-bound CAZymes, which could not be GPs, 

since GPs need intracellular inorganic phosphate to perform glycoside phosphorolysis (A. Li et al. 2020).  
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Family GH65 

 

The GH65 family lists 5,871 sequences in the CAZy database, of which 24 are characterized (Table 4). 

The family contains mainly GPs but eight of the characterized members from eukaryotic organisms are 

hydrolases (one -glucosyl-1,2--galactosyl-L-hydroxylysine -glucosidase (Hamazaki and Hotta 

1979) and seven -trehalases (Destruelle, Holzer, and Klionsky 1995; D’Enfert and Fontaine 1997; Eck 

et al. 1997; Zhao et al. 2007; Sánchez-Fresneda et al. 2015; Zilli et al. 2015). In reverse-phosphorolysis, 

the unique known donor is -D-glucose 1-phosphate (Glc1P), while four different acceptors are found 

in this family (D-glucose, L-rhamnose, glucose-6-phosphate and glycerol), with various linkage 

specificities when glucose is the acceptor. GPs of the GH65 family breakdown the disaccharides maltose 

(Glc--1,4-Glc) (Ehrmann and Vogel 1998; Inoue, Yasutake, et al. 2002; Y. Hidaka et al. 2005; 

Andersen et al. 2012; Nihira, Saito, Kitaoka, Otsubo, et al. 2012; Nihira, Nishimoto, et al. 2014), 

kojibiose (Glc--1,2-Glc) (Chaen et al. 1999; Yamamoto et al. 2004; 2011; Mukherjee, Narindoshvili, 

and Raushel 2018), trehalose (Glc--1,1-Glc) (Nishimoto et al. 1996; Inoue, Ishii, et al. 2002) and  

nigerose (Glc--1,3-Glc) (Nihira, Nakai, et al. 2012). Others characterized enzymes are trehalose 6-

phosphate phosphorylase, acting on Glc--1,1-Glc6P (Andersson, Levander, and Rådström 2001); 3-O-

-D-glucosyl-L-rhamnose phosphorylase, acting on Glc--1,3-Rha (Nihira, Nakai, and Kitaoka 2012) 

and 2-O--glucopyranosylglycerol phosphorylase, acting on  Glc--1,2-Glycerol (Nihira, Saito, et al. 

2014; Touhara et al. 2014) . The SSN analysis of the family GH65 was performed on a total of 7,265 

sequences. The nine different activities appear in distinct meta-nodes at the optimal configuration, 

corresponding to E-value 10-180, with a pairwise sequence identity over 45% (Figure 1). Only the 

hydrolases acting on Glc--1,1-Glc (trehalases) are found in two meta-nodes. Previously, the 

phylogenetic tree of characterized GH65 enzymes also showed a significant distance between two 

branches containing trehalases (Nihira, Nakai, and Kitaoka 2012; 2012). In this configuration, we 

obtained seven meta-nodes containing at least one characterized sequence (C1 to C7), of which two host 

characterized hydrolases and sequences with a signal peptide (C6, C7). Seven meta-nodes (UC1 to UC7) 

contain more than 20 uncharacterized sequences (Table 5). Signal peptides were found in some 

sequences of the UC1 and UC4 meta-nodes, indicating that these meta-nodes probably contain hydrolase 

sequences. Among the five other uncharacterized meta-nodes, UC3, UC6 and UC7 mainly contain 

CAZy sequences, while UC2 and UC5 contain mainly metagenomic sequences. The 1,036 remaining 

sequences are distributed in small meta-nodes (less than 20 sequences), of which three contain one 

characterized sequence, and in 778 singletons. In singletons, 78,4% of sequences are truncated, while 

97.4% of full length sequences are distributed in the meta-nodes (Table 14). 

Table 4:  List of the biochemically characterized  GH65 sequences and their location in the SSN meta-

nodes.  

 

GH65_GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C1(GPs-Glc-

-1,4-Glc) 
AAV43670.1 

maltose phosphorylase 

(MalP;LBA1870) 
Glc1P D-glucose 

Maltose 

(-D-glucosyl-

(1→4)-D-
glucose) 

(Andersen et al. 

2012) 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAV43670.1
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GH65_GPs 

GenBank/ 

UniProtKB 

accession 
Protein Name 

Reverse-phosphorolysis activity 
Reference 

Donor Acceptor Product 

C1(GPs-Glc-

-1,4-Glc) 

ADH99560.1 
maltose phosphorylase 

(Bsel_2056) 
Glc1P D-glucose Maltose 

(Nihira, Saito, 

Kitaoka, 

Otsubo, et al. 
2012) 

BAC54904.1 maltose phosphorylase (MPase) Glc1P D-glucose Maltose 

(Inoue, 

Yasutake, et al. 

2002) 

BAD97810.1 maltose phosphorylase (MapA) Glc1P D-glucose Maltose 
(Y. Hidaka et 

al. 2005) 

CAA11905.1 maltose phosphorylase Glc1P D-glucose Maltose 
(Ehrmann and 

Vogel 1998) 

AAO80764.1 
maltose phosphorylase 

(MalP;EF0957) 
Glc1P D-glucose Maltose 

(Nihira, 

Nishimoto, et 

al. 2014) 

Q7SIE1 maltose phosphorylase Glc1P D-glucose Maltose 
(Hüwel et al. 

1997) 

C2(GPs-Glc-

-1,1-Glc) 

BAB97299.1 trehalose phosphorylase (TreP) Glc1P D-glucose 

trehalose 

(-D-glucosyl-

(1→1)-D-
glucose) 

(Nishimoto et 
al. 1996) 

BAC20640.1 trehalose phosphorylase (TPase) Glc1P D-glucose trehalose 
(Inoue, Ishii, et 

al. 2002) 

C3(GPs-Glc-

-1,1-Glc6P) 
AAK04526.1 

trehalose-6-phosphate 

phosphorylase 

(TrePP;YeeA;L39593;LL0428) 
Glc1P D-glucose 6-P 

trehalose 6-P 

(-D-glucosyl-

(1→1)-D- 

glucopyranoside 

6-P) 

(Andersson, 

Levander, and 
Rådström 

2001) 

C4(GPs-Glc-

-1,2-Glc) 

AAE30762.1 kojibiose phosphorylase 

(KojP;KPase) 
Glc1P D-glucose 

kojibiose 

(-D-glucosyl-

(1→2)-D-

glucose) 

(Chaen et al. 

1999; 

Yamamoto et 
al. 2004) 

AAC74398.1 kojibiose phosphorylase(YcjT) Glc1P D-glucose kojibiose 

(Mukherjee, 
Narindoshvili, 

and Raushel 

2018) 

ABP66077.1 kojibiose phosphorylase 

(CsKP;Csac_0439) 
Glc1P D-glucose kojibiose 

(Yamamoto et 

al. 2011) 

C5(GPs-Glc-

-1,3-Glc) 
ABX42243.1 

nigerose phosphorylase 

(Cphy_1874) 
Glc1P D-glucose 

nigerose 

(-D-glucosyl-

(1→3)-D-
glucose) 

(Nihira, Nakai, 

et al. 2012) 

Small meta-

nodes (GPs-

Glc--1,3-

Rha) 

ABX41399.1 
3-O--glucopyranosyl-L-

rhamnose phosphorylase 

(Cphy_1019) 

Glc1P L-rhamnoe 

-D-

glucopyranosyl-

(1→3)-L-
rhamnose 

(Nihira, Nakai, 

and Kitaoka 

2012) 

Small meta-
nodes (GPs-

Glc--1,2-

glycerol) 

ADI00307.1 
1,2-alpha-glucosylglycerol 
phosphorylase(Bsel_2816) 

Glc1P D-glycerol 
-D-

glucopyranosyl-
(1→2)-glycerol 

(Nihira, Saito, 
et al. 2014) 

GH65_GHs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Hydrolase activity 

Reference 
Substrate Product 

C6(GHs-

Glc--1,1-

Glc) 

AAV05390.1 acid trehalase (Atc1;CaATC1) trehalose D-glucose 
(Eck et al. 

1997) 

AGG12634.1 
acid trehalase 

(Ath1;CgATH1;CAGLOK05137g) 
trehalose D-glucose 

(Zilli et al. 
2015) 

CCE43253.1 
trehalase 

(Atc1;CpATC1;CPAR2_208980) 
trehalose D-glucose 

(Sánchez-

Fresneda et al. 
2015) 

CAA89280.1 
acid trehalase (vacuolar) 

(Ath1;YPR026w;YP9367.06) 
trehalose D-glucose 

(Destruelle, 

Holzer, and 

Klionsky 1995) 

 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAC54904.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAD97810.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAA11905.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO80764.1
http://www.uniprot.org/uniprot/Q7SIE1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAB97299.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAC20640.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAK04526.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAE30762.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABP66077.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX42243.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADI00307.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAV05390.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AGG12634.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CCE43253.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAA89280.1
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GH65_GHs 

GenBank/ 

UniProtKB 

accession 
Protein Name 

Hydrolase activity 
Reference 

Substrate Product 

C7(GHs-Glc-

-1,1-Glc) 

AAB57642.1 acid trehalase (TreA) trehalose D-glucose 
(D’Enfert and 

Fontaine 1997) 

EAA66407.1 AN9340.2 (TreA) trehalose D-glucose 
(D’Enfert and 

Fontaine 1997) 

ABO93464.1 acid trehalase (Atm1) trehalose D-glucose 
(Zhao et al. 

2007) 

Small meta-

nodes(-

glucosyl-1,2-

-galactosyl-

L-

hydroxylysine 

-

glucosidase) 

BAR88294.1 

protein -glucosyl-1,2--

galactosyl-L-hydroxylysine -

glucosidase (Athl1;PGGHG) 

[collagen]-(5R)-5-O-

[-D-glucosyl-

(1→2)- -D-

galactosyl]-5-
hydroxy-L-lysine 

D-glucose + 
[collagen]-(5R)-5-O-

(-D-galactosyl)-5-

hydroxy-L-lysine 

(Hamazaki and 
Hotta 1979) 

 

 

 

 

Figure 1: Protein sequence similarity network (SSN) of the 7,265 GH65 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-180. Each of the 4,866 nodes 

contains sequences with more than 100% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 45%. In this figure, the 778 sequences appearing in 724 singletons have been 

omitted. The meta-nodes containing at least 20 sequences and with characterized members are labelled 

as C1 to C7. Red nodes contain biochemically characterized GPs, blue nodes contain biochemically 

characterized GHs. The meta-nodes containing at least 20 sequences and with no characterized 

members are labelled as UC1 to UC7. Nodes are colored according to the origin of the sequences: sky 

blue, CAZy database; pink, human gut metagenome; green, mouse gut metagenome; black, pig gut 

metagenome; orange, bovine rumen metagenome. 

 

 

Table 5: Distribution of the predicted GH65 glycoside-phosphorylases and hydrolases in the SSN meta-

nodes, obtained with an E-value threshold of 10-180. The number of sequences includes the full-length 

and truncated ones. Only the sequences belonging to meta-nodes with at least 20 sequences are 

mentioned.  

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAB57642.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=EAA66407.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABO93464.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAR88294.1
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GH65 
C1 (GPs_Glc--

1,4-Glc) 

C2 (GPs_Glc--

1,1-Glc) 

C3 (GPs_Glc--

1,1 -Glc6P) 

C4 (GPs_Glc--

1,2-Glc) 

C5 (GPs_Glc--

1,3-Glc) 
Total 

Prediction of 

mechanism 
GPs GPs GPs GPs GPs GPs 

CAZy 1,627 1,118 879 1,394 27 5,045 

Human 81 40 5 48 24 198 

Mouse 26 19 4 7 3 59 

Pig 23 7 0 6 4 40 

Rumen 5 55 0 27 43 130 

Total 1,762 1,239 888 1,482 101 5,472 

GH65 C6 (GHs_Glc--1,1-Glc) C7 (GHs_Glc--1,1-Glc) Total 

Prediction of mechanism GHs GHs GHs 

CAZy 142 26 168 

Human 0 0 0 

Mouse 0 0 0 

Pig 0 0 0 

Rumen 0 0 0 

Total 142 26 168 

GH65 UC1 UC2 UC3 UC4 UC5 UC6 UC7 Total Total 

Prediction of 

mechanism 
GHs GPs GPs GHs GPs GPs GPs GPs GHs 

CAZy 94 28 102 66 4 47 30 211 160 

Human 61 21 0 0 24 0 0 45 61 

Mouse 7 0 0 0 0 0 0 0 7 

Pig 10 6 0 0 15 0 0 21 10 

Rumen 15 47 0 0 1 0 0 48 15 

Total 187 102 102 66 44 47 30 325 253 

 

Family GH94 

 

The CAZy database lists 2,741 GH94 sequences, of which 27 are characterized (Table 6). All of them 

are GPs, targeting  cellobiose (Glc--1,4-Glc) (Dakhova et al. 1993; Reichenbecher, Lottspeich, and 

Bronnenmeier 1997; Liu et al. 1998; Yernool et al. 2000; Y.-K. Kim et al. 2002; Nidetzky et al. 2004; 

M. Hidaka et al. 2006; Ha et al. 2013; Sawano et al. 2013; Xu et al. 2013; Devendran et al. 2016; Meng 

et al. 2018; S.-K. Kim et al. 2019) , cellodextrins (Glc--1,4-(Glc)n) (Reichenbecher, Lottspeich, and 

Bronnenmeier 1997; Kawaguchi et al. 1998; Ha et al. 2013; Sawano et al. 2013; E. C. O’Neill et al. 

2017), laminarinbiose (Glc--1,3-Glc) (Nihira, Saito, Kitaoka, Nishimoto, et al. 2012; Kuhaudomlarp, 

Walpole, et al. 2019), cellobionic acid (Glc--1,4-GlcOA) (Nihira, Saito, et al. 2013), sophorose (Glc-

-1,2-(Glc)n) (Nakajima et al. 2014; 2017) and N,N’-diacetyl chitobiose (GlcNAc--1,4-GlcNAc) (Park, 

Keyhani, and Roseman 2000; M. Hidaka et al. 2004; Honda, Kitaoka, and Hayashi 2004). In addition, 

the GH94 family contains bacterial multi-domain sequences (GT84-GH94), including those of the cyclic 

‐1,2‐glucan synthases, which have phosphorolytic activity towards ‐1,2‐glucooligosacccharides 

synthesized from UDP-glucose by the GT84 domain (Ciocchini et al. 2007). In the family GH94, the 

SSN analysis was applied to 10,247 sequences for which the optimal clusterization was obtained by 

setting the E-value at the threshold of 10-210. The pairwise sequence identity in meta-nodes is over 52%. 

