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Ré&umeé

La mé&sabolisation des oligosaccharides et polysaccharides est une fonction capitale pour les bacté&ies,
en particulier celles des microbiotes digestifs des mammiféres. Pour s’en nourrir, elles ont développé
une machinerie protéque trés diversifié pour reconnaitre, transporter et dégrader les sucres de
structures complexes, notamment ceux composant les fibres alimentaires d’origine vétégale. Malgré le
rde crucial des transporteurs, leur identification et leur caractéisation restent limités du fait de
plusieurs verrous techniques, lié au fait que ces proténes membranaires sont difficiles aéudier sous
forme recombinante, et que la majorité d’entre elles appartiennent a des bactéries non-cultivées. Dans
le cadre de cette thése, nous avons criblé une banque de clones fosmidiques d’Escherichia coli,
contenant des loci métagenomiques impliqués dans la métabolisation d’oligo- et polysaccharides, pour
des fonctions de transports. Treize clones mé&agéomigues issus des microbiomes digestifs humain et
bovin ont éé&identifié& comme pouvant utiliser des oligosaccharides comme seules sources de carbone,
gr&e ala co-expression de génes codant pour des enzymes actives sur les hydrates de carbone et pour
des transporteurs de diffé&entes familles. Nous avons ensuite développéune stratégie géné&ique pour
analyser, in vitro et in cellulo, la spécificité de transporteurs recombinants chez Escherichia coli,
combinant ingénierie de loci et du génome de 1’héte, criblage et quantification de I’efficacité de liaison,
de translocation et de croissance, a partir d’oligosaccharides non marqués. Grace & ces
développements technologiques, nous avons caracté&isédeux loci identifié&s aprés I'é&ape de criblage
comme éant impliqués dans la mé&abolisation des fructooligosaccharides par des Clostridiales non
cultivéss, dont l'un constitue un biomarqueur du ré&ime alimentaire et de pathologies. Nous avons
dé&rypté le mé&anisme de deux systémes phosphotransfé&ases (PTS) de compositions diffé&entes,
spe&ifiques du kestose, et avons mis en évidence la promiscuitédes constituants des PTS des bactéies
Gram-positives et négatives. De plus, l'intégration de données biochimiques et (méa)géomiques nous
a permis de revisiter la classification et la distribution taxonomique des PTS bacté&iens, et de mieux
comprendre l'interaction entre les prébiotiques et les bacté&ies intestinales. Enfin, la capacitéde liaison
d’une protéine de liaison aux glycanes, SusD, impliquée dans le transport de xylooligosaccharides par
des bacté&ies du phylum Bacteroidetes, a @éééudiée avec un large panel de techniques, et sa structure
cristallographique résolue. L’ensemble de ces résultats démontre 1'efficacité de notre stratégie pour
identifier rapidement des transporteurs d’oligosaccharides de familles et d’origines taxonomiques
variées, et pour caracté&iser les relations entre leur structure et leurs speificité&s de liaison et de
translocation.
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structure-fonction, Systémes multi-géniques
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Summary:

Glycoside metabolization is a crucial function for bacteria, in particular those residing in the gut of
mammals. To feed on the dietary fibers of plant origin, they have developed very diverse proteic
machineries to recognize, transport and degrade glycosides of complex structures. Despite the crucial
role of transporters, their identification and characterization remain limited due to the fact that these
membrane proteins are difficult to study in recombinant form, and that the majority of them belong to
uncultured bacteria. In this thesis work, we screened a library of Escherichia coli fosmid clones,
containing metagenomic loci involved in the metabolization of oligo- and polysaccharides, for
transport functions. Thirteen metagenomic clones issued from the human and the bovine gut
microbiomes were identified as being able to utilize oligosaccharides as sole carbon sources, thanks to
the co-expression of genes encoding carbohydrate active enzymes and transporters from different
families. Then, we developed a generic strategy to analyze, in vitro and in cellulo, the specificity of
recombinant transporters in Escherichia coli, combining carbohydrate utilization locus and host
genome engineering, screening and quantification of the binding, translocation, and growth rates,
based on the use of unlabeled glycosides. Thanks to these technological developments, we
characterized two loci identified after the screening step to be involved in the metabolization of
fructooligosaccharides by uncultured Clostridiales, of which one constitutes a dietary and pathology
biomarker in the human gut microbiome. We deciphered the mechanism of two phosphotransferase
systems (PTS) of different structures, that we proved to be specific for kestose, and highlighted the
promiscuity of the PTS components of Gram-positive and negative bacteria. Furthermore, integration
of biochemical and (meta)genomic data allowed us to revisit the classification and taxonomical
distribution of bacterial PTS and to better understand the interaction between prebiotics and human gut
bacteria. Finally, the binding ability of a surface glycan binding protein, SusD, involved in
xylooligosaccharide uptake by Bacteroidetes, was investigated with a large panel of techniques, and its
crystallographic structure solved. These results demonstrate the efficiency of our strategy to rapidly
identify glycoside transporters from various families and taxonomical origins, and to characterize the
relationships between their structure and their binding and translocation specificities.
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General introduction

Glycosides are very abundant and structurally diverse molecules. They are found in all kinds
of living organisms, in which they ensure important roles, such as energy storage, cell
structuration, signaling and differentiation. They represent the largest repository of
metabolically accessible carbon, and thus, an important energy source for most bacteria in
many environments. In particular, in the gut of mammals, glycosides of vegetal, mammalian
and bacterial origins are very abundant. Their utilization by bacteria implies multiple effects
on the host, positively influencing the digestive comfort, but also the progression of various
chronic gut diseases and potentially, bacterial infections. Besides, for biotechnological
applications, the control of glycoside utilization is important to develop microbial cell
factories and microbial consortia able to efficiently convert non-refined biomass to high-value
products.

To feed on structurally complex glycosides, bacteria have developed specific polysaccharide
utilization loci (PULs), which encode the transporters and carbohydrate-active enzymes
(CAZymes) that are necessary to import these substrates into the cells and to degrade them
into monosaccharides. Transport is thus a crucial step in the metabolism of glycosides, which
is itself a key of microbiota functioning and equilibrium. However, the identification and
characterization of transporters face several technological locks. Despite the major advances
realized for some cultured bacteria in the last decade, the difficulties of genetic manipulation,
often combined with functional redundancy, and the fact that transmembrane proteins cannot
be studied as easily as soluble proteins, indeed make the functional characterization of
transport systems challenging. This is even impossible in the case of uncultured
microorganisms, which dominate in microbial ecosystems. In order to directly explore the
taxonomical and functional diversity of uncultured microbes, the metagenomic approach has
been developed in the late 1980s. According to the definition of Jo Handelsman,
metagenomics (also called community genomics, environmental genomics, or population

genomics) is “the genomic analysis of a population of microorganisms”.

In the last decade, a high-throughput activity-based functional metagenomic approach has
been developed in the ‘DiscOmics’ group of the Molecular Catalysis and Engineering team at
the Toulouse Biotechnology Institute. This approach, applied to the functional exploration of
the human and the bovine gut microbiomes, allowed the identification of several hundreds
Escherichia coli clones which include large metagenomic DNA fragments (30 to 40 kbp)

11



containing entire bacterial operon-like gene clusters encoding for the synergistic CAZymes
targeting complex glycosides. In these metagenomic loci, the CAZyme-encoding genes are
very often clustered with transporter encoding ones. Furthermore, it was shown that glycoside
transporters from certain glycoside foraging bacteria can be produced in functional forms,

from a PUL cloned in a fosmid and expressed in E. coli.

In this context, my thesis work was initiated in 2017, focusing on the identification and
characterization of transporters involved in key glycoside metabolization pathways. We
targeted the human intestinal and bovine rumen microbiomes, which are both rich in
glycoside catabolic pathways. In this manuscript, | present the results of three years of work,
dedicated to the understanding of certain mechanisms of glycoside transport in uncultured
bacteria, and to technological developments to address this complex research field.

This manuscript includes five chapters:

The First chapter constitutes the bibliographic introduction, of which a part will be published
as a review paper. This chapter focuses on the diversity of glycosides in Nature, on the
CAZymes involved in their degradation, and presents the different glycoside transporter

families in bacteria.

The following four chapters consist in the results obtained during this thesis, which are

presented in the form of four articles:

Chapter Two is an article to be submitted, describing the identification of functional glycoside

transporters from uncultured bacteria.

Chapter Three is an article published in the journal mSphere in 2020. It describes the
mechanism of prebiotic fructooligosaccharide (FOS) harvesting by a non-beneficial human

gut bacterium.

Chapter Four is an article in preparation. It focuses on the mechanistic study of a FOS
transporter from an uncultured human gut bacterium, which presents an original structure

lacking a functional domain.

Chapter Five is also an article in preparation, focusing on the functional and structural
characterization of a surface glycan binding protein involved in xylooligosaccharides uptake

by an uncultured Bacteroidetes.

12



The conclusions and perspectives at the end of this manuscript highlight the efficiency of our
strategy to rapidly identify functional glycoside transporters from various families and
taxonomical origins, and to characterize the relationships between their structure and their

binding and translocation specificities.
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Carbohydrates are one of the major molecules in living systems. They seldom occur in Nature
as monosaccharides (Prestegard et al., 2017). The glycosyl residues are indeed frequently
linked via glycosidic linkages to other glycosyl or non-glycosyl groups, to form glycosides
(Cummings and Stephen, 2007). Glycosides represent the main energy sources of bacteria,
whatever their habitats are (Flint et al., 2008; Grondin et al., 2017; Ladeveze et al., 2017). To
face their structural diversity, bacteria have evolved a large panel of highly specific enzymes
and transporters to efficiently capture and metabolize them. The knowledge of the
specificities and mechanisms of transporters is an important prerequisite to understand how
bacteria metabolize glycosides, and thus, colonize their habitats. This is an important field for
human and animal nutrition and health, since the type of bacteria which selectively ferment
glycosides in the gut, influences the well-being and health of the host (Koropatkin et al.,
2012). Besides, from a biotechnological point of view, robust processes of plant biomass
transformation into high-value products rely on the use of performant chassis strains with
engineered transporters and metabolic networks (Lee et al., 2013; Lian et al., 2014). In this
chapter, we will briefly present the diversity of glycosides and of carbohydrate-active
enzymes, and report the state of the art on glycoside-transporters. This last section is the first
draft of a review paper on the functional, structural and taxonomical diversity of glycoside-

transporters, and on the methods to characterize their specificities.

1. Diversity of glycosides

As introduced upper, the structural diversity of glycosides on our planet is huge. Considering
only a hexasaccharide, the theorical number of possible isomers exceeds 10 (Laine, 1994).
However, a recent study indicated that the breakdown of natural glycans requires several
thousand enzyme combinations, suggesting that the real diversity of glycans (glycosides only
made of glycosyl units) is probably a tiny fraction of the astronomical number based on
theoretical combinations of monosaccharides and possible glycosidic bonds (Lapébie et al.,
2019). The types of glycosides accessible for the heterotrophic bacteria also depends on the
habitats. Here, | briefly present the main characteristics of the glycosides from plants,
mammals, microbes and arthropods, with a specific highlight on those present in mammal gut
microbiomes, on which my thesis work was focused. The term ‘microbiome’ refers to the
entire habitat, including the microorganisms (bacteria, archaea, lower and higher eurkaryotes,
and viruses), their genomes (i.e., genes), and the surrounding environmental conditions
(Marchesi and Ravel, 2015).
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1.1 Glycosides from plants and algae

Plants are mainly composed of polysaccharides and glycosides, in the form of carbon storage
carbohydrates (e.g. starch and sucrose) and cell structuring ones (e.g. cellulose,
hemicelluloses, pectin and arabinogalactan proteins (AGPs)) (McCann and Knox, 2011;
Selvendran, 1984). Cellulose consists of a linear chain of B-1,4-linked glucosyl residues,
while hemicelluloses include a larger diversity of polysaccharides with more complex
structures, such as xyloglucans, mannan and heteromannans, xylan and heteroxylans. Pectin
structures are even more diverse and complex, consisting of large galacturonic acid-
containing complex polysaccharides containing three major structural units:
homogalacturonan (HG), rhamnogalacturonan | (RGI) and rhamnogalacturonan 1l (RGII)
(Ridley et al., 2001). A key feature of AGPs is the presence of protein backbone attached with
polysaccharide structural components (Tan et al.,, 2012). Besides, in the marine and
hypersaline biotopes, plants and algae cell walls and mucus contain major amounts of anionic
(sulfated) polysaccharides (Patil et al., 2018; Xu et al., 2017), due to a specialization for
processes particularly accentuated in the aquatic environments (Colombo et al., 1983), like
ion exchanges. Algae also contain high amount of species-specific storage polysaccharides,
such as laminarin in brown algae (Patil et al., 2018). These algal glycosides represent an
important carbon source for marine bacteria (Kappelmann et al.,, 2019). In the land
environment, these diverse plant glycosides (mostly those from land plants) make up a major
part of the diet for herbivorous and omnivorous mammals. Being not or incompletely utilized
by the host enzymes, they, thus, constitute a vast array of carbon sources that is exploited by
gut bacteria (Cockburn and Koropatkin, 2016; Hemsworth et al., 2016). Many other
microorganisms, like soil bacteria (Zhu and McBride, 2017) and fungi (Barbi et al., 2016) can
also utilize plant glycosides, which represents a key step in the carbon cycle on Earth (Wilson,
2008). Finally, the most efficient plant degraders and their enzymes constitute a valuable

battery of biotechnological tools for plant biomass biorefinery (Lee et al., 2019).

1.2 Mammalian glycosides

Mammalians  produce structurally diverse and complex glycosides, mainly
glycosaminoglycans (GAGS) in the joints and connective tissues, epithelial cell-derived N-
glycans and mucin-O-glycans (proteoglycans), glycogen as energy reserve polymer and
human milk oligosaccharides (HMOs). GAGs are attached to proteins on cell surfaces and
extracellular matrices. Based on the difference in the core disaccharide structure, GAGs are

classified into four groups: hyaluronic acids, chondroitin sulphate or dermatan sulfate, heparin
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or heparan sulphate, and keratan sulfate (Prydz, 2015). N-glycans derived from the epithelial
cells are composed of a conserved pentasaccharide core capped with a diverse range of
glycosyl residues, consisting of three main types: complex, high mannose and hybrid (Parry et
al., 2006). O-glycans, such as those present in mucin, involve an N-acetylgalactosamine
(GalNAC) residue linked to the hydroxyl group of either a serine or a threonine, to form the
Tn antigen (GalNAcal-S/T) (Brockhausen and Stanley, 2017; Li and Chai, 2019). The O-
GalNAc motif, named core 1, is the common core structure of many longer and more complex
O-glycans. Another common core structure of O-glycans (core 2) contains a branched N-
acetylglucosamine (GIcNACc) residue attached to core 1. There are also some other core
structures extended with one or two GIcNAc and/or GalNAc residues based on core 1,
although less common. In addition, human milk contains diverse oligosaccharides of which
the structure is similar to that of the mucin O-glycans. Glycogen is a branched polymer
consisting of linear chains of glucosyl residues linked by a (1, 4) glycosidic bonds, with an
average chain length of approximately 8 to 12 glucose units. Branches are linked to the chains
by a (1, 6) glycosidic bonds (Deng et al., 2016). HMOs contain a lactose motif at the reducing
end, which can be sialylated and/or fucosylated, and elongated and branched with repeats of
lacto-N-biose I (Galp1-3GIcNAc) or N-acetyl-lactosamine (Galp1-4GIcNAc) (Ayechu-
Muruzabal et al., 2018). This backbone can also be modified with one or more fucosyl or
sialic acid residues (Boehm and Stahl, 2007). In infants, HMOs play a crucial role in the
installation of the gut microbiota (Ayechu-Muruzabal et al., 2018). Nevertheless, in the latter
stages of life, the diverse mammalian glycans found in the human gut, coming from a range of
sources, including dietary animal products and host molecules, represent an alternative carbon
source to plant fibers for gut bacteria. Other body sites rich in human glycosides can also be
accessible for bacteria, such as the skin (Reichenbach et al., 2018), the oral cavity (Renzi et al.,
2011), the genito-urinary tract (Alteri et al., 2009), and the respiratory system (Hobbs et al.,
2018).