In the optimal configuration, the different enzyme specificities found in this family are well separated 
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(Figure 2). The GPs targeting Glc--1,4-Glc (cellobiose), Glc--1,4-(Glc)n (cellodextrins)  and GPs 

GlcNAc--1,4-GlcNAc (chitobiose) appear in distinct meta-nodes. Nevertheless, the characterized 

sequences targeting Glc--1,4-(Glc)n (cellodextrins) are distributed in two large meta-nodes, appearing 

early at the E-value 10-120, and in one small meta-nodes of less than 20 sequences (Figure 3). It was not 

possible to maintain cellodextrins-targeting GP sequences in one single meta-nodes while separating 

cellobiose- and chitobiose-targeting GPs. The separation of these three functions is obtained at the E-

value threshold 10-210 (Figure 2). With this optimal E-value threshold, the GPs targeting Glc--1,3-Glc 

(laminaribiose) and Glc--1,4-(Glc)n (cellodextrins) are nevertheless each splitted in a large meta-nodes 

and in a small one of less than 20 sequences, each containing one characterized sequence of each 

specificity. Previously, the phylogenetic tree of characterized GH94 enzymes also showed a significant 

distance between the two cellodextrin phosphorylases and the two laminaribiose phosphorylases (Nihira, 

Saito, Kitaoka, Nishimoto, et al. 2012). The optimal SSN configuration consists of eight meta-nodes 

containing at least one characterized sequence: seven meta-nodes without any signal peptide in their 

sequences (C1, C3-C8) and the meta-nodes C2 containing the two characterized cyclic ‐1,2‐glucan 

synthases and three uncharacterized sequences harboring a signal peptide (Table 7). The meta-nodes C2 

contains all the multimodular sequences (GH144-GH94, GT84-GH94, GT84-GH144-GH94), except 

the GH94-GH31 ones, which belong to the meta-nodes C7. In meta-nodes C2, the 3 sequences harboring 

a signal peptide are GT84-GH94 multimodular sequences, in which the C‐terminal module could confer 

phosphorylase activity to these proteins. Indeed, the cyclic ‐1,2‐glucooligosacccharides are 

osmoregulated periplasmic bacterial glucans, of which the number of glucosyl residues in the cyclic ring 

is controlled by the C-terminal GH94 domain (conferring GP activity) of the GT84-GH94 multimodular 

‐1,2‐glucan synthases (Ciocchini et al. 2007). In such cases the signal peptide would address the protein 

to the periplasmic compartment, which is still compatible with a phosphorolytic function. Interestingly, 

some multimodular sequences present a GH144 module, conferring an additional endo--1,2-glucanase 

activity to these exo--1,2-glucan phosphorylases (Abe et al. 2017). Finally, the optimal SSN 

configuration comprises 4 additional meta-nodes of more than 20 uncharacterized sequences, none with 

a signal peptide (UC1-UC4). The UC1, UC2 and UC3 mainly contain metagenomic sequences, while 

UC4 is composed of a balanced assembly of metagenomic and genomic sequences. The 4,130 remaining 

sequences are in singletons and in 47 small meta-nodes, of which two contain one characterized 

sequence, as explained above. Among the 3,894 sequences in singletons, 93.84 % are truncated, while 

95.1 % of complete sequences are in the meta-nodes (Table 14). 

 

Table 6: List of the biochemically characterized GH94 sequences and their location in the SSN meta-

nodes. 

 

GH94_GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C1(GPs-Glc-

-1,4-Glc) 
AAB95491.2 

cellobiose phosphorylase  
(CbpA) 

Glc1P D-glucose 

cellobiose 

(-D-

glucopyranosyl-
(1→4)-D-

glucopyranose) 

(Yernool et al. 
2000) 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAB95491.2
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GH94_GPs 

GenBank/ 

UniProtKB 

accession 
Protein Name 

Reverse-phosphorolysis activity 
Reference 

Donor Acceptor Product 

C1(GPs-Glc-

-1,4-Glc) 

AAC45510.1 
cellobiose phosphorylase  

(CepA) 
Glc1P D-glucose cellobiose 

(Reichenbecher

, Lottspeich, 

and 
Bronnenmeier 

1997) 

AAD36910.1 
cellobiose phosphorylase 

(CepA;TM1848;Tmari_1863) 
Glc1P D-glucose cellobiose 

(S.-K. Kim et 

al. 2018) 

AAL67138.1 
cellobiose phosphorylase  

(Cbp) 
Glc1P D-glucose cellobiose 

(Y.-K. Kim et 

al. 2002) 

AAQ20920.1 
cellobiose phosphorylase  

(CbP) 
Glc1P D-glucose cellobiose 

(Nidetzky et al. 

2004) 

ABD80580.1 
cellobiose phosphorylase 94A 

(Cbp;SdCBP;Sde1318) (Cep94A) 
Glc1P D-glucose cellobiose (Ha et al. 2013) 

ABN51514.1 
cellobiose phosphorylase  

(Cbp;CtCBP;Cthe_0275) 
Glc1P D-glucose cellobiose 

(Wilson et al. 

2013) 

ACL76454.1 
cellobiose phosphorylase  

(CbpA;Ccel_2109) 
Glc1P D-glucose cellobiose (Xu et al. 2013) 

ADU20744.1 
cellobiose phosphorylase 

(CBP;RaCBP;Rumal_0187) 
Glc1P D-glucose cellobiose 

(Sawano et al. 

2013) 

BAA25846.1 
cellobiose-phosphorylase  

(Cbp) 
Glc1P D-glucose cellobiose 

(Cate et al. 

2014) 

BAA28631.1 
cellobiose phosphorylase  

(Cbp;CgCBP) 
Glc1P D-glucose cellobiose (Liu et al. 1998) 

CAB16926.1

* 

cellobiose phosphorylase  

(CepA) 
Glc1P D-glucose cellobiose 

(Dakhova et al. 

1993) 

C3(GPs-Glc-

-1,4-

(Glc)n_1) 

ADU22883.1 
cellodextrin phosphorylase 

(CDP;RaCDP;Rumal_2403) 
Glc1P 

[(1→4)--D-

glucosyl]n 

cellodetrin 

[(1→4)--D-

glucosyl]n+1 

(Sawano et al. 

2013) 

C4(GPs-Glc-

-1,3-Glc) 
BAJ10826.1 

laminaribiose phosphorylase 

(LbpA) 
Glc1P D-glucose 

laminaribiose 

(-D-

glucopyranosyl

-(1→3)-D-
glucopyranose) 

(Kuhaudomlarp
, Walpole, et al. 

2019) 

C5(GPs-

GlcNAc--

1,4-GlcNAc) 

AAG23740.1 
diacetylchitobiose phosphorylase 

(ChbP) 
GlcNAc1

P 

N-acetyl-D-

glucosamine 

N,N'-

diacetylchitobi

ose 

(N-acetyl--D-

glucosaminyl-

(1→4)-N-
acetyl-D-

glucosamine) 

(Keyhani, Li, 
and Roseman 

2000) 

BAC87867.1 
chitobiose phosphorylase 

(ChbP;VpChBP) 
GlcNAc1

P 

N-acetyl-D-

glucosamine 

N,N'-

diacetylchitobi
ose 

(Honda, 

Kitaoka, and 
Hayashi 2004) 

C6(GPs-Glc-

-1,2-(Glc)n) 

CAC97070.1 
-1,2-oligoglucan phosphorylase 

(LiSOGP;Lin1839) 
Glc1P 

[(1→2)--D-

glucosyl]n 

[(1→2)--D-

glucosyl]n+1 

(Nakajima et al. 

2014) 

ABX41081.1 
-1,2-oligoglucan phosphorylase 

(LpSOGP;Cphy_0694) 
Glc1P 

[(1→2)--D-

glucosyl]n 

[(1→2)--D-

glucosyl]n+1 

(Nakajima et al. 

2017) 

C7(GPs-Glc-

-1,4-

(Glc)n_2) 

BAB71818.1 
cellodextrin phosphorylase  

(Cdp-ym4) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Sawano et al. 

2013) 

ABN54185.1 
cellodextrin-phosphorylase 

(Cdp;CtCDP;Cthe_2989) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Kawaguchi et 

al. 1998) 

ADZ85667.1 
cellodextrin phosphorylase 

(Cdp;ClCDP;Clole_3989) 
Glc1P 

[(1→4)--D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 
(Ha et al. 2013) 

C8(GPs-Glc-

-1,4-

GlcOA) 

AAM43298.1 
cellobionic acid phosphorylase 

(CelAP;NdvB;XCC4077) 
Glc1P D-gluconate 

-D-

glucopyranosyl

-(1→4)-D-

gluconate 

(Nihira, Saito, 
et al. 2013) 

ABD80168.1 

cellobionic acid phosphorylase 

94B 
(Cep94B;CBAP;SdCBAP;Sde_09

06) 

Glc1P D-gluconate 

-D-

glucopyranosyl

-(1→4)-D-
gluconate 

(Nihira, Saito, 
et al. 2013) 

EAA28929.1 
cellobionic acid phosphorylase 

(CelAP;NdvB;NCU09425) 
Glc1P D-gluconate 

-D-

glucopyranosyl

-(1→4)-D-
gluconate 

(Nihira, Saito, 

et al. 2013) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAC45510.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAD36910.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAL67138.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAQ20920.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABD80580.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABN51514.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACL76454.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU20744.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAA25846.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAA28631.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAB16926.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAB16926.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADU22883.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAJ10826.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=CAC97070.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX41081.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAB71818.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABN54185.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ADZ85667.1
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GH94_GPs 

GenBank/ 

UniProtKB 

accession 
Protein Name 

Reverse-phosphorolysis activity 
Reference 

Donor Acceptor Product 

Small meta-

nodes 
AAC45511.1 

cellodextrin phosphorylase  

(CepB;CsCdP) 
Glc1P 

[(1→4)--

D-

glucosyl]n 

[(1→4)--D-

glucosyl]n+1 

(Reichenbecher

, Lottspeich, 

and 
Bronnenmeier 

1997) 

Small meta-

nodes 
ABX81345.1 

laminaribiose phosphorylase 

(ACL_0729;ACL0729) 
Glc1P D-glucose laminaribiose 

(Nihira, Saito, 

Kitaoka, 

Nishimoto, et 
al. 2012) 

GH94_GSs/

GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C2(GSs-Glc-

-1,2-(Glc)n) 
ACD71661.1 

cyclic -1,2-glucan synthetase 

(Cgs)/ -1,2-oligoglucan 

phosphorylase 

Glc1P 
[(1→2)--

D-

glucosyl]n 

[(1→2)--D-

glucosyl]n+1 

(Iñón de 

Iannino et al. 
1998; Guidolin 

et al. 2009) 

 

 

Figure 2: Protein sequence similarity network (SSN) of the 10,247 GH94 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-210. Each of the 7,375 nodes 

contains sequences with more than 70% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 52%. In this figure, the 3,894 sequences appearing in 3,765 singletons have 

been omitted. The meta-nodes containing at least 20 sequences and with characterized members are 

labelled as C1 to C8. Red nodes contain biochemically characterized GPs; purple, biochemically 

characterized GSs. The meta-nodes containing at least 20 sequences and with no characterized 

members are labelled as UC1 to UC4. Nodes are colored according to the origin of the sequences: sky 

blue, CAZy database; pink, human gut metagenome; green, mouse gut metagenome; black, pig gut 

metagenome; orange, bovine rumen metagenome. 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAC45511.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX81345.1
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Figure 3: Protein sequence similarity network (SSN) of the 10,247 GH94 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-120. Each of the 7,375 nodes 

contains sequences with more than 70% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 42%. In this figure, the 2,027 sequences appearing in 1965 singletons have 

been omitted. In red, biochemically characterized GPs; purple, biochemically characterized GSs. Nodes 

are colored according to the origin of the sequences: sky blue, CAZy database; pink, human gut 

metagenome; green, mouse gut metagenome; black, pig gut metagenome; orange, bovine rumen 

metagenome. 

 

Table 7: Distribution of the predicted GH94 glycoside-phosphorylases and glucan synthases in the SSN 

meta-nodes, obtained with an E-value threshold of 10-210. The number of sequences includes the full-

length and truncated ones. Only the sequences belonging to meta-nodes with at least 20 sequences are 

mentioned. 