1.3 Microbial glycosides

Microbes (fungi and bacteria)-derived glycosides are mainly cell wall peptidoglycans and
lipopolysaccharides, and exopolysaccharides. They are structurally extremely diverse, with
over 100 different monosaccharide constituents identified (Kamerling and Gerwig, 2007).
Even if, with this strategy of structural diversification of cell wall and extracellular glycosides,
microbes have developed numerous ways of protecting themselves from degradation by other
species, some members of the human gut microbiota can break down the glycoside outer layer
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of other microbes, for example some bacteria (van Bueren et al., 2015) and yeast (Cuskin et
al., 2015). Besides, in all fermented dietary products, microbial glycosides are also present,
and can be utilized by the human gut bacteria (Cockburn and Koropatkin, 2016).

1.4 Arthropoda glycosides

The exoskeleton of many arthropods such as insects, spiders, crabs, shrimps and crustaceans
is made of chitin, a polymer of B-1,4-linked GIcNAc (Beier and Bertilsson, 2013), which is
also present in the cell wall of fungi (Arroyo et al., 2016). Many bacteria, especially in the soil
and marine environments, are efficient chitin degraders (Meiborn et al., 2004; Wieczorek et
al., 2019).

2. Carbohydrate-active enzymes

The enzymes which are able to modify, synthetize or degrade glycosides are named
carbohydrate-active enzymes (CAZymes). They are listed and classified in the CAZy
database created in 1991 (http://www.cazy.org/) (Lombard et al., 2014). The CAZy
classification is based on sequence similarities. It reflects similarities in the fold and in the
catalytic machinery between related sequences (Davies and Henrissat, 1995). Importantly, a

CAZy family can contain members with different functions.

CAZymes contain one or several catalytic domains. Non-catalytic, carbohydrate binding
modules are also often associated with catalytic modules on a single polypeptidic chain. They
enhance the associated module’s activity by facilitating the association with its substrate
(Boraston et al., 2004). In the CAZy database, the catalytic modules are classified into
different families of:

- Glycoside Hydrolases (GHs), which perform hydrolysis of glycosidic bonds between two
carbohydrate monomers, or between a carbohydrate and another molecule. Some GHs also

catalyse transglycosylation reactions (Henrissat and Davies, 1997).

- GlycosylTransferases (GTs) are involved in the synthesis of glycosidic linkages, using
various sugar-1-phosphate derivatives as glycosyl donor and an acceptor, which can be a

carbohydrate or another class of hydroxylated molecules (Coutinho et al., 2003).
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- Polysaccharide Lyases (PLs) cleave glycosidic bonds in uronic acid-containing
polysaccharides, by using a B-elimination mechanism, which does not require a water
molecule (Lombard et al., 2010).

- Carbohydrate Esterases (CEs) perform O- or N- deacetylation reaction on esterified sugars
(Jayani et al., 2005).

- Auxiliary Activities (AAs) are modules performing synergetic redox reactions with other
CAZymes. AA families contain the lytic polysaccharide mono-oxygenases (LPMOs), which

degrade polysaccharides by an oxidative mechanism (Levasseur et al., 2013).

3. Functional and structural diversity of glycoside

transporters in bacteria

In addition to CAZymes, transporters play a critical role in glycoside utilization by bacteria.
The advances in these last years in the development of culturing, sequencing and computing
technologies results in an increasing number of glycoside-transporters sequences (Gelfand
and Rodionov, 2008), of which the function can be annotated with more or less reliability,
based on sequence similarity. Predicted and characterized glycoside transporters are listed and
classified in several databases, in particular the recently created Transporter Classification
Database (TCDB, http://www.tcdb.org/) (Saier, 2006). Based on sequence similarity,
transporter sequences can easily be assigned to one of the four different superfamilies of
glycoside transporter proteins, which present different mechanisms and architectures: the
ATP-binding cassettes (ABC), the major facilitator superfamily (MFS) transporters, the
phosphotransferase systems (PTS) and the TonB-dependent transporters (TBDT).
Nevertheless, the prediction of their substrate specificity remains a challenging task. Their
specificity towards glycosides may indeed vary dramatically among members of the same
family (Diallinas, 2014). The transport of glycosides in bacteria was reviewed several times
these last years, each time with a specific focus on (i) the human gut (Cockburn and
Koropatkin, 2016; Schwalm and Groisman, 2017); (ii) plant polysaccharides and prebiotics
(Goh and Klaenhammer, 2015); or (iii) the TBDT family of transporters (Bolam and van den
Berg, 2018; Grondin et al., 2017). Here, we present the structural, taxonomical and functional
diversity of glycoside transporters in bacteria, with a particular focus on the different methods
used to characterize their functions, with their advantages and their limits. The systems

involved in the transport of monosaccharides, such as the carbohydrate utilization loci
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containing TonB-dependent transporters (CUT loci) (Boulanger et al., 2010), are not included

in this chapter.

3.1. Techniques for functional characterization of glycoside-transporters

Transporter sequences can be assigned to a specific superfamily, family or sub-family thanks
to the presence of family-specific motives, and by sequence similarity to already characterized

transporters, of which the diversity will be presented hereafter.

However, as members of the same family can transport various glycosides, it is difficult and
often impossible to infer transporter specificity from sequence analysis alone, without
experimental evidence. Moreover, there could also be transporters with unassigned function
because of their low sequence similarity with characterized transporters, such as the 2.A.1.85
family of MFS transporters listed in TCDB. Thus, a set of methods and techniques have
emerged to identify the correct substrate for a given predicted glycoside-transporter. We
classified them into three categories: analysis of growth phenotypes, determination of binding

specificity, and determination of uptake specificity.

3.1.1. Analysis of growth phenotypes

The most trivial method to screen the ability of a strain to utilize a glycoside, and thus, to
internalize its substrate or one of its components, is to perform growth assays by monitoring
the turbidity of the culture medium. Glycoside utilization can also be easily detected by using
MacConkey indicator plates, which is a solid differential media used to selectively isolate
enteric Gram-negative bacteria (such as Escherichia coli) and differentiate lactose fermenting
Gram-negative rods as the positive colonies turn red when they could utilize the lactose (Peng
et al., 2009).

The choice of glycosides to be tested can be rationalized thanks to genome sequencing, to
identify putative operons coding for complete machineries of glycoside sensing, binding,
translocation through the cell membrane and degradation by CAZymes (Lombard et al., 2014).
The type of substrate (for example pectins, xylans, mannans, cellulose, starch, O- and N-
glycans, etc.) targeted by an operon can be predicted from the putative specificities of each of
the CAZymes it encodes. Enzyme specificities are inferred by sequence homology with the
numerous biochemically characterized members from the same family, which are referred in
the CAZy database (http://www.cazy.org) (Lombard et al., 2014). Such genomic environment
analyses recently allowed the prediction of the specificity of three ABC transporters from
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Thermus thermophilus HB8 towards oligosaccharides composing starch and B-glucans, the
polysaccharides targeted by the CAZymes surrounding the transporter in each locus
(Chandravanshi et al., 2019).

The up-regulation of the transporter encoding gene (or of the entire operon) during growth on
a particular glycoside is a good indication that this transporter is involved in the utilization of
this substrate. Quantification of gene expression levels requires transcriptomic analyses, either
by guantitative real-time PCR (qPCR) (Tauzin et al., 2016b) or RNA chips (Martens et al.,
2011), DNA microarrays (Andersen et al., 2012) or more recently, RNA sequencing (Despres
et al., 2016). With the improvement in the sensitivity and decrease of cost, large-scale
transcriptomic studies can be undertaken to compare the transcriptomes of thousands of
bacteria (Lowe et al., 2017), giving indications on the specificity of putative transporters
towards glycosides. However, transcriptomic analysis does not provide the experimental
proof of the specificity of a transporter, for three reasons. First, the transcript levels might not
correlate well with protein levels (Liu et al., 2016). In this case, the coupling of
transcriptomics and proteomics strengthens the hypotheses regarding the function of the
glycoside transporters (McNulty et al., 2013). Secondly, the glycoside detected by the
transcription regulator differs from the one which is translocated through the cell membrane
(Schwalm and Groisman, 2017). Finally, functional redundancy is frequent in bacteria, in
which genes encoding several transporters can be upregulated and even overproduced during
utilization of a complex glycoside (Kabisch et al., 2014). In any case, the involvement of a
transporter in the utilization of a specific glycoside can be proven only after deletion or
inactivation of the target gene (Andersen et al., 2012; Chen et al., 2015; Webb et al., 2008), to

abolish or reduce the growth.

As described hereafter for each glycoside-transporter family, growth assays, often coupled to
transcriptomic analyses, are mostly performed with native strains. However, in order to avoid
functional redundancy and to facilitate the genetic manipulations to inactivate or delete genes,

the function of transporters can also be characterized in recombinant strains.

For example, heterologous expression of the SusC/D gene pair from the inulin using type
strain Bacteroides thetaiotaomicron 8736 in the non-inulin using type strain B.
thetaiotaomicron VPI-5482 resulted in inulin use by the recipient strain, proving that the
SusC/D from Bacteroides thetaiotaomicron 8736 is involved in the utilization of inulin
(Joglekar et al., 2018). Also, a locus encoding an ABC transporter and CAZymes from
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Streptococcus mutans LT11 conferred the ability of E. coli y to ferment melibiose (Tao et al.,
1993). And recently, in our lab, Tauzin et al. extended this approach to the study of
transporters from uncultured bacteria (Tauzin et al., 2016b). By cloning various truncated
forms of an entire metagenomic locus encoding an MFS, a SusC/D transporter and at least
one xylosidase in a fosmid, Tauzin et al. demonstrated the specificity of each of these
transporters towards linear xylooligosaccharides of various length (Tauzin et al., 2016b).
Furthermore, in our lab Dagkesamanskaya et al. also developed an assay to perform
recombinant E. coli growth assays in pico-liter droplets thanks to millifluidics, in order to
decrease the amount of substrate required to screen for transporter functionality and

specificity by several orders of magnitudes (Dagkesamanskaya et al., 2018).

Whether in native or recombinant strains, in any cases, the ability and efficiency of a
bacterium to grow on glycosides are related to the levels of production and to the combined
efficiency of several proteins to sense, bind, transport, degrade and metabolize the substrate.
By analyzing the growth phenotype only, it is thus impossible to quantify the efficiency of a
transporter and thus, to precisely profile its specificity towards glycosides of defined

structures. This requires other methods, which are described hereafter.

3.1.2. Determination of binding specificity

For transporters involving binding proteins, named substrate-binding protein (SBP) and
surface glycan-binding proteins (SGBPs) in ABC and SusCD transporters, respectively, the
investigation of the binding protein characteristics is easier than studying those of the
transmembrane protein. Indeed, binding proteins are not transmembrane proteins, which
facilitates their recombinant production and analysis. After having successfully purified the
recombinant binding proteins, their binding specificity towards substrates can easily be
screened with affinity gel electrophoresis (AGE) (Mystkowska et al., 2018) or differential
scanning fluorimetry (DSF) (Boucher and Noll, 2011), and quantified by isothermal titration
calorimetry (ITC) (Leth et al., 2018), surface plasmon resonance (SPR) (Theilmann et al.,
2019), fluorescence spectroscopy (Phansopa et al., 2014) or saturation transfer difference
nuclear magnetic resonance (STD-NMR) (Bell et al., 2019). As the principles of these
techniques are different, each has its own strengths and weaknesses. Affinity gel
electrophoresis is a simple and rapid method for the analysis of protein-binding affinities to
soluble polysaccharides, based on reduced mobility of the protein interacting with substrates

(Tomme et al., 2000). However, it cannot detect the binding with oligosaccharides which are
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often the target substrates of the transporter. The ITC, DSF, SPR, STD-NMR and
spectroscopic approaches all rely on the detection of a change in a physicochemical property
of the ligand or the protein because of the binding (Vuignier et al., 2010). While the ITC, DSF,
STD-NMR and spectroscopy necessitate protein in solution, SPR experiments imply surface
immobilization of biomolecules. Thus, binding of the protein to the sensor chip surface may
involve loss of structural integrity and function impacting negatively the interactions between
the protein and its ligand (Nguyen et al., 2015). DSF rarely provides a dissociation constant at
physiological temperatures (Greftehauge et al., 2015). STD-NMR can detect the reduction of
free ligand signal from the ligand exchanging between free and bound state when there is
binding between ligand and protein (Viegas et al., 2011). It has rarely been used to
characterize glycoside binding proteins (Bell et al., 2019). ITC is one of the most common
methods to study the binding specificity of glycoside binding proteins, since it allows direct
determination of the association constant by measuring the heat exchange during the complex
formation at a constant temperature (Bjeli¢ and Jelesarov, 2008). However, the large amount
of soluble protein required for accurate measurements is an important issue of ITC, especially
for certain proteins that could be hard to prepare in large amounts. SPR, which is also widely
used for the investigation of binding kinetics and strengths, consists of the measurement of the
change in the refractive index near a sensor surface. It only requires a few micrograms of
protein. The equipment and maintenance costs of these techniques might be discouraging
(Jecklin et al., 2009). The steady-state tryptophan spectroscopic methods allow measurement
of binding affinity constants using relatively low amounts of protein, and less expensive
equipment compared to SPR and ITC (Niesen et al., 2007). However, the spectroscopic
methods are mainly for high-affinity binding sites, in the nanomolar range (Vuignier et al.,
2010). Finally, all these techniques require purified proteins, and thus, optimization of the
recombinant protein production. It is noteworthy that the binding specificity of these
transporters doesn’t lead to the direct determination of the uptake specificity. For example,
Malk, the SBP of the maltose ABC from E. coli K-12 binds a- and B-cyclodextrins, while
these substrates cannot be up taken by the maltose ABC transporter (M&htel et al., 2019;
Quiocho et al., 1997).

3.1.3. Determination of uptake specificity

The most generic method to determine transport specificity for all transporter families
(including those without binding proteins) and without any bias due, for example, to CAZyme

activity, is based on the analysis of the accumulation of radiolabeled compounds in cells via
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uptake assays (Martin and Russell, 1987). This quantitative method is also highly sensitive. It
can indeed detect transport events in the micromolar range in less than 10 minutes. However,
it requires a specific secured environment to manipulate radiolabeled compounds. In addition,
this method is mainly used for monitoring monosaccharide uptake (Blanvillain et al., 2007),
since most of glycosides are not available in the radioactive form or are prohibitively
expensive (for example, 12,000 USD per gram for D-Lactose-1-*C monohydrate), which
prevents large-scale screening campaigns. As explained before, in native strains, the
multiplicity of carbohydrate transporters can bias the results of the screening of specificity. To
solve this problem, the targeted transporter can be produced in recombinant strains deficient
in the function of interest (Wei et al., 2012), or in membrane vesicles or proteoliposomes (Cao
et al., 2011; McCoy et al., 2016). Nevertheless, these approaches can easily fail when the
transport proteins are not active due to targeting to the membrane, insertion or folding issues,

during the purification or reconstitution process (Majd et al., 2018).

Less generic methods also exist, focusing on particular transport mechanisms involving
energy-coupling or substrate modification. The phosphoenolpyruvate (PEP-dependent)
glycoside phosphorylation, which is a specific feature of PTS transporters, can be tracked by
analyzing the amount of pyruvate in cell-free systems, and to deduce the amount of
phosphorylated glycosides (Martin and Russell, 1987). The pyruvate amount can be
monitored by quantifying the product of NADH oxidation by the lactate. For ABC
transporters, the uptake of glycoside requires the energy of ATP binding and hydrolysis. Thus,
the specificity of ABC transporters can be determined by testing growth on the target
substrate when the synthesis of ATP is inhibited with specific inhibitor such as iodoacetate
(Kaplan and Hutkins, 2003).