GH94 

C1 

(GPs-

Glc--

1,4-Glc) 

C3 (GPs-

Glc--1,4-

(Glc)n_1) 

C4 

(GPs-

Glc--

1,3-Glc) 

C5 (GPs-

GlcNAc--

1,4-

GlcNAc) 

C6 (GPs-

Glc--

1,2-

(Glc)n) 

C7 (GPs-

Glc--1,4-

(Glc)n_2) 

C8 (GPs-

Glc--1,4- 

GlcOA) 

Total 

C2 (GSs-

Glc--

1,2-

(Glc)n) 

Predicted 

mechanism 
GPs GPs GPs GPs GPs GPs GPs GPs GSs  

CAZy 204 60 67 276 409 21 265 1,302 1,236 

Human 245 104 77 36 4 7 0 473 179 

Mouse 103 88 107 57 12 4 0 371 57 

Pig 305 127 59 24 0 7 0 522 106 

Bovine 885 346 100     127 0 88 0 1,546 143 

Total 1,742 725 410 520 425 127 265 4,214 1,721 
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GH194 UC1 UC2 UC3 UC4 Total 

Predicted 

mechanism 
GPs GPs GPs GPs GPs 

CAZy 9 1 3 16 29 

Human 35 6 14 0 55 

Mouse 6 2 17 0 25 

Pig 8 14 0 4 26 

Bovine 3 20 10 8 41 

Total 61 43 44 28 176 

 

 

Family GH112 

 

The CAZy database lists 326 sequences for the GH112 family, of which twelve are characterized. All 

of them are GPs acting on disaccharides (Table 8). In reverse phosphorolysis, the unique known donor 

is -D-galactose 1-phosphate (Gal1P), and three different main acceptors have been reported: N-

acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc) and L-rhamnose (Rha). To date, 

two D-galactosyl--1,4-L-rhamnose phosphorylases are characterized (Nakajima, Nishimoto, and 

Kitaoka 2009b; 2010). In reverse-phosphorolysis, the two enzymes showed in vitro relaxed acceptor 

specificity, since both recognize also D-glucose, and one of them L-mannose, L-xylose, D-glucose, 2-

deoxy-D-glucose and D-galactose (Nakajima, Nishimoto, and Kitaoka 2009b). Ten GH112 target -1,3-

galactosyl-N-acetylhexosamines (galacto-N-biose/lacto-N-biose phosphorylases) using GalNAc or 

GlcNAc acceptors in reverse-phosphorolysis (Nakajima et al. 2008; Nakajima and Kitaoka 2008; 

Nakajima, Nishimoto, and Kitaoka 2009a; Chao, Wim, and Tom 2011). Whatever is their preference 

for GlcNAc or GalNAc, these enzymes are relatively promiscuous and accept both acceptors. Based on 

the analysis of 1,984 sequences, optimal clusterization in family GH112 was obtained by setting an E-

value threshold of 10-190, corresponding to 48% pairwise sequence identity. We obtained two 

isofunctionnal meta-nodes, C1 and C2, in which no sequence has a signal peptide (Figure 4). The 

characterized GPs targeting Gal--1,3-GlcNAc and Gal--1,3-GalNAc appear in the same meta-nodes 

C1, these enzymes being promiscuous towards N-acetyl-hexosamine acceptors. When we set the E-

value threshold at lower values, such as, for example, 10-220 (Figure 5), we scattered the characterized 

sequences into smaller meta-nodes and singletons without being able to separate the enzymes preferring 

GalNAc or GlcNAc acceptors.  In the optimal SSN, the C2 meta-nodes contains the characterized GPs 

targeting Gal--1,4-Rha (Table 9). In this configuration, the sequences which are not classified in C1 or 

C2 appear in singletons or in three small meta-nodes, of size lower than the critical threshold of 20 

sequences each.  A total of 930 sequences (46.87%) are found in small meta-nodes and in singletons 

sharing less than 48% identity with a sequence in another meta-nodes (Table 14). Most of the sequences 

appearing in singletons are incomplete (95.98 %), while 95.1% of the full-length sequences cluster in 

meta-nodes. One sequence with a signal peptide (V1.FI14_GL0040405) was found in a small meta-

nodes, indicating that it probably not codes for a GP (Figure 4, Table 9). 

 

Table 8: List of the biochemically characterized GH112 sequences and their location in the SSN meta-

nodes. 
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GH112_GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C2 

(GPs--1,4-

Gal-Rha) 

ACB74662.1 
D-galactosyl--1,4-L-rhamnose 

phosphorylase (GalRhaP;Oter_1377) 
Gal1P L-rhamnose 

-D-galactosyl-

(1→4)-L-
rhamnose 

(Nakajima, 

Nishimoto, 

and 

Kitaoka 

2010) 

ABX42289.1 
D-galactosyl-1,4-L-rhamnose 

phosphorylase (Cphy_1920) 
Gal1P L-rhamnose 

-D-galactosyl-

(1→4)-L-

rhamnose 

(Nakajima, 

Nishimoto, 

and 

Kitaoka 
2009b) 

C1 

(GPs--1,3-

Gal-GlcNAc/ 

-1,3-Gal- 

GalNAc) 

AAO07997.1 
-1,3-galactosyl-N-acetylhexosamine 

phosphorylase 

(GalGlyNAcP;VV2_1091) 

Gal1P 
N-acetyl-D-

glucosamine 

-D-
galactopyranosyl-

(1→3)-N-acetyl-

D-glucosamine 

(Nakajima 

and 

Kitaoka 

2008) 

ABX40964.1 
-1,3-galactosyl-N-acetylhexosamine 

phosphorylase (Cphy_0577) 
Gal1P 

N-acetyl-D-
glucosamine 

N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-
D-glucosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Nakajima, 

Nishimoto, 
and 

Kitaoka 

2009b) 

ABX43387.1 
-1,3-galactosyl-N-acetylhexosamine 

phosphorylase (Cphy_3030) 
Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-glucosamine 

-D-
galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Nakajima, 

Nishimoto, 

and 

Kitaoka 

2009b) 

BAD80751.1 
galacto-N-biose / lacto-N-biose 

phosphorylase 

(LnpA1;LnbP;GLNBP;BLLJ_1623) 
Gal1P 

N-acetyl-D-
glucosamine 

N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-
D-glucosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Kitaoka, 
Tian, and 

Nishimoto 

2005) 

BAD80752.1 
lacto-N-biose phosphorylase 

(LnpA1;LnbP) 
Gal1P 

N-acetyl-D-

glucosamine 

N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-glucosamine 

-D-
galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Kitaoka, 

Tian, and 

Nishimoto 

2005) 

ACV29689.1 

-1,3-galactosyl-N-acetylhexosamine 

phosphorylase / galacto-N-biose/lacto-

N-biose I phosphorylase 

(GLNBP;Apre_1669) 

Gal1P 

N-acetyl-D-

glucosamine 
N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-glucosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Chao, 
Wim, and 

Tom 2011) 

ZP_05748149.1 

-1,3-galactosyl-N-acetylhexosamine 

phosphorylase / galacto-N-biose 

phosphorylase 

(GNBP;HMPREF0357_1319) 

Gal1P 
N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Chao, 

Wim, and 

Tom 2011) 

ACZ00636.1 
-1,3-galactosyl-N-acetylhexosamine 

phosphorylase / galacto-N-biose 
phosphorylase (GNBP;Smon_0146) 

Gal1P 
N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-
D-galactosamine 

(Chao, 

Wim, and 

Tom 2011) 

ABG83511.1 
galacto-N-biose phosphorylase 

(CPF_0553) 
Gal1P 

N-acetyl-D-

galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Nakajima 

et al. 2008) 

BAH10636.1 
-1,3-galactosyl-N-acetylhexosamine 

phosphorylase (GnpA) 
Gal1P 

N-acetyl-D-
galactosamine 

-D-

galactopyranosyl-

(1→3)-N-acetyl-

D-galactosamine 

(Nakajima, 

Nishimoto, 
and 

Kitaoka 

2009a) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACB74662.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX42289.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=AAO07997.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX40964.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABX43387.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAD80751.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACV29689.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ZP_05748149.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ACZ00636.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=ABG83511.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=BAH10636.1
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Figure 4: Protein sequence similarity network (SSN) of the 1,984 GH112 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-190. Each of the 1,887 nodes 

contains sequences with more than 100% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 48%. In this figure, the 920 sequences appearing in 920 singletons have been 

omitted. The meta-nodes containing at least 20 sequences and with characterized members are labelled 

as C1 and C2. Red nodes contain biochemically characterized GPs. Brown node contains sequence with 

a signal peptide. Nodes are colored according to the origin of the sequences: sky blue, CAZy database; 

pink, human gut metagenome; green, mouse gut metagenome; black, pig gut metagenome; orange, 

bovine rumen metagenome. 

 

Figure 5: Protein sequence similarity network (SSN) of the 1,984 GH112 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-220. Each of the 1,887 nodes 

contains sequences with more than 100% identity. Nodes are connected by an edge when the pairwise 

sequence identity is over 52%. In this figure, the 1009 sequences appearing in 1008 singletons have 

been omitted. In red, biochemically characterized GPs. Brown node contains sequence with a signal 
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peptide. Nodes are colored according to the origin of the sequences: sky blue, CAZy database; pink, 

human gut metagenome; green, mouse gut metagenome; black, pig gut metagenome; orange, bovine 

rumen metagenome. 

Table 9: Distribution of the predicted GH112 glycoside-phosphorylases and hydrolases in the SSN meta-

nodes, obtained with an E-value threshold of 10-190. The number of sequences includes the full-length 

and truncated ones. Only the sequences belonging to meta-nodes with at least 20 sequences are 

mentioned. 

GH112 C1(GPs-Gal--1,3 -GlcNAc/GalNAc) C2(GPs-Gal--1,4-Rha) Total 

Prediction of mechanism GPs GPs GPs 

CAZy 276 40 316 

Human 299 36 335 

Mouse 189 33 222 

Pig 63 21 84 

Bovine 3 94 97 

Total 830 224 1,054 

 

Family GH149 

 

The GH149 family is a small family, with only 122 sequences listed in the CAZy database. They are 

mostly issued from Gram-negative marine bacteria from the Proteobacteria and Bacteroidetes phyla. 

Two of them are characterized (Table 10). They target -1,3-glucans (Kuhaudomlarp et al. 2018). They 

use glucose and longer -1,3-linked gluco-oligosaccharides as acceptors in the reverse- phosphorolysis 

reaction, showing high flexibility towards -1,3-glucan chain length and linkage regioselectivity (-1,2; 

-1,3; -1,4 or -1,6) (Kuhaudomlarp, Stevenson, et al. 2019). In the SSN analysis applied to the 526 

sequences of family GH149, the optimal configuration was settled at the E-value threshold of 10-310. The 

sequences are distributed in three meta-nodes, sharing each more than 48% pairwise sequence identity 

(Figure 6, Table 11). One (C1) contains the two characterized sequences. The remaining meta-nodes 

(UC1 and UC2) have no characterized member, but a signal peptide was detected in one sequence of 

UC2 (2009040_GL0562976). Others sequences are distributed in one small meta-nodes and in 316 

singletons of which 303 (95,89 %) correspond to truncated sequences, while 93 % of the full-length 

sequences are found in meta-nodes (Table 14).  

Table 10: List of the biochemically characterized GH149 sequences and their location in the SSN meta-

nodes. 

GH149_GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C1(GPs-Glc-

-1,3-(Glc)n) 

/ 
-1,3-glucan 

phosphorylase(Pro_7066) 
Glc1P 

[(1→3)--D-

glucosyl]n 
[(1→3)--D-glucosyl]n+1 

(Kuhaudomlarp 

et al. 2018) 

AUO30192.1 
-1,3-glucan 

phosphorylase(EgP1) 
Glc1P 

[(1→3)--D-

glucosyl]n 
[(1→3)--D-`glucosyl]n+1 

(Kuhaudomlarp 

et al. 2018) 
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Figure 6: Protein sequence similarity network (SSN) of the 526 GH149 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-310. Each of the 511 nodes contains 

sequences with more than 100% identity. Nodes are connected by an edge when the pairwise sequence 

identity is over 48%. In this figure, the 316 sequences appearing in 316 singletons have been omitted. 

The meta-nodes containing at least 20 sequences, with characterized members is labelled as C1 and 

with no characterized members are labelled UC1 and UC2. Red nodes contain biochemically 

characterized GPs. Brown node contains sequence with a signal peptide. Nodes are colored according 

to the origin of the sequences: sky blue, CAZy database; pink, human gut metagenome; black, pig gut 

metagenome; orange, bovine rumen metagenome. 

Table 11: Distribution of the predicted GH149 glycoside-phosphorylases and hydrolases in the SSN 

meta-nodes, obtained with an E-value threshold of 10-310. The number of sequences includes the full-

length and truncated ones. Only the sequences belonging to meta-nodes with at least 20 sequences are 

mentioned. 

GH149 C1(GPs-Glc--1,3-Glc)n) UC1 Total UC2 

Prediction of 

mechanism 
GPs GPs GPs GHs 

CAZy 111 2 113 0 

Human 0 1 1 1 

Mouse 0 0 0 0 

Pig 0 19 19 18 

Bovine 7 35 42 14 

Total 118 57 175 33 
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Family GH161 

 

The CAZy database lists only 96 GH161 sequences, mainly from Gram positive bacteria, and, in a minor 

extend, from archae. One sequence also belongs to an eukaryote, the heterokont Ochromonas danica 

species. Two enzymes are characterized as -1,3-glucan-phosphorylases (Table 12). In reverse-

phosphorolysis, they use long gluco-oligosaccharides of various chain lengths as acceptors, but cannot 

use glucose. As the GH149 characterized members, they have high flexibility towards linkage position 

(Kuhaudomlarp, Pergolizzi, et al. 2019). For the 470 sequences of family GH161, we set the optimal 

configuration with an E-value threshold of 10-280, corresponding to 44 % pairwise sequence identity 

(Figure 7). When the E-value threshold was settled at lower values, such as, for example, 10-290, 

corresponding to 48% pairwise sequence identity (Figure 8), one characterized sequence was discarded 

in a singleton, without allowing the emergence of a new meta-nodes. In the selected SSN configuration, 

we obtained one single meta-nodes containing the two characterized -1,3-glucan-phosphorylases 

(Table 13). In this unique meta-nodes, sequences are grouped in two entities, linked by a single node. 

The entity containing the two characterized enzymes is rich in sequences from the CAZy database, while 

the second is rich in metagenomic sequences. The remaining sequences are discarded in twelve small 

clusters and in singletons. Most of the 286 sequences appearing in singletons are incomplete (96,15%), 

while 93 % of full-length sequences are in meta-nodes (Table 14).  

Table 12: List of the biochemically characterized GH161 sequences and their location in the SSN meta-

nodes. 

GH161_GPs 

GenBank/ 

UniProtKB 

accession 

Protein Name 
Reverse-phosphorolysis activity 

Reference 
Donor Acceptor Product 

C1(GPs-Glc-

-1,3-(Glc)n 

WP_019688419.1 
-1,3-glucan phosphorylase 

(PPT_RS0121460; PapP) 
Glc1P 

[(1→3)--D-

glucosyl]n 

[(1→3)--D-

glucosyl]n+1 

(Kuhaudomlarp, 

Pergolizzi, et al. 
2019) 

ACJ76363.1 
-1,3-glucan phosphorylase 

(THA_1941; TaCDP) 
Glc1P 

[(1→3)--D-

glucosyl]n 

[(1→3)--D-

glucosyl]n+1 

(Kuhaudomlarp, 

Pergolizzi, et al. 

2019) 

 

 

Figure 7: Protein sequence similarity network (SSN) of the 470 GH161 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-280. Each of the 462 nodes contains 

sequences with more than 100% identity. Nodes are connected by an edge when the pairwise sequence 

identity is over 44%. In this figure, the 286 sequences appearing in 286 singletons have been omitted. 
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The meta-nodes containing at least 20 sequences, with characterized members is labelled as C1. Red 

nodes contain biochemically characterized GPs. Nodes are colored according to the origin of the 

sequences: sky blue, CAZy database; pink, human gut metagenome; green, mouse gut metagenome; 

black, pig gut metagenome; orange, bovine rumen metagenome. 

 

 

 

Figure 8: Protein sequence similarity network (SSN) of the 470 GH161 sequences from the CAZy 

database and from gut metagenomes, with an E-value threshold of 10-290. Each of the 462 nodes contains 

sequences with more than 100% identity. Nodes are connected by an edge when the pairwise sequence 

identity is over 48%. In this figure, the 294 sequences appearing in 294 singletons have been omitted. 