3.2. TonB-dependent transporters and associated surface-glycan binding
proteins

From late 1980s, the Salyers’ group identified and characterized a locus involved in the
utilization of starch in Bacteroides thetaiotaomicron 5482 (Tancula et al., 1992) and later
named starch utilization system (SUS) (D’Elia and Salyers, 1996). In this strain, the SUS
locus, named polysaccharide utilization locus (PUL (Bjursell et al., 2006)) is composed of
eight genes named susRABCDEFG (Figure 1). First, the recognition and the binding of starch
at the cell surface are mediated by outer membrane proteins consisting of SusD to F. Then,

starch is initially degraded into malto-oligosaccharides by the surface lipoprotein SusG
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corresponding to a GH13 a-amylase (Shipman et al., 1999). Then, the oligosaccharides are
internalized via the TonB-dependent transporter (SusC) (Reeves et al., 1996) before their
subsequent degradation by periplasmic GHs (SusA and SusB) (D’Elia and Salyers, 1996;
Smith and Salyers, 1991). Finally, SusR, which is an inner membrane-spanning
sensor/regulator protein, recognizes periplasmic maltose and triggers the upregulation of the
SUS genes (D’Elia and Salyers, 1996). However, generally speaking, PULs are mostly
regulated by three kinds of transcription factors including the SusR-like regulators, the AraC-
like hybrid two-component systems (HTCSs), and the extracytoplasmic function sigma (ECF-
o) factor/anti-sigma factors (Ravcheev et al., 2013). Both SusC and SusD have been identified
as the main contributors of substrate uptake, while Susk and SusF, which are not present in all
PULSs, have auxiliary roles in substrate recognition and binding.

Starch
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Figure 1. Schematic representation of the starch utilization system in Bacteroides
thetaiotaomicron 5482.

This figure shows that the inner membrane-spanning protein SusR senses the disaccharide
inducer, maltose, in the periplasm and subsequently drives the transcription of sSuSABCDEFG.
Starch is bound to the surface of the cell by the starch-binding outer membrane lipoproteins

SusDEF. Subsequent hydrolysis by a similarly membrane-tethered a-amylase, SusG,
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generates oligosaccharides small enough to transit through the TonB-dependent transporter.
Once in the periplasm, SusA and SusB, a neopullulanase and a-glucosidase, respectively,
process oligosaccharides into glucose. The monosaccharide is then shuttled into the cytoplasm

by an unknown transporter (from Foley et al., 2016).

In the past decade, several Bacteroides SUS-like systems have been deeply characterized
(Table 1), targeting large diversity of polysaccharides including xyloglucan, xylans, mannans,
B-glucans, arabinogalactans, pectins, laminarin, levan, porphyran and heparin sulphate among
others (Cuskin et al., 2015; Larsbrink et al., 2014; Luis et al., 2018; Mystkowska et al., 2018;
Ndeh et al., 2017; Rogowski et al., 2015; Sonnenburg et al., 2010; Tamura et al., 2017). Some
cellulolytic activities have been highlighted in PULs of rumen uncultured Bacteroidetes
(Mackenzie et al., 2015; Naas et al., 2014; Pope et al., 2012), and the SusD-like proteins of
these PULs were shown to strongly bind to cellulose (Mackenzie et al., 2012; Naas et al.,
2014). Growth studies and transcriptomic analysis of these metagenomic species being
impossible to perform, to date, there is no proof that the native strains containing these PULS

are able to utilize cellulose.

The complexity of the PUL organization reflects the structural complexity of their cognate
substrate, with the presence of genes encoding enzymes wich are not CAZymes, such as
sulfatases and peptidases, epimerase and members of the ROK (Repressors, ORFs and
Kinases) family, and also additional transporters such as ATP-binding Cassette and Major
Facilitator Superfamily transporters (Terrapon et al., 2018). For example, the utilization of
yeast o-mannan by Bacteroides ovatus is mediated by three PULs working in synergy and
encoding more than a dozen of glycoside hydrolases, few phosphatases and
glycosyltransferases (Cuskin et al., 2015). By contrast, the xyloglucan PUL from B. ovatus
consists of ‘only’ a twelve genes PUL including eight GHs and one unique SusC/D pair
(Larsbrink et al., 2014). However, characterization of syntenic xyloglucan PULs from other
Bacteroidetes strains revealed slight differences in gene organization and enzyme specificity,
conferring the ability to access to distinct plant-specific xyloglucan side chains (D§ean et al.,
2019) . Until now, the biochemical characterization of the PULs have been focused mainly on
GHs and SGBPs proteins. As explained in the section 3.1. of this chapter, the functional
characterization of the transmembrane component of SUS systems, the TBDT, is more

difficult to perform.
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SusC is a TBDT structurally characterized by a N-terminal plug domain inserted into a 22-
stranded B-barrel. TBDTSs are active transport systems mediating substrate-specific transport
across the outer membrane. The binding of the substrate induces an allosteric rearrangement
of the plug domain containing a conserved binding motif (Ton box) that is then released into
the periplasmic space. There, it interacts with the C-terminal domain of TonB, while the N-
terminal of TonB forms a complex with the inner membrane proteins ExbB and ExbD (TonB
complex). The active transport of nutrients into the periplasm by TBDTSs requires the energy
derived from the proton motive force transmitted from the TonB complex (Larsen et al.,
1999).

SusD-like proteins are cell surface glycan-binding proteins (SGBPSs) involved in the capture
of extracellular glycans. Interestingly, SusD-like proteins share no sequence similarity with
known carbohydrate binding modules (CBMs) and are notably around twice larger (around 65
kDa) than CBMs (Foley et al., 2016). In 2008, the first crystal structure has been solved for a
SusD involved in starch utilization from Bacteroides thetaiotaomicron VPI-5482 (Koropatkin
et al., 2008). Up to date, the overall structure of SusD-like proteins consists of a region of o
helices organized into four tetratricopeptide repeat (TPR) units and a more variable region
including many loops and short a helices. The variable region is unique for each SusD-like
protein. It depends on their cognate substrate and includes an optimized platform for specific
substrate binding, mostly provided by at least two tryptophan residues. SusD-like proteins are
attached to the outer membrane via a lipidated N-terminal cysteine projecting the protein
above the surface of the membrane to facilitate glycan capture (Cameron et al., 2014,
Koropatkin et al., 2008). Rarely, some SusD-like proteins do not bind efficiently the cognate
substrate of the transporter. In these cases, substrate binding is ensured by additional SGBPs
(D&ean et al., 2020; Luis et al., 2018).