In red, biochemically characterized GPs. Nodes are colored according to the origin of the sequences: 

sky blue, CAZy database; pink, human gut metagenome; green, mouse gut metagenome; black, pig gut 

metagenome; orange, bovine rumen metagenome. 

Table 13: Distribution of the predicted GH161 glycoside-phosphorylases and hydrolases in the SSN 

meta-nodes, obtained with an E-value threshold of 10-280. The number of sequences includes the full-

length and truncated ones. Only the sequences belonging to meta-nodes with at least 20 sequences are 

mentioned. 

GH161 C1 (GPs-Glc--1,3-(Glc)n) 

Prediction of mechanism GPs 

CAZy 69 

Human 31 

Mouse 23 

Pig 10 

Bovine 16 

Total 149 
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Table 14: Characteristics of the SSNs. Characteristics of the GH130 sequences was previously analyzed 

(A. Li et al. 2020). 

CAZy 

family 

E-value 

threshold 

Sequence 

identity 

threshold 

for 

connected 

nodes 

Total 

number 

of 

sequences 

Total 

number of 

full-length 

sequences 

Number of 

full-length 

sequences 

in meta-

nodes and 

proportion 

in the full-

length  

sequence 

dataset (%) 

Number of 

sequences in 

singletons/ 

small meta-

nodes 

and proportion 

in the entire 

dataset (%) 

Number of 

full-length 

sequences 

in 

singletons 

Number of 

truncated 

sequences in 

singletons 

and proportion 

in the entire 

dataset (%) 

GH65 10-180 45% 7,255 6,432 
6,264 

97.4% 

778/258 

14,28% 
168 

610 

(78.41%) 

GH94 10-210 52% 10,247 4,918 
4,678 

95.1% 

3,894/236 

40,3% 
240 

3,654 

(93.84%) 

GH112 10-190 48% 1,984 755 
718 

95.1 % 

920/10 

46,87% 
37 

883 

(95.98%) 

GH130 10-70 63% 6,308 3,692 
3,649 

98,8% 

694/104 

12,65% 
43 

651 

(93.80%) 

GH149 10-310 46% 526 186 
173 
93% 

316/2 
60,45% 

13 
303 

(95.89%) 

GH161 10-280 47% 470 176 
161 

93 % 

286/35 

68,3% 
15 

275 

(96.15%) 

 

Discussion 

Representation of GPs-containing CAZy families in mammalian gut metagenomes  

In this study, we increased the sequence diversity in the GH65, GH94, GH112, GH149 and GH161 

families, by adding metagenomic sequences to those already listed in the CAZy database, of which at 

least 91 % come from genomes of cultured bacteria. Indeed, only 62 metagenomic sequences are listed 

in the CAZy database for these five families. Except for the highly multi-functional family GH65, which 

is well covered in the CAZy database with more than 6,500 sequences, we extracted from mammalian 

metagenomes between 2.7 and 5.1 times more sequences than the number listed in the CAZy database. 

Moreover, the sequence redundancy is low. With a threshold of 90% sequence identity, redundancy 

between each metagenome and the CAZy database does not exceed 11%, with nearly no redundancy in 

the families GH149 and GH161, of which many sequences of the CAZy database are issued from aquatic 

bacteria, in particular from the Flavobacteriales, Marinilabiliales or Cytophagales orders. Between the 

metagenomes, at the same threshold, redundancy ranges from 18.7% to 43.5%, highlighting the relative 

similarities between mammalian gut microbiomes. 

All the targeted families except GH149 are similarly represented in mammalian gut metagenomes, with 

between 10-3 and 10-2 % of the non-redundant sequences in each metagenomic dataset. The GH130 

sequences are in the same range (A. Li et al. 2020). These values are similar to the mean values obtained 

for GH families (between 2 and 17.10-3 %, depending on the metagenomic catalog) (J. Li et al. 2020). 

This significant abundance in these metagenomes is in accordance with the availability of the diverse 

substrates targeted by their members in mammalian guts ecosystems. Nevertheless, these values are 

nearly 10 times lower than for the most abundant families in these metagenomes, such as GH43 and 

GH13, which play major roles in hemicellulose and starch degradation, respectively.  

For the GH65 and GH94 families, the SSN analysis allowed us to split the sequence diversity in many 

isofunctional meta-nodes, each related to one of the known substrates of the GH65 and GH94 enzymes. 

The GH65 GPs are active on disaccharides of various origins. Maltose is issued from starch, the plant 

energy storage polymer. Trehalose is synthetized in green algae, primitive plants, mushrooms, yeasts, 

bacteria, insects and nematodes, as a stress protectant. Kojibiose, nigerose, 2-O--d-glucopyranosyl-
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glycerol and 3-O--d-glucopyranosyl-L-rhamnose are found in bacterial lipopolysaccharides or 

capsular polysaccharides, even though kojibiose is also found in the fruiting bodies of mushrooms. The 

GH94 family is also highly polyspecific. Most characterized GH94 GPs target the disaccharides 

chitobiose, cellobiose, laminaribiose and cellobionic acid (a disaccharide found in mycotic cellulose 

degradation), and cellodextrins (cello-oligosaccharides of DP>2). All these substrates are issued from 

the degradation of terrestrial and marine plants and algae, as well as from mushrooms and exo-skeleton 

of arthropods and insects for chitobiose. Other GH94 target cyclic ‐1,2‐glucooligosacccharides found 

in bacteria, or linear -1,2-linked glucose oligomers found on bacterial cell wall glycans or in 

mushrooms fruiting body. In gut of mammals, these GPs thus probably mainly target bacterial and, to a 

lesser extent, mushroom glycosides.  

In GH112, the galacto-N-biose/lacto-N-biose phosphorylases are involved in the degradation of the 

lacto- and galacto-N-biose structures found in milk oligosaccharides and in the core structure of mucin 

oligosaccharides which contribute to the intestinal colonization by bacteria (Kitaoka, Tian, and 

Nishimoto 2005). Our SSN analysis showed that very few sequences issued from the bovine rumen 

metagenome cluster with those of galacto-N-biose/lacto-N-biose phosphorylases. This is in accordance 

with the fact that no glycoprotein-rich mucus is secreted in the rumen, as opposed to the lower 

gastrointestinal tract of mouse, pig and human (Hoorens et al. 2011). In fact, nearly all the ruminal 

GH112 sequences cluster together with those of D-galactosyl--1,4-L-rhamnose phosphorylases. These 

sequences from rumen bacteria would thus target pectin, since the Gal--1,4-Rha motif is found in 

rhamnogalacturonan I. It is not excluded that these enzymes would also act on some bacterial 

exopolysaccharides containing this motif too (Nakajima, Nishimoto, and Kitaoka 2009b). 

Finally, the only known function of GH161 enzymes is the degradation of -1,3-linked gluco-

oligosaccharides of DP ≥ 2 (Kuhaudomlarp, Pergolizzi, et al. 2019). -1,3-glucosides are mainly 

described in marine polysaccharides, such as laminarin, which is an energy storage polysaccharide for 

brown algae. Nevertheless, they are also found in plant’s callose produced in response to wounding, and 

in curdlan, a bacterial exopolysaccharide (Kuhaudomlarp et al. 2018).  Except laminarin, these natural 

substrates are likely to be present in the intestinal microbiota of mammals, more particularly in the 

rumen, which would be richest in callose plants because of the herbivorous diet. Interestingly, even 

though GH161 sequences are not present in Bacteroidetes PULs, we observed that they clusterize with 

GH94 ones in other genomes, indicating that GPs could be involved in the complete breakdown of long 

linear -1,3-glucoside chains, with GH161 -1,3-glucan phosphorylases depolymerizing the longest 

chains, and GH94 laminaribiose-phosphorylases finalizing the catabolism of these substrates.  However, 

interestingly, there is almost no redundancy between the GH161 sequences listed in the CAZy database 

and the gut metagenomic sequences. In addition, quite a few of the latter cluster in the SSN with those 

of characterized laminarin-phosphorylases, most of the metagenomic sequences appearing in a sub-

meta-nodes. This segregation indicates likely novel GH161 functions in this sub-meta-nodes, mainly 

containing metagenomic sequences.  

Contrary to the other ones, the family GH149 is absent or poorly represented (maximum 26.10-6 % of 

the sequences) in mammalian gut metagenomes. The only characterized GPs of the family GH149 are 

active on -1,3-glucosides of DP ≥ 1. The chain length specificity of -1,3-glucan phosphorylases in 

GH149 is more relaxed than that of the other -1,3-glucan phosphorylases from the GH161 family. In 

Bacteroidetes PULs, GH149 sequences mainly co-localize with GH16, GH17, GH3 and GH30 

sequences, which all contain -glucanases and -glucosidases, highlighting the potential contribution 

of the GH149 in the degradation of complex -glucan structures. The fact that the GH149 sequences 

listed in the CAZy database are mostly issued from marine bacteria indicates that for most of them, the 

likely substrate target is laminarin. This also explains the low representation of GH149 sequences in the 
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mammal gut metagenomes. Interestingly, as for the GH161 family, very few of the metagenomic 

sequences cluster with the -1,3-glucan phosphorylase sequences and the rest of the sequences from the 

CAZy database. The GH149 metagenomic sequences indeed cluster in the two independent 

uncharacterized meta-nodes UC1 and UC2, indicating that new functions that are still not described in 

the GH149 family could be found in these meta-nodes, or at least different linkage of chain length 

specificities. In particular, the UC2 meta-nodes probably contains glycoside-hydrolases, since one of its 

sequences contains a signal peptide.  

The interest of SSNs to highlight uncharacterized sequence groups and to predict GP 

activity 

The efficiency of SSNs for rapid clustering of a large number of CAZy sequences has already been 

shown (Viborg et al. 2019; A. Li et al. 2020). SSNs were recently applied to the creation of subfamilies 

within the large multi-functional CAZy family GH16 (Viborg et al. 2019), and to the discovery of a new 

GP function in the GH130 family (A. Li et al. 2020). In the present study, we describe the use of SSNs 

to analyze the diversity of five other CAZy families and to highlight groups of sequences which do not 

contain experimentally characterized member. These clusters are thus particularly interesting to mine 

for new glycoside modifying functions. 

Of course, the sequences present in small meta-nodes (less than 20 sequences) would also be interesting 

to find new functions, although these functions would be rare in the ecosystem. However, a rare function 

is not necessarily without ecological importance, in particular since we did not assess in this study the 

gene abundance, prevalence and expression in the targeted microbiomes. Here, we chose a threshold of 

20 sequences to consider meta-nodes, since it is one of the criteria used to define subfamilies in the 

CAZy database (Viborg et al. 2019). The percentage of sequences discarded in small meta-nodes and 

singletons varies from 12.6% in the GH130 family to 68.3% in GH161 family (Table 14). These values 

are particularly high for small families, such as GH149 and GH161, which raises questions about the 

representativeness of meta-nodes of more than 20 sequences in terms of functional diversity.  

Most of the metagenomic sequences appearing as singletons are truncated, explaining their low 

similarity with any other sequence. The percentage of truncated sequences in singletons is nearly 

constant (between 96.1% and 93.8%), except in family GH65, for which it is only 78.4%. Anyway, 

when we consider all the full-length sequences, between 93 and 97.4 % of them are in meta-nodes (Table 

14). These values indicate that our SSN analysis considers most of the diversity contained in the targeted 

databases and this, in very similar proportions for all the families. 

In the optimal SSN configurations allowing the clusterization of sequences in iso-functional meta-nodes, 

we set an optimal E-value threshold corresponding to a pairwise sequence identity value under which 

the nodes are disconnected. The corresponding sequence identity values for the five studied families are 

in the same range, between 46% and 52% identity. This value was higher in the family GH130, where 

connections within a meta-nodes required at least 63% identity (A. Li et al. 2020).  This difference is 

not due to the size of the family or its level of multi-functionality, since for the highly multi-functional 

GH65 and GH130 families, which gather respectively 7,265 and 6,308 sequences (similar numbers), the 

sequence identity thresholds are 45 % and 63 %, respectively. We suggest that this difference may rather 

be due to the level of diversity of quaternary structures. Indeed, with the exception of GH130 ones, GPs 

mainly act as dimers, including those of family GH161, in which no crystallographic structure has yet 

been solved (Kuhaudomlarp, Pergolizzi, et al. 2019). In contrast, almost all the GH130 members form 

higher homooligomeric complexes in solution and in crystals (Kawahara et al. 2012; Nakae et al. 2013; 

Nihira, Suzuki, et al. 2013; S. Ladevèze et al. 2015; Ye et al. 2016). The conformational stability of 
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these oligomeric complexes involves a high number of interaction surfaces between the different 

monomers, which affect the active site topology and, consequently, the enzyme donor and acceptor 

specificity (S. Ladevèze et al. 2015). For the GH130 family, sequence divergence, even minor, may thus 

result in differences in quaternary structures, and in substrate specificities.  

Regarding the uncharacterized meta-nodes highlighted in this study, they represent highly variable 

proportions of the sequence diversity in each family. The GH65 and GH94 families already contain 

about 25 characterized members each, with various specificities. For these families, only 8 and 1.7 %, 

respectively, of the sequences are found in uncharacterized meta-nodes, which include both genomic 

and metagneomic sequences. The functional diversity of these families is thus probably already nearly 

fully characterized, and the sequences present in the CAZy database cover all these functions. In the 

GH112 family, no uncharacterized meta-nodes was found, indicating that except for the putative 

hydrolase identified in a small meta-nodes (V1.FI14_GL0040405), the functions already discovered in 

this family are probably exhaustive and cover well its sequence diversity. The newly created GH149 

and GH161 families represent different cases. Indeed, in the GH149 family, 17 % of the sequences are 

found in uncharacterized meta-nodes, which contain nearly only metagenomic sequences, showing that 

the genomic sequences listed in the CAZy database probably do not cover the functionalities of this 

family. In the GH161 family, 68% of the sequences are in an uncharacterized sub-meta-nodes, which 

mostly contains metagenomic sequences, and a few sequences from the CAZy database too. As 

explained above, the uncharacterized sequence groups of these families thus represent interesting 

sources of enzymes to characterize.  