In SUS, SusC physically interacts with SusD to form a complex which represents a minimal
system when complemented with SusG for starch utilization by B. thetaiotaomicron VPI-
5482 (Cho and Salyers, 2001). However, by using non-binding SusD-like mutants, substrate
binding to SusD-like proteins was proved not to be a prerequisite for growth, since the
expression of other SGBPs (SuskE and SusF-like proteins from the same PUL) tends to
supplement this loss (Cameron et al., 2014; Tauzin et al., 2016a). Deletion of the SusD-like
proteins impairs growth on the cognate substrate, implying an essential structural role of the
proteins in the SusC/D pair formation in some systems for which the binding ability is also
not a prerequisite for transport of substrate (Koropatkin et al., 2008; Tauzin et al., 2016b). By
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contrast, it has been shown recently that both substrate binding and physical presence of the
SusD-like protein was demonstrated to be crucial for efficient utilization of mixed linkage
glucans by B. ovatus (Tamura et al., 2019). To date, only two crystallographic structures of
two different SusC/D complexes have been solved from B. thetaiotaomicron VPI-5482
(Glenwright et al., 2017). One pair (BT2263-64) is found in a four-component complex of
unknown function, while the second one (BT1762-63) is part of a levan PUL (Sonnenburg et
al., 2010). Glenwright et al. suggested a pedal bin mechanism for nutrient acquisition by
SusC/D-like systems, with SusD forming the lid and SusC being the bin (Glenwright et al.,
2017). In the absence of the ligand, SusD moves away from SusC in a hinge-like fashion in
order to expose the substrate-binding site to the extracellular environment. After substrate
binding, the SusD °lid’ swings in a closed state leading to a stabilized complex due to ligand
interaction with both SusC and SusD. Then, the substrate moves into the SusC ‘bin’ preceding
the binding of TonB to the TonB box and subsequent conformational changes for the release
of the substrate into the cell. The structure of SusD is not altered in the closed state and the
interaction with SusC includes the highly variable region that forms the substrate-binding site
of the SusD-like proteins. According to the authors, this pedal bin mechanism would be in
agreement with the envelopment of the whole ligand molecule which precludes the import of
the undigested glycans with high molecular weights even if the size limit of the substrate that
could be transported remains unknown. It is noteworthy that the SusC/D pair doesn’t often
link with glycan utilization as some pairs are isolated on the genome or surrounded by
proteins of unknown function (Bolam and van den Berg, 2018; Lapébvie et al., 2019).
However, as discussed above, isolated SusC/D pair could also be working in synergy with
other PULSs in order to achieve the complete degradation of a complex polysaccharides such
as pectin by B. thetaiotaomicron for which one of the three PULs includes only a SusC/D pair
(RG-11 PUL2) (Ndeh et al., 2017).

The presence of PULs is a unique feature in members of the Gram-negative phylum
Bacteroidetes. The SusC/D pair was used as a hallmark for PUL identification and led to the
establishment  of the  Polysaccharide-Utilization  Loci  DataBase @ (PULDB,
http://www.cazy.org/PULDB/) (Terrapon et al., 2018, 2015). This database lists the
experimentally characterized PULs (the ‘literature-derived PULs’), based on transcriptomic
studies of cultured Bacteroidetes strains cultured on polysaccharides and proteoglycans, and
also 35 632 predicted PULs mainly from 1154 Bacteroidetes species (release January 2020).

However, TonB-dependent transporters specific for glycosides are also present in
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Proteobacteria, such as in the plant pathogen Xanthomonas campestris pv. campestris
(Blanvillain et al., 2007; D&ean et al., 2013).

Interestingly, depending on the strain and the substrate of interest, different mechanisms have
been evolved by gut Bacteroidetes, leading to two opposite behaviors, selfish or distributive
(Grondin et al.,, 2017). Co-culturing experiments of B. thetaiotaomicron with other
Bacteroides strains revealed that the extracellular hydrolysis of substrate will benefit only to
itself, while for B. ovatus, the partial breakdown products will diffuse into the extracellular
environment and will benefit to the other species (Cuskin et al., 2015; Rakoff-Nahoum et al.,
2014; Rogowski et al., 2015). These PULs thus confer an interesting advantage for
environmental niche colonization, and thus, would play a role in the modulation of microbiota
composition and the driving of community dynamics depending on the diverse mechanisms

by which nutrients are used.

Recently, the SUS paradigm has been extended to members of the other dominant phylum
Firmicutes (gpPULS) (Sheridan et al., 2016) finally leading to a general use of the term ‘PULs’
as bacterial loci encoding for at least one glycoside-degrading enzyme, one transport system

and one transcriptional regulator .
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Table 1. Summary of the SusD and SusC/D pairs involved in polysaccharide utilization by Bacteroidetes, characterized either by
biochemical, or by gene deletion or mutation approaches.
Except if they were also characterized by one of these techniques, this list does not include the proteins of which the genes have been shown to

be upregulated during polysaccharide utilization by transcriptomic analysis (listed in the PULDB).

Protein name Substrate Organism Characterization method Structure Reference
(locus tag)

SusD proteins

3CKC apo
3CKB maltotriose
Starch . . ITC .
BT3701 . . B. thetaiotaomicron . 3CK9 maltoheptaose (Koropatkin et al., 2008)
Maltooligosaccharide Gene deletion .
3CK8 B-cyclodextrin
3CK7 a-cyclodextrin
BT1043 N-acetyllactosamine B. thetaiotaomicron ITC SEHM apo (Koropatkin et al., 2009)

3EHN N-acetyllactosamine

Uncultured Svalbard reindeer
Uncultured species Cellulose rumen assigned to AGE - (Mackenzie et al., 2012)
Bacteroidetes

AGE 5E75 apo
BACOVA_02651 Xyloglucan B. ovatus e 5E76 xylo- (Larsbrink et al., 2014; Tauzin etal.,
Gene deletion lucooligosaccharide 20162)
Point mutation g g
. . ITC .
BT3984 Mannan B. thetaiotaomicron - (Cuskin et al., 2015)

Gene deletion
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BACOVA_04392

Birchwood
glucuronoxylan
Weath arabinoxylan

Birchwood B. ovatus ITC - (Rogowski et al., 2015)
BACOVA 03427 glucuronoxylan
- Corn
glucuronoarabinoxylan
Fjoh_4558 SDS-PAGE
- . Flavobacterium johnsoniae 5J90 apo .
h IT L ketal., 201
- Chitin ATCC 17061 C _ 535U apo (Larsbrink et al., 2016)
Fjoh_4561 Gene deletion
BACOVA_02095 Galactomannan B. ovatus AGE - (BAGENHOLM et al., 2017)
Glucomannan Gene deletion
. . AGE
BT3311 1,6-p-glucan B. thetaiotaomicron ITC - (Temple et al., 2017)
. Gramella AGE
SAMNO04488552_1347  Laminarin sp. MAR_2010_102 Point mutation 6GCZ apo (Mystkowska et al., 2018)
AGE
ITC 6E60 apo

BACOVA_02743

B(1,3)/B(1,4)-glucans

B. ovatus

Gene deletion
Point mutation

6DMF cellohexaose
6E61 heptasaccharide

(Tamura et al., 2019)

Glycosaminoglycan

BT3331 . B. thetaiotaomicron ITC (Ndeh et al., 2020)
chondroitin sulfate
Complexes SusC/D
. . ITC .
BT2261-2264 No B. thetaiotaomicron . 5FQ6 (Glenwright et al., 2017; Sonnenburg
Gene deletion
et al., 2010)
. . ITC
BT1762-1763 Levan B. thetaiotaomicron 5T3R

Gene deletion
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3.3. ABC transporters of glycosides

The ATP-binding cassette (ABC) is one of the largest super-family of transmembrane
spanning proteins. ABC are present in many eukaryotes and prokaryotes, and even in some
large viruses (Ford and Beis, 2019). These permeases are, in general, primary active
transporters, which may act either as importers or as exporters, depending on the direction of
translocation of the cargo molecules (Locher, 2016). They are able to transport various
substrates in response to ATP hydrolysis (M&htel et al., 2019). All ABC transporters have a
core architecture constituted of two transmembrane domains (TMDs) and two cytosolic
nucleotide-binding domains (NBDs) where ATP binds and is hydrolyzed (Beis, 2015). In
prokaryotes, these four domains can be present in a combination of one or two multi-domain
polypeptides (Theodoulou and Kerr, 2015; Wilkens, 2015). Glycoside importers also require
the cooperation of an additional cognate partner: a substrate-binding protein, also named
substrate specific binding component (both abbreviated SBP) (Theodoulou and Kerr, 2015;
Wilkens, 2015). However, exceptions do exist in a subgroup of ABC transporters lacking
SBPs, involved in the uptake of vitamins and micronutrients and referred as energy coupling
factor (ECF) transporters (Erkens et al., 2012). At the beginning of my thesis, no glycoside
ABC importer lacking a SBP had been described.