Compared to what we carried out for the GH130 family, the prediction of glycoside-phosphorylase or 

hydrolase mechanism for the uncharacterized sequences of the GH65, GH94, GH112, GH149 and 

GH161 is less reliable. For these five families, we indeed just checked the presence or absence of peptide 

signals to predict hydrolase or phosphorylase functions, respectively. This is due to the fact that in these 

families (except GH65), no hydrolase has been discovered yet. This prevented us from identifying the 

presence of a carboxylic acid residue, which could act as a putative catalytic base in inverting hydrolases. 

Also, no CBM was found in the sequences of these five families, which could be the whiteness of 

extracellular or membrane bound hydrolases targeting polysaccharides (A. Li et al. 2020). Nevertheless, 

the biochemical characterization of the sequences V1.FI14_GL0040405 and 2009040_GL0562976, 

which have a signal peptide, should allow us to prove that some hydrolases do exist in the GH112 and 

GH149 families.  

The same strategy has yet to be applied to the last family containing inverting GPs, GT108, and also to 

the GH3, GH13_18, GT4, and GT35 families, which contain retaining phosphorylases, if we can have 

enough computational resources to handle the huge amount of sequences (especially for the GT4 family), 

and after checking the modularity of these sequences.  
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This PhD project aimed at discovering new GPs, in order to identify new functions of glycoside 

breakdown in microbial ecosystems, and to design innovative enzymatic routes for the synthesis of high-

added value oligosaccharides.  

 

A sequence-based approach for GP discovery 

 

To boost the discovery of new GPs, I developed an approach combining sequence-based mining of 

genomes and metagenomes, and activity-based screening of GP activity.  We targeted the CAZy families 

already containing characterized GP members (eight families in 2016, eleven in 2019), but, potentially, 

with new activities.  

In order to analyze the representation of each CAZy family containing GPs in microbiomes, and intra-

family sequence diversity, I tested the efficiency of Sequence Similarity Networks (SSNs), that were 

never tested in the lab before my PhD work. The generic strategy I established to mine (meta)genomes 

for GPs is based on the following steps: 

- annotation of the gut microbial gene catalogs of human, mouse, pig and cow (totalizing nearly 34 

million genes). V. Lombard performed this task, in the framework of the collaboration between G. 

Potocki-Veronese and the CAZy team. CAZy mining was based on Blast analysis against the CAZy 

database, and detection of Hidden Markov models (HMMs) built for each CAZy family. These 

sequences, as for all CAZy families, had been annotated in the framework of a collaborative work 

directed by Diego Morgavi and involving, among many other contributors, the CAZy team and G. 

Potocki-Veronese, to establish and analyze a catalog of microbial genes from the bovine rumen (Li et 

al. 2020) 

- construction of SSNs from all the identified metagenomic and genomic sequences (extracted from the 

CAZy database), family per family.  

- optimization of the clustering parameters to obtain meta-nodes containing functionally homogeneous 

members, and identification of the meta-nodes that do not contain any characterized member 

- for each meta-node, prediction of the hydrolytic or phosphorolytic mechanism, based on i) 

presence/absence of signal peptide, GPs requiring, in cellulo, intracellular phosphate to catalyze 

phosphorolysis; ii) conservation of the catalytic GP/GH machinery and of the GP’s phosphate binding 

residues; iii) presence/absence of carbohydrate-binding modules (since most GPs act on short 

oligosaccharides and thus don’t need CBMs, which help some CAZymes to bind polysaccharides) 

 

To establish the proof of concept of this strategy, we first targeted the CAZy family GH130, which 

contains both GHs and GPs acting on mannosides, a very diverse class of glycosides involved in the 

interactions between eukaryotes and prokaryotes, in particular in the human gut. This family is thus, 

with the GH65 one, the most diversified CAZy family containing GPs, in terms of enzymatic 

mechanisms, substrate and linkage specificities. With the 4,714 metagenomic sequences and the 1,594 

sequences already listed in the CAZy database (November 2018), of which 98% are issued from cultured 

bacteria or archaea, our GH130 dataset totalizes 6,308 sequences. Using SSNs, we divided the diversity 

of sequences into 15 mostly isofunctional meta-nodes; of these, nine contained no experimentally 

characterized member. By examining the multiple sequence alignments in each meta-node, we predicted 

the determinants of the phosphorolytic mechanism and linkage specificity. We thus hypothesized that 

eight uncharacterized meta-nodes would be phosphorylases. These sequences are indeed characterized 

by the absence of signal peptides and of the catalytic catalytic base. Those sequences with  the conserved 
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E/K, E/R and Y/R pairs of residues involved in substrate binding, would target -1,2, -1,3 and -1,4-

linked mannosyl residues, respectively. These predictions were tested by characterizing members from 

the uncharacterized meta-nodes, chosen among the most prevalent and abundant GH130 sequences of 

the human gut microbiome. These target sequences were synthetized, cloned and expressed in E. coli. 

The GP function of three of the most original GH130 targets was biochemically proven by using 

chromogenic assays, HPAEC-PAD, NMR, and MS-MS analysis of the phosphorolysis and reverse-

phosphorolysis products. We discovered the first known -1,4-mannosyl-glucuronicacid phosphorylase 

(the U1 enzyme), which targets a motif of the Shigella lipopolysaccharide O-antigen. Furthermore, the 

in-depth analysis of the prevalence and abundance of all known GH130 sequences in the human gut 

microbiome, which had been previously initiated with 65 genomic sequences from human gut bacteria 

(Ladevèze et al. 2013), allowed us to identify a biomarker of inflammatory bowel diseases (IBD). This 

sequence encodes the very original dual mannoside-phosphorylase/transmannosylase IBD_P1, which 

targets the Man-1,2-Man-1,2-Man trisaccharidic motif found in Candida albicans and Salmonella 

sp., which are IBD-associated microorganisms. 

Overall, with this work we demonstrated the power of this novel strategy for the discovery of original 

GPs, novel CAZyme functions and pathology biomarkers from huge sequence datasets, and for the 

exploitation of the catalogs of microbial genes from various ecosystems. We also showed the interest of 

this approach to analyze the diversity of predicted GPs in microbiomes. For example, we found that 

GH130 GPs targeting plant mannans and mammal N-glycans are the most abundant GH130 enzymes in 

gut microbiomes and, most generally, in the bacterial world, while highlighting that some of the enzymes 

from this family are involved in interactions between gut bacteria.  

Then, I applied the strategy validated with the GH130 family to the GH65, GH94, GH112, GH149, 

GH161 families, which contain inverting GPs. These families are well represented in the mammalian 

gut microbiomes, except the GH149 one, which is nearly absent from these ecosystems, while being 

highly abundant in marine bacteria.  

I also showed that the sequence and functional diversity of the GH65 and the GH94 families are already 

well covered by the presently available genomic and biochemical data. This is also the case of the 

GH112 family, even though we identified a putative hydrolase in a small meta-node. It indicates that 

the GH112 family probably contains rare glycoside-hydrolases, as previously shown by the S. Withers’s 

group. for the GH3 one (Macdonald, Blaukopf, and Withers 2015), This hypothesis will be confirmed 

soon with the biochemical characterization of the protein identified from this dataset, which totalizes 

1,984 GH112 sequences. The case of the GH149 and GH161 families is different. For them, I identified 

several uncharacterized meta-nodes (or sub-meta-nodes for the GH161 family) mainly containing gut 

metagenomic sequences. Novel activities (likely GPs for GH161, and GHs and GPs for GH149) could 

thus be found in these meta-nodes, even though the diversity of sequences in these families is low, with 

around 500 sequences each, including the metagenomic ones. I also analyzed the GH13_18 family, 

which contains retaining GPs, and identified a meta-node with a likely novel function. Unfortunately, 

this function (6’-P-Sucrose-phosphorylase), was identified from two genomic sequences (Franceus et al. 

2019; Tauzin et al. 2019), before I could characterize the enzymes that I identified. In total, in addition 

to the GH130 sequences, I have identified 11 targets from the families analyzed during this PhD work. 

These sequences are particularly abundant and/or prevalent in the human gut metagenome. They 

represent eleven uncharacterized meta-nodes, and thus, potentially, eleven novel functions, or at least 

functions which are not described for these families. They will be biochemically characterized soon in 

the DiscOmics group. Furthermore, this strategy has not? yet to be applied to the last families known to 

contain GPs, the GT108, and the GH3, GT4, and GT35 families.  

 

Advantages and limits of SSNs 
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From my point of view, the main interest of SSNs is, of course, to highlight groups of uncharacterized 

sequences, but also to split the diversity of each family into several smaller sequence groups, facilitating 

multiple sequence alignments and search for consensus motifs. This rendered possible the accurate 

prediction of mechanism and linkage specificities for the enzymes of the GH130 family. Multiple 

sequence alignments are indeed not optimal for large datasets of thousands sequences, since they 

generate shifts which could affect the analysis of residue or sequence motif conservation. I faced these 

hurdles during my PhD work, as I will explain further in this chapter.  

Splitting large datasets in sub-groups of similar sequences with SSNs is also an interesting strategy to 

decrease the computational time and to improve structural alignments, based either on crystallographic 

protein structures or on tridimensional models. This is currently being assessed by Jeremy Esque and 

Isabelle André, from the Molecular Modelisation group of the TBI Enzymology pole. Indeed, SSNs 

alone cannot be used to predict enzyme mechanism, nor substrate or linkage specificities, which can 

vary due to differences in one single amino acid. We showed with the GH130 family, that primary 

sequence analysis can be sufficient to predict the GP or GH mechanism, and osidic linkage position, at 

least for families in which a sufficient number of enzymes with different mechanisms and linkage 

specificities have been biochemically characterized.  However, this approach was insufficient to predict 

substrate specificities, which were identified, in our studies, by activity-based screening. In addition, the 

mannoside-phosphorylase/transmannosylase IBD_P1 belongs to a meta-node containing the previously 

characterized strict GP acting on -1,2-mannosides (the Lin0857 enzyme from Listeria innocua 

Clip11262, (Tsuda et al. 2015). The very original catalytic properties of IBD_P1 were unpredictable by 

using SSNs and multiple sequence alignment analysis, since they are probably due to discrete 

differences of the active site topologies between enzymes belonging to this meta-node. This will have 

to be further explored by determining the IBD_P1 crystallographic structure, which will be compared 

to that of Lin0857 (PDB accession number 5B0P).   

SSNs also have other limits. First, they cannot be directly used to analyze CAZy families containing 

many multimodular sequences. In this case, the multimodularity must be analyzed and the sequences 

truncated to analyze with SSNs only the CAZy module of interest. This is what the CAZy team did with 

the GH16 family (Viborg et al. 2019). Nevertheless, we showed in this PhD work that SSNs could be 

directly used for the families mainly containing GPs members, which are, in a large majority, 

monomodular. The other limit of SSNs is their instability, when the number and diversity of the analyzed 

sequences vary. I experimented that when I re-analyzed the diversity in families GH65, GH94, GH112 

and GH130 at one year of interval, to update the dataset for the sequences listed in the CAZy database. 

That is why the creation of stable CAZy sub-families cannot be based only on SSNs-based clustering, 

but on phylogenetic analyses, which are much more stable and also have the advantage to provide one 

with evolutionary distances, contrary to SSNs. Nevertheless, again, SSNs can be used to facilitate the 

creation of the multiple sequence alignments required for the generation of phylogenetic trees, by 

selecting a small number of sequences from each meta-node. This is the strategy used to create GH16 

sub-families (Viborg et al. 2019), and to analyze the diversity of the GH130 family in this PhD work.  

Challenges in the discovery of GPs (or other CAZymes)  

 

As showed in this study, and in many other ones targeting other functions, the discovery of new 

CAZymes requires robust and rapid tools to: 

- predict enzyme mechanisms and substrate specificities (types of glycosyl units, osidic linkage 

anomery and position) 

- biochemically confirm these functions, or to screen them experimentally if prediction failed or 

is impossible because of a lack of data on the sequence/structure/function relationships for some 

families.  
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As introduced above, the limitation of primary sequence analysis in predicting substrate specificities 

could be compensated by tridimensional structure comparison, SSN meta-node per SSN meta-node. 

This has not been tested in the present study, in which we circumvented these limitations by in vitro 

screening of the donor and acceptor specificities, by quantification of the concentration of inorganic 

phosphate released during reverse-phosphorolysis. This strategy was efficient both to prove the GP 

mechanism of the targeted enzymes, and to rapidly profile their preference towards glycosyl-phosphates 

and acceptors. Nevertheless, this approach cannot be used for GHs. For these latter, the discovery of 

functions requires either high-throughput screening assays with large libraries of glycosides, using, for 

example, carbohydrate arrays, or the development of efficient in silico tools to predict the target 

substrates.  

In silico analysis of PUL composition, and thus, of the combinations of CAZymes involved in glycoside 

catabolism, can be a good way to predict the substrate targeted by Bacteroidetes PUL (Lapébie et al. 

2019), and by each of its CAZyme component. Analysis of Bacteroidetes and Firmicutes PULs was 

previously used to predict the substrate specificity of GPs from the GH130  (Ladevèze et al. 2013; 

Cuskin et al. 2015) and GH13_18 families(Tauzin et al. 2019). In this thesis work, I tested this strategy 

to predict the specificity and physiologic function of the members of the GH130 uncharacterized meta-

nodes. 

We hypothesized that the GH130 enzyme functions could be predicted thanks to the presence, in a same 

locus, of genes encoding CAZymes belonging to different families containing characterized members, 

and to which we could assign specific functions. Metagenomic sequences from mammal guts represent 

the majority of our GH130 sequence set. These metagenomic sequences being short contigs of few kbp 

only, we had no access to full-length loci. In order to analyze the genomic context of the GH130 

sequences, we thus only targeted the sequences listed in the CAZy database, issued from cultivated 

bacteria of which the genome has been sequenced. The strategy of genomic context analysis was the 

following:  

- all the sequences from the CAZy database were extracted, meta-node by meta-node 

- their taxonomical origin was retrieved. If the sequence came from a Bacteroidetes, the PUL database 

(Terrapon et al. 2018) was searched for the PUL containing the GH130 target.  If not, we checked the 

20 genes neighboring the GH130 target, and retrieved their CAZy annotation from the CAZy database. 

For each CAZy family, the frequency of co-occurrence in the PUL-like system with a GH130 was 

calculated, and used as edge attributes in a Cytoscape representation, as performed by (Ladevèze et al. 

2013). For each meta-node, we deduced the glycosyl residues and linkages of the substrates targeted by 

the PUL-like system from the functions assigned to the most abundant CAZy families found in the loci. 