3.3.1. Diversity of sequences and structures

Among the 34 families of ABC importers currently listed in the TCDB, transporters specific
to carbohydrates have been clustered in two families: the carbohydrate uptake transporter-1
(CUT1 annotated with TC# 3.A.1.1) and the carbohydrate uptake transporter-2 (CUT2
annotated with TC# 3.A.1.2) (Saier, 2000). Members of the CUT1 family are specific to a
variety of oligosaccharides of which the degree of polymerization varies between 2 and 7, as
well as polyols, glycerol and glycerol-phosphate. Those of the CUT2 family transport only
monosaccharides (Schneider, 2001). But it does not rule out the existence of exceptions, for
instance a D-xylose and L-arabinose ABC transporter in Haloferax volcanii H26 belonging to
the CUT1 family (Johnsen et al., 2019). In addition, members of the peptide/opine/nickel
uptake transporter (PepT) family (3.A.1.5) were also found to be involved in glycoside
transport (Andersen et al., 2012; Conners et al., 2005; Nanavati et al., 2006). Thus, we can
expect that the number of families containing glycoside transporters will increase as new

specificities of transport are discovered.

36



All the characterized glycoside transporters are SBP-dependent. Generally speaking, the
CUT1 ABC transporters harness two separate transmembrane proteins interacting with a
protein involving two copies of NBDs (Schneider, 2001). For glycoside ABC transporters of
the PepT family, either the two TMDs or the two NBDs are in separate proteins.

The selectivity and specificity of carbohydrate ABC transporters are largely determined by
the SBPs that are the most diverse components of the ABC systems, whereas the NBDs, and
to a lesser extent, the TMDs, are clearly more similar. Indeed, SBPs have relatively low
sequence similarity lower than 20%, and phylogenetic analyses based on multiple sequence
alignments did not yield a stable tree (Berntsson et al., 2010). Traditionally, SBPs have been
grouped into different groups on the basis of their substrate specificity, in which glycoside
ABC transporter were clustered into the CUT1 families (Tam and Saier, 1993). In 2010, SBPs
of ABC importers were reclassified into six clusters based on their available three-
dimensional structures. SBPs binding to glycosides spread in three different clusters (B, C and
D) (Berntsson et al., 2010). Recently, a seventh cluster was suggested to extend the structural
classification, as the structure of fructooligosaccharide binding protein of ABC shows
additional structural elements that define a larger ligand-binding cavity, with respect to the

canonical SBPs, and an EF hand-like calcium-binding site (Culurgioni et al., 2017).

3.3.2. Functional diversity

Since the term ABC transporters was defined in 1990, a huge amount of proteins were
annotated as ABC transporters, as it will be detailed in the next section (Holland, 2019).
Meanwhile, only a small set of ABC transporters were experimentally proven to be involved
in glycoside utilization by bacteria, by using one or several methods described in section 3.1.
of this chapter (Table 2). In some cases, only SBPs function and structure were characterized,
because these proteins are highly soluble and thus, easier to characterize compared to TMDs.
However, substrate specificity determined by binding assays does not always correspond to
the real transport specificity. The SBP, MalE, of the maltose ABC from E. coli K-12, binds a-
and B-cyclodextrins, while these substrates cannot be up taken by the maltose ABC
transporter (Quiocho et al., 1997). Moreover, in few cases only, the ABC transporters were
deeply characterized, like those targeting maltooligosaccharides and alginate, by combining
biochemical, molecular and structural approaches (M&htel et al., 2019; Maruyama et al.,
2019).
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Table 2. List of the bacterial ABC transporters involved in glycoside utilization, characterized either by binding or transport assays,

gene deletion and/or transcriptional approaches.

The glycoside ABC transporters retrieved from literature but which are not listed in the TCDB were classified based on their conserved domains

by using a BLAST analysis against the NCBI's Conserved Domain Database (Marchler-Bauer et al., 2017).

MAFF301001

TCDB Protein name Characterization
Family | TCID (locus tag of Substrate Organism method rzatl Reference
name SBP)
Gene deletion
MalEFGK , . e Binding test (Oldham et al., 2013, 2007;
3Al111 Maltooligosaccharides (DP2-7 Escherichia coli K-12 ! ' ’
(b4034) g ( ) Transport assay Wandersman et al., 1979)
Crystal structure
3.Al12 YUtkLM Galatooligosaccharides (DP2-4) | Bacillus subtilis KMO Binding test (Watzlawick et al., 2016)
A2 (BsU34160) g ] i
3.A119 | GuoEFGK Xylooligosaccharides (DP2-6) Geobacillus stearothermophilus T-6 Binding test (Shulami et al., 2007, 1999)
Transport assay I(\’A(a”e'“’ et atl" |Zozlgi5
. i . . - aruyama et al., ;
3.A.1.1.10 | AlgSM1IM2Q1Q2 | Alginate (DP 2-7) Sphingomonas sp. strain Al Gene deletion Mishima et al.. 2003: Momma
Crystal structure et al., 2000)
CUT1
Gene deletion (Hugouvieux-Cotte-Pattat et al.,
3.A.1.1.11 | TogABMN Oligogalacturonides (DP2-3) Erwinia chrysanthemi 3937 Heterologous expression 2001; Hugouvieux-Cotte-Pattat
in E. coli and Reverchon, 2001)
ThuEFGK . L A Gene deletion
3.A1.117 Trehalose, maltose, sucrose Sinorhizobium meliloti Rm1201 (Jensen et al., 2002)
(CN159_00480) Transport assay
N-Acetvlal . Transport assay
3.A.1.1.18 | NacEFG cr;itoct()ai%/sg tcosamine, Streptomyces olivaceoviridis Binding test (Xiao et al., 2002)
Gene deletion
3.A.1.1.19 | PalEFGK Platinose (Isomaltulose) Agrobacterium tumefaciens Gene deletion (De Costa et al., 2003)
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MsmEFGK

Transcriptional analysis

3.A.1.1.20 Fructooligosaccharides (DP3-5 Lactobacillus acidophilus NCFM Barrangou et al., 2003
(D7H66_05730) g ( ) P Gene deletion ( g )
BXIEFGK . . . Transcriptional analysis .
3.Al1121 Xylobiose, xylotriose Streptomyces thermoviolaceus OPC-520 o Tsujibo et al., 2004
(SCO7028) YIODIOse, xylom promy violacel Binding test (Tsuj )
MalE1E2FGK i Transcriptional analysis
3.A1122 Maltose, maltotriose, Thermotoga maritima MSB8 . P y (Nanavati et al., 2005)
(TM_1204) mannotetraose (MalE1) Binding test
MalE1E2FGK i Transcriptional analysis
3.A1122 Maltose, maltotriose, trehalose Thermotoga maritima MSB8 - Y yel (Nanavati et al., 2005)
(TM_1839) (MalE2) Binding test
Transcriptional analysis
3.A.1.1.23 | CebEFG Cellobiose, cellotriose Streptomyces reticuli DSM 40776 Gene deletion (Schlcsser et al., 1999)
Transport assay
Trehal It Transport assay (Chand hi etal., 2019
- rehalose, maltose, sucrose, . - andravanshi et al., ;
3.A1.1.25 (TTC1627) palatinose Thermus thermophilus HB27 Binding test Silva et al., 2005)
Crystal structure
Transport a
MalEFG . . - _a §p rtassay .
3.A.1.1.26 Maltodextrin Bacillus subtilis 168 Binding test (Schénert et al., 2006)
(BSU34610) .
Gene deletion
MalXFGK Transport assa
3.A1.1.27 Maltodextrin (DP2-7) Streptococcus mutans ATCC 700610 P . y (Webb et al., 2008)
(SMU_1568) Gene deletion
MsmEFGK . .
3.A.1.1.28 (SMU_878) Raffinose, stachyose Streptococcus mutans ATCC 700610 Gene deletion (Webb et al., 2008)
- - Transport assa:
3.A1131 LpqY-SugA Trehalose Mycobacterium tuberculosis H37Rv P . y (Kalscheuer et al., 2010)
SugB-SugC Gene deletion
GgtABCD Gene deletion
3.A1.1.32 g Sucrose, trehalose Synechocystis sp. strain PCC6803 o (Mikkat and Hagemann, 2000)
(slr0529) Binding test
o . Transcriptional analysis .
3.A.1.1.33 | DasABC Chitobiose Streptomyces coelicolor A3(2) P . ¥ (Saito et al., 2008)
Gene deletion
a-1,5-Arabinooligosaccharides . - . (Ferreira and De S&Nogueira,
3.A.1.1.34 | AraNPQ (DP3-2) Bacillus subtilis 1IQB496 Gene deletion 2010)
3.A1.141 | TreEGF Trehalose Thermotoga maritima MSB8 Binding test (Boucher and Noll, 2011)
3.A1.144 MalEFG Maltose Streptomyces coelicolor A3(2) Gene deletion (Van Wezel et al., 1997)
AL (sc02231) promy "
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MusEFGK