Then, the glycoside structures containing these motives were searched in three glycoside structure 

databases: the Carbohydrate Structure Database (CSDB,  http://csdb.glycoscience.ru), which lists 

natural carbohydrate structures and the related literature, the Glycosciences database 

(http://www.glycosciences.de), which contains a variety of resources available in the field of 

glycoinformatics, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) GLYCAN website 

(https://www.kegg.jp/kegg/glycan), which provides KEGG pathway for glycan biosynthesis and 

metabolism. However, the results of this time-consuming analysis were disappointing. Firstly, the 

prediction of the non-Bacteroidetes PUL-like systems was highly speculative, and resulted in a large 

variability of the loci composition, however analyzed meta-node by meta-node. When considering only 

the Bacteroidetes PULs, which are the sole CAZy containing bacterial operons referenced to date, the 

results were not exhaustive. Indeed, as shown in Chapter 2, there are meta-nodes which have no known 

Bacteroidetes member to date, including the one which contains the novel U1 enzyme targeting Man--

1,4-GlcA. In addition, it was difficult or even impossible to predict the substrates of GH130 enzymes 

when the PULs contain other GH130 sequences belonging to uncharacterized meta-nodes. We thus 

http://csdb.glycoscience.ru/
http://www.glycosciences.de/
https://www.kegg.jp/kegg/glycan
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considered that the results of this analysis were too speculative to be presented in this thesis and 

published. 

In order to identify the substrate targeted by the enzymes characterized in this study, we thus used a 

panel of analytic tools to characterize the structure of the products obtained by either reverse-

phosphorolysis, phosphorolysis or transglycosylation. The chromogenic assays allowed us to identify 

the best donors and acceptors, but not the osidic linkage type. HPAEC-PAD combined to NMR analyses 

were then used to identify the linkage type in the synthesized glycosides, but only those for which 

standards do exist. For those yet not described or which are not commercially available, we had to 

produce them using known GPs (in collaboration with Julien Durand and Laurence Tarquis, from the 

DiscOmics group), and to use highly resolutive MS-MS to determine the linkage position. Finally, for 

the most complex glycoside structures, such as those produced by the IBD_P1 enzyme, a very innovative 

method combining MS-MS with high-resolution IMS/IMS was used by David Ropartz and Simon 

Ollivier, our collaborators from the BIBS platform at INRAE Nantes, to determine intra-chain 

anomerism of oligosaccharides. This analysis was performed from only 1 µg of carbohydrates, directly 

from reactional mixtures. This demonstration paves the way for carbohydrate ‘sequencing’ using cyclic 

ion mobility mass spectrometry.  

In this thesis, I showed that novel GP functions can be discovered from CAZy families known to contain 

GPs, by rationalizing the mining of large sequence spaces with the approach described above. However, 

we do not exclude the probability to find GPs from other CAZy families. At the beginning of the PhD 

work, I indeed tested another strategy for GP discovery, based on the analysis of the conservation of the 

catalytic machinery of putative enzymes belonging to CAZy families in which no GP has yet been 

discovered. The work was focused on families of which the characterized members use an inverting 

mechanism of hydrolysis. The inverting hydrolytic mechanism indeed requires two catalytic residues, 

while the inverting phosphorolytic mechanism only requires one catalytic acid/base, phosphate acting 

as catalytic base. The identification of putative GPs was thus based on the following steps: 

- retrieving of all the CAZy sequences of the targeted families from the CAZy database  

- analysis of multiple sequence alignments to identify the sequences in which i) the catalytic acid is 

conserved; ii) the catalytic base conserved in characterized GHs is missing 

- prediction of the cellular location of the potential targets by signal peptide detection. 

In this study, I did not use SSNs to split the targeted families into several meta-nodes. I thus faced many 

difficulties to analyze the conservation of catalytic residues in multiple sequence alignments, in which 

shifts had to be manually corrected, as previously done in other studies (Viborg et al. 2019).  I thus 

stopped these analyses to concentrate my efforts onto the development of the SSN-based strategy 

described in this thesis for families GH65, GH94, GH112, GH130, GH149 and GH161. Nevertheless, I 

identified one putative GP sequence, belonging to the GH6 family. This target, which might be an 

inverting GP acting on -linked-glucosides, has yet not been characterized to validate this strategy. 

Moreover, this approach targeting all CAZy families with inverting GH members could be optimized 

by using SSNs. 

 

Discovery of GPs involved in microbial interactions, and their interest for the synthesis of 

antigenic oligosaccharides 

In this study, we highlighted the specificity of some GH130 enzymes from human gut bacteria towards 

mannosides found in some pathogenic yeasts and bacteria (Pseudomonas aeruginosa for the Man--

1,3-Glc motif targeted by the U7 enzyme, Shigella boydii  for the Man--1,4-GlcA motif targeted by 

the U1 enzyme, Candida albicans and Salmonella species for the Man-1,2-Man-1,2-Man motif 

targeted by the IBD_P1 enzyme). These results revealed possible novel interactions between gut bacteria, 
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and that GH130 enzymes could target several antigenic motifs of the Candida albicans mannan. To 

experimentally validate these hypotheses, co-culture and transcriptomic studies targeting the 

commensals that produce such enzymes will have to be performed. Since the enzymes characterized in 

this work are issued from uncultured bacteria, homologs from cultured species will have to be searched 

in the SSN meta-nodes they belong to, by carefully examining the conservation of the amino acids 

involved in the active site topology in structural alignments.  

Whatever are their physiological roles in vivo, the U1, U7 and IBD_P1 enzymes identified in this thesis 

work are very interesting biotechnological tools for the synthesis of antigenic mannosides. In vitro 

synthesis of -mannosides is indeed challenging, due to the steric hindrance conferred by the 

configuration of mannosyl residues and the thermodynamic instability of the -anomer (Stork and La 

Clair 1996; Hayes and Pietruszka 2017).  To my knowledge, the U1 enzyme is the first known enzyme 

to synthesize in vitro the Man--1,4-GlcA disaccharide. Besides, the successive synthesis of -1,2 / -

1,2 linkages in the Man-1,2-Man-1,2-Man motif was already showed to be feasible. However, the 

described synthesis pathway is complex, involving several yeast mannosyltransferases initiating and 

elongating - and -mannosylated chains (Mora-Montes et al. 2010; Fabre et al. 2014)(. The synthesis 

of the Man--1,3-Glc motif could also be performed by the zobellia_231 GH130 enzyme (Awad et al. 

2017), even though the interest of this enzyme for the synthesis of this oligosaccharide was not 

mentioned in the paper of Awad et al.  

The Man--1,4-GlcA and Man-1,2-Man-1,2-Man oligosaccharides could be used, for example, as 

dietary supplements to prevent or help treating shigellosis, salmonellosis and candidiasis in fragile 

persons, such as those suffering from IBD or immunosuppressed patients. Indeed, this could result in 

the increase of the abundance in the gut microbiota of commensal bacteria that are able to breakdown 

these oligosaccharides, and thus to attack the pathogenic species harboring these epitopes. Of course, 

for such applications, it will be necessary to study the impact of oral administration on the diversity and 

functioning of the microbiota, in order to avoid promoting bacteria able to metabolize these compounds, 

but which could be deleterious for the gut health. The three GPs discovered in this thesis work might 

also be used in chemo-enzymatic pathways for the synthesis of vaccine candidates. Both these strategies 

have already been tested in mice with -1,2-linked mannosides (Nitz et al. 2002; Dalle et al. 2003; 

Sendid et al. 2004; Han et al. 2012; Johnson and Bundle 2013), targeting candidiasis.  

Of course, many studies will have to be carried out to reach these objectives, in particular to assess and 

optimize the mannoside synthesis and purification processes. The U1, U7 and IBD_P1 enzymes do not 

synthesize mannosides of polymerization degree higher than three. Nevertheless, IBD P1 catalyzes a 

side-reaction, the synthesis of -1,2-mannobiose and mannotriose by reverse-phosphorolysis. These 

compounds will be difficult to separate from the Man-1,2-Man-1,2-Man trisaccharide. Kinetic 

analyses with the various substrates targeted by IBD_P1 should allow us to define the optimal substrate 

concentrations and enzyme/substrate ratio to use, to minimize reverse-phosphorolysis, and Man-1,2-

Man-1,2-Man phosphorolysis if this reaction occurs. In addition, the in-depth analysis of the IBD_P1 

active site conformation could also allow us to identify the mutations to perform to favor the targeted 

reactions and thus, to optimize this biocatalyst.  
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Ce projet de thèse visait à découvrir de nouvelles glycoside-phosphorylases (GPs), afin d'identifier de 

nouvelles fonctions de dégradation des oligosaccharides dans les écosystèmes microbiens, et de 

concevoir des voies enzymatiques innovantes pour la synthèse d'oligosaccharides à haute valeur ajoutée. 

 

Une nouvelle approche basée sur l’analyse de séquences pour la découverte de GPs 

 

Pour accélérer le processus de découverte de nouvelles GPs, j'ai développé une approche combinant 

analyse in silico de grands jeux de données génomiques et métagénomiques, et criblage de l'activité GP. 

Nous avons ciblé les familles CAZy contenant déjà des GPs (huit familles en 2016, onze en 2019), mais 

potentiellement de nouvelles activités. 

Afin d'analyser la représentation de chaque famille CAZy contenant des GPs dans les microbiomes, et 

la diversité des séquences au sein de chaque famille, j'ai testé l'efficacité des réseaux de similarité de 

séquences (SSNs), qui n'avaient jamais été testés au laboratoire avant ce travail de thèse. La stratégie 

générique que j'ai établie pour identifier les GPs dans les (méta)génomes est basée sur les étapes 

suivantes: 

- annotation des catalogues de gènes microbiens (totalisant presque 34 millions de gènes) dans le 

système digestif de l'homme, de la souris, de la vache et du porc. Cette tâche a été réalisée par V. 

Lombard, dans le cadre de la collaboration entre G. Potocki-Veronese et l'équipe CAZy. L’annotation 

des CAZymes a été réalisée par analyse Blast contre la base de données CAZy, et détection de modèles 

de Markov cachés (HMMs) construits pour chaque famille CAZy. Ces séquences, comme celles de  

toutes les familles CAZy, avaient été annotées dans le cadre d'un travail collaboratif dirigé par Diego 

Morgavi et impliquant, parmi de nombreux autres contributeurs, l'équipe CAZy et G. Potocki-Veronese, 

pour établir et analyser un catalogue de gènes microbiens du rumen bovin(Li et al. 2020) 

- construction de SSNs à partir de toutes les séquences métagénomiques et génomiques (extraites de la 

base de données CAZy), famille par famille. 

- optimisation des paramètres de clusterisation pour obtenir des groupes de séquences contenant des 

membres caractérisés aux fonctions identiques, et identification des groupes qui ne contiennent aucun 

membre caractérisé 

- pour chaque groupe de séquences, prédiction du mécanisme hydrolytique ou phosphorolytique, basée 

sur i) la présence / absence de peptide signal, les GPs nécessitant, in cellulo, le phosphate intracellulaire 

pour catalyser la phosphorolyse; ii) conservation de la machinerie catalytique des GPs ou GHs et des 

résidus impliqués dans la liaison au phosphate pour les GPs; iii) présence / absence de modules de liaison 

aux glucides (car la plupart des GPs agissent sur des oligosaccharides courts, et n'ont donc pas besoin 

de ces modules ‘CBMs’ impliqués dans la reconnaissance des polysaccharides par certaines CAZymes) 

Pour établir la preuve de concept de cette stratégie, nous avons d'abord ciblé la famille CAZy GH130, 

qui contient à la fois des GHs et des GPs agissant sur les mannosides, une classe très diversifiée d’ 

oligosaccharides impliqués dans les interactions entre eucaryotes et procaryotes, en particulier dans 

l'intestin humain. Avec GH65, cette famille est ainsi la famille CAZy contenant des GPs la plus 

diversifiée, en termes de mécanismes enzymatiques, de spécificité vis- à-vis du substrat et de la liaison 

osidique. Avec 4 714 séquences métagénomiques et les 1 594 séquences déjà répertoriées dans la base 

de données CAZy (Novembre 2018), dont 98% sont issues de bactéries ou d'archaebactéries cultivées, 

notre jeu de données GH130 totalise 6 308 séquences. À l'aide des SSNs, nous avons divisé la diversité 
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des séquences en 15 groupes principalement isofonctionnels; parmi ceux-ci, neuf ne contenaient aucun 

membre caractérisé expérimentalement. En examinant les alignements de séquences dans chaque groupe, 

nous avons prédit les déterminants du mécanisme phosphorolytique et la spécificité de liaison. Nous 

avons donc émis l'hypothèse que huit groupes non caractérisés contiennent des phosphorylases. Ces 

séquences sont en effet caractérisées par l'absence de peptides signaux et du nucléophile catalytique. 

Les séquences avec les paires de résidus conservées E / K, E / R et Y / R, impliquées dans la liaison du 

substrat, cibleraient respectivement les résidus mannosyl liés en -1,2, -1,3 et -1,4. Ces prédictions 

ont été testées en caractérisant des membres des groupes non caractérisés, choisis parmi les séquences 

GH130 les plus répandues et les plus abondantes du microbiome intestinal humain, qui ont été 

synthétisées, clonées et exprimées dans E. coli. La fonction GP de trois des cibles GH130 les plus 

originales a été prouvée biochimiquement en utilisant des analyses chromogéniques, et par HPAEC-

PAD, RMN et MS-MS des produits de phosphorolyse et de phosphorolyse inverse. Nous avons 

découvert la première 1,4-mannosyl-glucuronicacide phosphorylase (l'enzyme U1), qui cible un motif 

de l'antigène O du lipopolysaccharide des espèces Shigella. De plus, l'analyse approfondie de la 

prévalence et de l'abondance de toutes les séquences connues de GH130 dans le microbiome intestinal 

humain, qui avait été précédemment initiée avec 65 séquences génomiques de bactéries intestinales 

(Ladevèze et al. 2013), nous a permis d'identifier un biomarqueur des maladies inflammatoires de 

l'intestin (MICI). Cette séquence code pour la très originale enzyme IBD_P1, de type mannoside-

phosphorylase / transmannosylase, qui cible le motif trisaccharidique Man-1,2-Man-1,2-Man trouvé 

dans Candida albicans et les espèces Salmonella, qui sont des microorganismes associés aux MICI. 

Avec ce travail, nous avons démontré la puissance de cette nouvelle stratégie pour la découverte de GPs 

originales, de nouvelles fonctions enzymatiques et de biomarqueurs de pathologie, à partir de grands 

ensembles de séquences, permettant d’exploiter les métagenomes de divers écosystèmes. Nous avons 

également montré l'intérêt de cette approche pour analyser la diversité des GPs prédites dans les 

microbiomes. Par exemple, nous avons constaté que les GPs de la famille GH130 ciblant les mannanes 

d’origine végétale et les N-glycanes de mammifères sont les enzymes GH130 les plus abondantes dans 

les microbiomes intestinaux et, plus généralement, dans le monde bactérien, tout en mettant en évidence 

que certaines des enzymes de cette famille sont impliquées dans les interactions entre bactéries 

intestinales. 

Par la suite, j'ai appliqué la stratégie validée avec la famille GH130 aux familles GH65, GH94, GH112, 

GH149, et GH161, qui contiennent des GPs ‘inverting’, qui inversent la configuration de l’anomérie de 

substrat. Ces familles sont bien représentées dans les microbiomes intestinaux des mammifères, à 

l'exception de la famille GH149, qui est presque absente de ces écosystèmes, tout en étant très abondante 

dans les bactéries marines. 

J'ai également montré que la diversité de séquences et de fonctions des familles GH65 et GH94 sont 

déjà bien couvertes par les données génomiques et biochimiques actuellement disponibles. C'est 

également le cas de la famille GH112, même si nous avons identifié une hydrolase putative dans un petit 

groupe de séquences. Ceci indique que la famille GH112, comme précédemment montré par le groupe 

S. Withers pour la famille GH3, contient probablement de rares glycoside-hydrolases(Macdonald, 

Blaukopf, and Withers 2015). Ceci devra être confirmé grâce à la caractérisation biochimique de la 

protéine identifiée à partir de cet ensemble de données, qui totalise 1 984 séquences. Le cas des familles 

GH149 et GH161 est différent. Pour elles, j'ai identifié plusieurs groupes de séquences non caractérisés 

(ou sous-groupes pour la famille GH161), contenant principalement des séquences métagénomiques. 

De nouvelles activités (probablement GPs pour GH161, et GHs et GPs pour GH149) pourraient donc y 

être trouvées, même si la diversité des séquences dans ces familles est faible, avec environ 500 séquences 

chacune, incluant les séquences métagénomiques. J'ai également analysé la famille GH13_18, qui 
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contient des GPs de type ‘retaining’, ne changeant pas la configuration de l’anomérie de substrat. J’ai 

identifié un groupe de séquences originales, indiquant une fonction putative nouvelle. Malheureusement, 

cette fonction (6’-P-sucrose-phosphorylase) a été identifiée à partir de deux séquences génomiques 

(Franceus et al. 2019; Tauzin et al. 2019) , avant que j’ai pu caractériser les enzymes que j’avaient 

identifiées. Au total, en plus des séquences GH130, j'ai identifié 11 cibles dans les familles analysées au 

cours de cette thèse. Ces séquences sont particulièrement abondantes et / ou prévalentes dans le 

métagénome intestinal humain. Elles représentent onze groupes non caractérisés, et donc 

potentiellement onze nouvelles fonctions, ou du moins des fonctions qui ne sont pas décrites pour ces 

familles. Elles seront bientôt caractérisées biochimiquement dans le groupe DiscOmics. De plus, cette 

stratégie doit encore être appliquée aux dernières familles connues pour contenir des GPs, les GT108 et 

les familles GH3, GT4 et GT35. 

 

Avantages et limites des SSNs 

 

De mon point de vue, le principal intérêt des SSN est, bien sûr, de mettre en évidence des groupes de 

séquences non caractérisées, mais aussi de diviser la diversité de chaque famille en plusieurs groupes 

de séquences plus petits, facilitant les alignements de séquences et la recherche de motifs consensus. 

Cela a rendu possible la prédiction du mécanisme et de la spécificité de liaison pour les enzymes de la 

famille GH130. Les alignements de séquences ne sont en effet pas optimaux pour de grands jeux de 

données, couvrant des milliers de séquences, car ils génèrent des décalages qui peuvent affecter l'analyse 

de la conservation des résidus ou motifs. Je me suis heurté à cette difficulté pendant mon travail de 

doctorat, comme je l'expliquerai plus loin dans ce chapitre. 

La division de grands ensembles de séquences en sous-groupes de séquences similaires grâce aux SSNs 

est probablement aussi une stratégie intéressante pour diminuer le temps de calcul et améliorer les 

alignements structuraux, basés soit sur des structures cristallographiques, soit sur des modèles 

tridimensionnels. Cette stratégie est en cours d'évaluation par Jeremy Esque et Isabelle André, du groupe 

Modélisation Moléculaire du pôle TBI Enzymologie. En effet, les SSNs seuls ne peuvent pas être utilisés 

pour prédire le mécanisme enzymatique, ni les spécificités de substrat ou de liaison, qui peuvent varier 

en raison de différences d’un seul acide aminé. Nous avons montré avec la famille GH130, que l'analyse 

de séquences primaires peut être suffisante pour prédire le mécanisme GP ou GH, et la position de la 

liaison osidique, au moins pour les familles dans lesquelles un nombre suffisant d'enzymes avec 

différents mécanismes et spécificités de liaison ont été caractérisées biochimiquement. Cependant, cette 

approche était insuffisante pour prédire les spécificités du substrat, qui ont été identifiées, dans nos 

études, par criblage de l'activité. En outre, la mannoside-phosphorylase / transmannosylase IBD_P1 

appartient à un groupe de séquences contenant aussi une GP stricte caractérisée, agissant sur les 1,2-

mannosides (l'enzyme Lin0857 de Listeria innocua Clip11262,(Tsuda et al. 2015). Les propriétés 

catalytiques très originales d'IBD_P1 n’ont pas été prédites en utilisant la stratégie basée à la fois sur les 

SSNs et les alignements de séquences, car elles sont probablement dues à de fines différences de 

topologie du site actif entre les enzymes appartenant à ce même groupe. Cela devra être approfondi en 

déterminant la structure cristallographique d’IBD_P1, qui sera comparée à celle de Lin0857 (numéro 

d'accession PDB 5B0P). 

Les SSNs ont également d'autres limites. Premièrement, ils ne peuvent pas être utilisés directement pour 

analyser des familles CAZy contenant beaucoup de séquences multimodulaires. Dans ce cas, la 

multimodularité doit être analysée et les séquences tronquées pour n'analyser avec les SSNs que le 
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module CAZy d'intérêt. C'est ce qu’a réalisé l'équipe CAZy avec la famille GH16 (Viborg et al. 2019). 

Néanmoins, nous avons montré dans ce travail de thèse que les SSNs pouvaient être utilisés directement 

pour les familles contenant principalement des GPs, qui sont, dans une large majorité, monomodulaires. 

L'autre limite des SSNs est leur instabilité, lorsque le nombre et la diversité des séquences analysées 

varient. J'ai expérimenté cela lorsque j'ai ré-analysé la diversité des familles GH65, GH94, GH112 et 

GH130 à un an d'intervalle, pour mettre à jour le jeu de séquences répertoriées dans la base de données 

CAZy. C'est pourquoi la création de sous-familles CAZy stables ne peut pas être basée uniquement sur 

un clustering SSNs, mais sur des analyses phylogénétiques, qui sont beaucoup plus stables et ont 

également l'avantage de fournir des distances évolutives, contrairement aux SSNs. Néanmoins, encore 

une fois, les SSNs peuvent être utilisés pour faciliter la génération des alignements de séquences 

multiples nécessaires à la création d'arbres phylogénétiques, en sélectionnant un petit nombre de 

séquences de chaque groupe. C'est la stratégie qui a été utilisée par l’équipe CAZy pour créer des sous-

familles GH16 (Viborg et al. 2019), et, dans ce travail de thèse, pour analyser la diversité de la famille 

GH130. 

 

Défis pour la découverte de GPs (ou d'autres CAZymes) 

 

Comme le montre cette étude, et de nombreuses autres ciblant d'autres fonctions, la découverte de 

nouvelles CAZymes nécessite des outils robustes et rapides pour: 

- prédire les mécanismes enzymatiques et les spécificités du substrat (types d'unités glycosyle, anomérie 

et position de la liaison osidique) 

- confirmer biochimiquement ces fonctions, ou les tester expérimentalement si la prédiction a échoué, 

ou est impossible en raison du manque de données sur les relations séquence / structure / fonction pour 

certaines familles. 

Comme présenté ci-dessus, les limites de l'analyse de séquences primaires pour la prédiction des 

spécificités du substrat pourraient être compensées par la comparaison de structures tridimensionnelles, 

pour chaque groupe de séquences généré par les SSNs. Cela n'a pas été testé dans la présente étude, dans 

laquelle nous avons contourné ces limites en criblant in vitro les spécificités vis-à-vis du donneur et de 

l'accepteur, en quantifiant la concentration de phosphate inorganique libéré lors de la phosphorolyse 

inverse. Cette stratégie a été efficace à la fois pour prouver le mécanisme GP des enzymes ciblées, et 

pour profiler rapidement leur préférence envers les glycosyl-phosphates donneurs et les accepteurs. 

Néanmoins, cette approche ne peut pas être utilisée pour les GHs. Pour ces dernières, la découverte de 

fonctions nécessite soit du criblage à haut débit, avec de grandes banques d’oligosaccharides, en utilisant, 

par exemple, des puces à sucres, soit le développement d'outils in silico efficaces pour prédire les 

substrats cibles. 

L'analyse in silico de la composition des loci bactériens impliqués dans la dégradation des 

polysaccharides (PULs) peut être un bon moyen de prédire le substrat ciblé par les PULs des 

Bacteroidetes (Lapébie et al. 2019), et par chacun de leurs composants enzymatiques. L'analyse des 

PULs de Bacteroidetes et de Firmicutes a été précédemment utilisée pour prédire la spécificité de 

substrat de GPs des familles GH130  (Ladevèze et al. 2013; Cuskin et al. 2015) et GH13_18 (Tauzin et 

al. 2019). Dans ce travail de thèse, j'ai testé cette stratégie pour prédire la spécificité et la fonction 

physiologique des membres des groupes de séquences non caractérisés de la famille GH130. 
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Ainsi, nous avons émis l'hypothèse que les fonctions des enzymes GH130 pouvaient être prédites grâce 

à la présence, dans un même locus, de gènes codant pour des CAZymes appartenant à différentes 

familles contenant des membres caractérisés, et auxquels nous pouvions attribuer des fonctions 

spécifiques. Les séquences métagénomiques du système digestif des mammifères représentent la 

majorité de notre jeu de données GH130. Ces séquences métagénomiques étant de courts contigs de 

quelques kbp seulement, nous n'avions pas accès aux loci entiers. Afin d'analyser le contexte génomique 

des séquences GH130, nous n'avons donc ciblé que les séquences répertoriées dans la base de données 

CAZy, issues de bactéries cultivées dont le génome a été séquencé. La stratégie d'analyse du contexte 

génomique était la suivante: 

- toutes les séquences de la base de données CAZy ont été extraites, groupe SSN par groupe SSN 

- leur origine taxonomique a été analysée. Si la séquence provenait d'un Bacteroidetes, le PUL contenant 

potentiellement la cible GH130 était recherché dans la base de données PULDB (Terrapon et al. 2018). 

Sinon, nous avons analysé les 20 gènes voisins de la cible GH130, et récupéré leur annotation CAZy 

dans la base de données CAZy. Pour chaque famille CAZy, la fréquence de co-occurrence dans les loci 

avec une GH130 a été calculée, et utilisée pour représenter avec Cytoscape ces ‘réseaux’ de CAZymes, 

comme réalisé par Ladeveze et al (Ladevèze et al. 2013). Pour chaque groupe de séquences généré avec 

les SSNs, nous en avons déduit les résidus glycosyle et les liaisons des substrats ciblés par les enzymes 

des familles CAZy les plus abondantes dans les loci. Ensuite, les structures glycosidiques contenant ces 

motifs ont été recherchées dans trois bases de données: CSDB (http://csdb.glycoscience.ru), qui 

répertorie les structures glycosidiques naturelles et la littérature connexe, la base de données 

Glycosciences (http: //www.glycosciences.de), qui contient une grande variété de ressources 

glycoinformatiques, et le site Web de l'Encyclopédie des gènes et génomes de Kyoto (KEGG) GLYCAN 

(https://www.kegg.jp/kegg/glycan) , qui fournit la voie KEGG pour la biosynthèse et le métabolisme 

des glycanes. Cependant, les résultats de cette vaste analyse ont été décevants. Premièrement, la 

prédiction des loci des non-Bacteroidetes était hautement spéculative, et a entraîné une grande variabilité 

dans la composition des loci, pour un même groupe de séquences SSNs. En considérant uniquement les 

PULs des Bacteroidetes, qui sont les seuls opérons bactériens codant pour des CAZymes référencés à 

ce jour, les résultats n'étaient pas exhaustifs. En effet, comme montré dans le chapitre 2, il y a des 

groupes de séquences GH130 qui n'ont pas de membre Bacteroidetes connu, dont celui qui contient la 

nouvelle enzyme U1 ciblant le motif Man--1,4-GlcA. De plus, il était difficile, voire impossible, de 

prédire les substrats des enzymes GH130 lorsque les PULs contiennent d'autres séquences GH130 

appartenant à des groupes non caractérisés. Nous avons donc considéré que les résultats de cette analyse 

étaient trop spéculatifs pour être présentés dans cette thèse et publiés. 

Afin d'identifier les substrats ciblés par les enzymes caractérisées dans cette étude, nous avons donc 

utilisé un panel d’outils analytiques pour caractériser la structure des produits obtenus soit par 

phosphorolyse inverse, soit par phosphorolyse ou transglycosylation. Les tests chromogéniques nous 

ont permis d'identifier les meilleurs donneurs et accepteurs, mais pas le type de liaison osidique. Les 

analyses HPAEC-PAD et RMN ont ensuite été utilisées pour identifier le type de liaison des 

oligosaccharides synthétisés, mais uniquement ceux pour lesquels des standards existent. Pour ceux qui 

ne sont pas encore décrits ou qui ne sont pas disponibles dans le commerce, nous avons dû les produire 

en utilisant des GPs connues (en collaboration avec Julien Durand et Laurence Tarquis, du groupe 

DiscOmics), et utiliser une technique MS-MS hautement résolutive pour déterminer la position de la 

liaison. Enfin, pour les structures glycosidiques les plus complexes, comme celles produites par 

l'enzyme IBD_P1, une méthode très innovante combinant MS-MS et IMS / IMS haute résolution a été 

utilisée par David Ropartz et Simon Ollivier, nos collaborateurs de la plateforme BIBS de l'INRAE 

Nantes, pour déterminer l'anomérie intra-chaîne des oligosaccharides. Cela a été réalisé à partir de 
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seulement 1 µg de glucides, directement à partir des mélanges réactionnels. Cette démonstration ouvre 

la voie au «séquençage» des glucides par spectrométrie de masse à mobilité ionique cyclique. 

Dans cette thèse, j'ai montré que de nouvelles fonctions GPs peuvent être découvertes à partir de familles 

CAZy déjà connues pour contenir des GPs, en rationalisant l’analyse de larges espaces de séquences 

avec l'approche décrite ci-dessus. Cependant, nous n'excluons pas la probabilité de trouver des GPs dans 

d'autres familles CAZy. Au début de ces travaux de thèse, j'ai en effet testé une autre stratégie de 

découverte de GPs, basée sur l'analyse de la conservation des résidus impliqués dans le mécanisme 

catalytique des enzymes appartenant aux familles CAZy dans lesquelles aucune GPs n'a encore été 

découverte. Le travail a été concentré sur les familles dont les membres caractérisés utilisent un 

mécanisme ‘inverting’. Dans ce cas, le mécanisme d’hydrolyse nécessite en effet deux résidus 

catalytiques, tandis que le mécanisme de phosphorolyse ne nécessite qu'un résidu catalytique acide / 

base, le phosphate jouant le rôle de nucléophile. L'identification de GPs putatives a donc été basée sur 

les étapes suivantes: 

- récupération de toutes les séquences CAZy des familles ciblées dans la base de données CAZy 

- analyse des alignements de séquences primaires pour identifier les séquences dans lesquelles i) l'acide 

catalytique est conservé; ii) le nucléophile conservé dans les GHs caractérisées est manquant 

- prédiction de la localisation cellulaire des cibles potentielles par détection de peptide signal. 

Dans cette étude, je n'ai pas utilisé les SSNs pour diviser la diversité des familles ciblées. J'ai donc 

rencontré des difficultés pour analyser la conservation des résidus catalytiques dans des alignements de 

séquences, dans lesquels les décalages devaient être corrigés manuellement, comme cela a été fait dans 

d'autres études  (Viborg et al. 2019). J'ai donc arrêté ces analyses pour concentrer mes efforts sur le 

développement de la stratégie SSNs décrite dans cette thèse pour les familles GH65, GH94, GH112, 

GH130, GH149 et GH161. Néanmoins, j'ai identifié une séquence de GPs putative, appartenant à la 

famille GH6. Cette cible, qui pourrait être une GP ‘inverting’ ciblant des -glucosides, n'a pas encore 

été caractérisée pour valider cette stratégie. De plus, cette approche ciblant toutes les familles CAZy 

avec des membres GH ‘inverting’ pourrait être optimisée en utilisant des SSNs. 

 

Découverte de GPs impliqués dans les interactions microbiennes et intérêt pour la synthèse 

d'oligosaccharides antigéniques 

 

Dans cette étude, nous avons mis en évidence la spécificité de certaines enzymes GH130 de bactéries 

intestinales humaines vis-à-vis de mannosides trouvés dans certaines levures et bactéries pathogènes 

(Pseudomonas aeruginosa pour le motif Man--1,3-Glc ciblé par l'enzyme U7, Shigella boydii pour la 

motif Man--1,4-GlcA ciblé par l'enzyme U1, Candida albicans et espèces du genre Salmonella pour 

le motif Man-1,2-Man-1,2-Man ciblé par l'enzyme IBD_P1). Ces résultats ont révélé de nouvelles 

interactions possibles entre bactéries intestinales, et que les enzymes GH130 pourraient cibler plusieurs 

motifs antigéniques du mannane de Candida albicans. Pour valider expérimentalement ces hypothèses, 

des études de co-cultures et de transcriptomique ciblant les bactéries commensales produisant de telles 

GPs devront être réalisées. Étant donné que les enzymes caractérisées dans ce travail sont issues de 

bactéries non cultivées, leurs homologues d’espèces cultivées devront être recherchés dans les groupes 

SSN auxquels elles appartiennent, en examinant attentivement la conservation des acides aminés 

impliqués dans la topologie du site actif dans des alignements structuraux. 
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Quels que soient leurs rôles physiologiques in vivo, les enzymes U1, U7 et IBD_P1 identifiées dans ce 

travail de thèse sont des outils biotechnologiques très intéressants pour la synthèse de mannosides 

antigéniques. La synthèse in vitro de -mannosides est en effet difficile, en raison de l'encombrement 

stérique conféré par la configuration des résidus mannosyl et de l'instabilité thermodynamique de 

l'anomère  (Stork and La Clair 1996; Hayes and Pietruszka 2017). À ma connaissance, l'enzyme U1 

est la première enzyme connue à synthétiser in vitro le disaccharide Man--1,4-GlcA. Par ailleurs, la 

synthèse successive des liaisons -1,2 / -1,2 dans le motif Man-1,2-Man-1,2-Man s'est déjà avérée 

réalisable. Cependant, la voie de synthèse décrite est complexe, impliquant plusieurs 

mannosyltransférases de levure initiant et allongeant des chaînes  et  mannosylées (Mora-Montes et 

al. 2010; Fabre et al. 2014). La synthèse du motif Man--1,3-Glc pourrait, quant à elle, également être 

réalisée par la GH130 zobellia_231  (Awad et al. 2017), même si l'intérêt de cette enzyme pour la 

synthèse de cet oligosaccharide n’a pas été mentionné dans l'article d'Awad et al. 

Les oligosaccharides Man--1,4-GlcA et Man-1,2-Man-1,2-Man pourraient être utilisés, par exemple, 

comme compléments alimentaires pour prévenir ou aider à traiter les shigelloses, salmonelloses et 

candidoses chez les personnes fragiles, notamment celles souffrant de MICI ou les patients 

immunodéprimés. En effet, cela pourrait entraîner une augmentation de l'abondance dans le microbiote 

intestinal de bactéries commensales capables de cataboliser ces oligosaccharides, et donc d'attaquer les 

espèces pathogènes présentant ces épitopes. Bien entendu, pour de telles applications, il sera nécessaire 

d'étudier l'impact de l'administration orale sur la diversité et le fonctionnement du microbiote, afin 

d'éviter de favoriser les bactéries capables de métaboliser ces composés, mais qui pourraient nuire à la 

santé digestive. Les trois GPs découvertes dans ce travail de thèse pourraient également être utilisées 

dans les voies chimio-enzymatiques de synthèse de vaccins. Ces deux stratégies ont déjà été testées chez 

la souris avec des -1,2-mannosides(Nitz et al. 2002; Dalle et al. 2003; Sendid et al. 2004; Han et al. 

2012; Johnson and Bundle 2013), ciblant les candidoses. 

De nombreuses études devront être menées pour atteindre ces objectifs, notamment pour évaluer et 

optimiser les processus de synthèse et de purification des mannosides. Les enzymes U1, U7 et IBD_P1 

ne synthétisent pas de mannosides de degré de polymérisation supérieur à trois. Néanmoins, IBD P1 

catalyse une réaction secondaire, la synthèse de -1,2-mannobiose et mannotriose par phosphorolyse 

inverse. Ces composés seront difficiles à séparer du trisaccharide Man-1,2-Man-1,2-Man. Des 

analyses cinétiques avec les différents substrats ciblés par IBD_P1 devraient nous permettre de définir 

les concentrations de substrat optimales et les rapports enzyme / substrat à utiliser, pour minimiser la 

phosphorolyse inverse, et la phosphorolyse du Man-1,2-Man-1,2-Man si cette réaction est possible. 

Par ailleurs, l'analyse approfondie de la conformation du site actif de cette enzyme pourrait également 

nous permettre d'identifier les mutations à effectuer pour favoriser les réactions ciblées, et ainsi 

optimiser ce biocatalyseur. 
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Summary 

Glycoside-phosphorylases are particular carbohydrate active enzymes (CAZymes), able to catalyze both 

glycoside degradation by using inorganic phosphate to breakdown osidic linkages, and synthesis by 

using sugar-phosphates as glycosyl donors. Very few glycoside-phosphorylases have been characterized 

to date compared to the other CAZymes, despite their involvement in important biological processes, in 

particular in the gut of mammals, and their potential for the synthesis of high-added value glycosides. 

In genomes and metagenomes, their sequences are indeed difficult to discriminate from those of 

glycoside-hydrolases and transferases, with which they share many structural and mechanistic 

similarities. Many glycoside-phosphorylases are thus probably still hidden in the uncultured fraction of 

microbial ecosystems.  

In this thesis work, we developed a novel approach to boost the discovery of glycoside-phosphorylases, 

and to analyze their diversity in microbiomes. This generic approach combines sequence-based mining 

of (meta)genomes and activity-based screening of GP activity. To establish the proof of concept, we 

first targeted the CAZy family GH130, which contains both mannoside-phosphorylases and 

mannosidases targeting mannosides of various structures and origins. We analyzed 6,308 GH130 

sequences, including 4,714 from the human, bovine, porcine and murine microbiomes. Using sequence 

similarity networks, we divided the diversity of sequences into 15 mostly isofunctional meta-nodes; of 

these, nine contained no experimentally characterized member. By examining the multiple sequence 

alignments in each meta-node, we predicted the determinants of the phosphorolytic mechanism and 

linkage specificity. These predictions were tested by characterizing four members of this family, of 

which the sequences are among the most prevalent and abundant GH130 sequences of the human gut 

microbiome. Their functions were proven by using chromogenic assays, high-performance anion 

exchange chromatography, nuclear magnetic resonance and cyclic ion mobility mass spectrometry. We 

discovered the first known 1,4-mannosyl-glucuronicacid phosphorylase, and a very original dual 

mannoside-phosphorylase/transmannosylase. Both of them target glycosidic motifs found in pathogenic 

yeasts and bacteria. This approach was then applied to the analysis of families GH65, GH94, GH112, 

GH149 and GH161. We showed that the sequence and functional diversity of the GH65, GH94 and 

GH112 families is already well covered by the presently available genomic and biochemical data. In 

contrast, the GH149 and GH161 sequences, in particular the metagenomic ones, are probably a source 

of functional novelty. In total, eleven targets were selected from uncharacterized meta-nodes, 

representing, potentially, eleven novel functions, or at least functions which are not described for these 

families. In this thesis work, we thus developed an efficient strategy for the discovery of glycoside-

phosphorylases and assessment of their diversity in microbiomes. It also revealed possible interactions 

between gut bacteria, and allowed us to identify novel biotechnological tools for the synthesis of 

antigenic oligosaccharides.  
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Résumé 

Les glycoside-phosphorylases sont des enzymes actives sur les hydrates de carbone (CAZymes), 

capables de catalyser à la fois la dégradation des glycosides en utilisant le phosphate inorganique pour 

rompre les liaisons osidiques, et leur synthèse en utilisant les sucre-phosphates comme donneurs de 

glycosyles. Très peu de glycoside-phosphorylases ont été caractérisées à ce jour par rapport aux autres 

CAZymes, malgré leur implication dans d'importants processus biologiques, en particulier dans le 

système digestif des mammifères, et leur potentiel pour la synthèse de glycosides à haute valeur ajoutée. 

Dans les génomes et les métagénomes, leurs séquences sont en effet difficiles à distinguer de celles des 

glycosides-hydrolases et des transférases, avec lesquelles elles partagent de nombreuses similitudes 

structurales et mécanistiques. De nombreuses glycoside-phosphorylases sont donc probablement encore 

cachées dans la fraction non cultivée des écosystèmes microbiens.  

Dans ce travail de thèse, nous avons développé une nouvelle approche pour accélérer la découverte de 

glycoside-phosphorylases, et pour analyser leur diversité dans les microbiomes. Cette approche 

générique combine l’exploration de larges espaces de séquences (méta)génomiques, et le criblage 

d’activités glycoside-phosphorylases. Pour établir la preuve du concept, nous avons d'abord ciblé la 

famille CAZy GH130, qui contient à la fois des mannoside-phosphorylases et des mannosidases ciblant 

des mannosides de structures et d'origines diverses. Nous avons analysé 6 308 séquences GH130, dont 

4 714 provenant des microbiomes humains, bovins, porcins et murins. En utilisant des réseaux de 

similarité de séquences, nous avons divisé la diversité des séquences en 15 groupes principalement 

isofonctionnels ; parmi ceux-ci, neuf ne contenaient aucun membre caractérisé expérimentalement. En 

analysant les alignements de séquences pour chaque groupe, nous avons pu prédire les déterminants du 

mécanisme phosphorolytique et de la spécificité de liaison osidique. Ces prédictions ont été testées en 

caractérisant quatre membres de cette famille, dont les séquences sont parmi les séquences GH130 les 

plus répandues et les plus abondantes dans le métagénome intestinal humain. Leurs fonctions précises 

ont été identifiées grâce à une combinaison d’analyses chromogéniques, chromatographiques, de 

résonance magnétique nucléaire, de spectrométrie de masse et mobilité ionique. Nous avons découvert 

la première -1,4-mannosyl-acide glucuronique-phosphorylase connue, et une mannoside-

phosphorylase/transmannosylase très originale. Toutes deux ciblent des motifs glycosidiques trouvés 

dans des levures et bactéries pathogènes. Cette approche a ensuite été appliquée à l'analyse des familles 

GH65, GH94, GH112, GH149 et GH161. Nous avons montré que la diversité de séquences et de 

fonctions des familles GH65, GH94 et GH112 est déjà bien couverte par les données génomiques et 

biochimiques actuellement disponibles. En revanche, les séquences GH149 et GH161, en particulier 

issues des métagénomes, sont probablement une source de nouveauté fonctionnelle. Au total, onze cibles 

ont été sélectionnées à partir de groupes de séquences non caractérisés, représentant, potentiellement, 

onze nouvelles fonctions, ou du moins des fonctions qui ne sont pas décrites pour ces familles. Ce travail 

de thèse a ainsi permis de développer une stratégie efficace pour la découverte de nouvelles glycoside-

phosphorylases et l'évaluation de leur diversité dans les microbiomes. Il a également révélé des 

interactions possibles entre les bactéries intestinales, et permis d’identifier de nouveaux outils 

biotechnologiques pour la synthèse d'oligosaccharides antigéniques.  

 

 

 

 