Corynebacterium glutamicum ATCC

Transcriptional analysis

3.A.1.1.45 Maltose Henrich et al., 2013
(Cgl2461) 13032 Gene deletion ( )
MalEFGK Lacto-N-biose
3.A1.148 ' Bifidobacterium longum JCM1217 Binding test Suzuki et al., 2008
(BLJ_1686) galacto-N-biose “ | ad nding (Suzuki )
Gene deletion
MalEFGK Binding test
3.Al1151 Maltooligosaccharides (DP2-7) | Bdellovibrio bacteriovorus ATCC 15356 nding (Licht et al., 2019)
(Bd1227) Transport assay
Crystal structure
GIsQPCD Ni Morién and FI
3.A1.152 | (DSM107007_RS | Sucrose, maltose, esculin Anabaena sp. PCC 7120 Gene deletion (20'1%\395' orian and Flores,
23065)
Transcriptional analysis
3A1153 RafEFGK a-1,6-Glucosides and Bifidobacterium animalis subsp. lactis Bindin I:est y (Ejby et al., 2016)
s (BIF_01592) galactosides (2-7) BI-04 9 10y v
- Crystal structure

. . . . L Transcriptional analysis .
literature XynEFG Xylooligosaccharides (DP2-6) Geobacillus stearothermophilusi T-6 Bin dingrt)est ¥ (Shulami et al., 2007)
literature CbhpA Cellotriose Clostridium thermocellum DSM 1237 Binding test (Nataf et al., 2009)
literature CbpB Cellooligosaccharides (DP2-5) | Clostridium thermocellum DSM 1237 Binding test (Nataf et al., 2009)
literature CbpC Cellooligosaccharides (DP2-5) Clostridium thermocellum DSM 1237 Binding test (Nataf et al., 2009)
literature CbpD Cellooligosaccharides (DP3-5) Clostridium thermocellum DSM 1237 Binding test (Nataf et al., 2009)
literature LBP Laminaribiose Clostridium thermocellum DSM 1237 Binding test (Nataf et al., 2009)

. Acarbose, Binding test .
literature GacHFG maltooligosaccharides (DP2-4) Streptomyces glaucescens GLA.O Crystal structure (Vahedi-Faridi et al., 2010)
literature AbnEFG grablnoollgosaccharldes (DP3- Geobacillus stearothermophilusi T-6 Binding test (Shulami et al., 2011)

) . - Caldanaerobius polysaccharolyticus Binding test
literature XBP1 Xyooligosaccharides (DP2-4 Han et al., 2012

yoolig ( ) | ATCC BAA-17 Crystal structure ( )
Xylooligosaccharides (DP2-6), - . A . P

. BIAXBP . ; ° Binding test .

literature arabinoxylan-oligosaccharides Bifidobacterium animalis subsp. lactis g (Ejby et al., 2013)
(Balac_0514) (DP3-5) BI-04 Crystal structure

_ (Galacto-) . Caldanaerobius polysaccharolyticus Binding test

literature CpMnBP1 Mannooligosaccharides (DP2- (Chekan et al., 2014)

5)

ATCC BAA-17

Crystal structure
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Mannooligosaccharides (DP3-

Proteomic analysis

literature Eubacterium rectal DSM 17629 Cockburn et al., 2015
(EUR_01830) 7), acarbose Binding test ( )
. - Mannooligosaccharides (DP2- . Proteomic analysis
literature Eubacterium rectal DSM 17629 Cockburn et al., 2015
(EUR_31480) 3) Binding test ( )
- Proteomic analysis
literature Cellooligosaccharides (DP2, 3) | Eubacterium rectal DSM 17629 . y (Cockburn et al., 2015)
(EUR_21010) Binding test
(Galacto-) Transcriptional analysis
literature ManHIJ Mannooligosaccharides (DP3- Bacillus sp. N16-5 Binding test (Song et al., 2016)
5) Gene deletion
literature FL-SBP Fucosyllactose Bifidobacterium breve BR-A29 Gene deletion (Matsuki et al., 2016)
Transcriptional analysis
. FusABC _ . : Binding test (Culurgioni et al., 2017; Linke
literature Fructooligosaccharides (DP3-5) | Streptococcus pneumoniae TIGR4 . ' '
(SP_1796) g ( ) P P Gene deletion etal, 2013)
Crystal structure
SFUABC Binding test
literature (SPV_1585) Fructooligosaccharides (DP3-5) | Streptococcus pneumoniae D39 Gene deletion (Culurgioni et al., 2017)
- Crystal structure
1.5- Arabinooli harid Caldanaerobius polysaccharolyticus Transcriptional analysis
. a-1,5- Arabinooligosaccharides .
literature CpSBC4535 Binding test Wefers et al., 2017
P (DP 3-6) ATCC BAA-17 9 169 ( 2017
Gene deletion
Ruminiclostridium
. CuaABC . . . -
literature (Ceel 2112) Cellooligosaccharides (DP2-5) cellulolyticum Binding (Fosses et al., 2017)
- H10 ATCC 35319
literature ) Sulfated GaINAc Streptobacillus moniliformis DSM 12112 | Binding; Structure Oiki et al., 2017
(Smon_0123) P g ( )
MdAXEFG
literature (HMPREF9496 0 | Maltooligosacchride (DP4-7) Enterococcus faecalis JH2-2 Gene deletion (Sauvageot et al., 2017)
1133)
RiXBP Xylooligosaccharides (DP3-6) inti i
' Transcriptional analysis
literature (ROSINTL182_0 | arabinoxylotriose, Roseburia intestinalis L1-82 Bindi P 4 (Leth et al., 2018)
8199) arabinoxylotetraose inding test
literature RiMnBP Mannooligosaccharides (DP3- Roseburia intestinalis L1-82 Binding test (La Rosa et al., 2019)
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(ROSINTL182 0 | 5)
5479)
. . . . L . Transcriptional analysis
literature BIMnBP1 Mannooligosaccharides (DP3- Bifidobacterium animalis subsp. lactis Binding test (Eiby et al., 2019)
(BLAC_00780) 6) ATCC27673 -
Crystal structure
BIMnBP2 M li harides (DP3 Bifidobacteri imalis subsp. lacti Transcriptional analysis
. n annooligosaccharides - ifidobacterium animalis subsp. lactis - .
literature (BLAC_00785) 6) ATCC27673 Binding test (Ejby et al., 2019)
Crystal structure
. Bal6GBP ) Bifidobacterium animalis subsp. Lactis Binding test .
literature -(1,3/6)-Galactosides (DP2, 4 Theilmann et al., 2019
(Balac_0483) B-( ) ( ) BI-04 Crystal structure ( )
BglpEFGKL . o " Transcriptional analysis (Conners et al., 2005; Nanavati
3.A.15.16 Cellobiose, laminaribiose Thermotoga maritima MSB8 ! '
(TM_0031) 1058, faminaribios ga martt Binding test et al., 2005)
PepT FOTFS5-9 Transcriptional analysis
3.A.1532 | (LAC30SC 0728 | Stachyose Lactobacillus acidophilus NCFM . (Andersen et al., 2012)
5) B Gene deletion
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3.3.3. Taxonomical diversity

We examined the taxonomic diversity of all the characterized bacterial ABC transporters
targeting glycosides from the CUT1 and PepT families (Table 3). These 57 glycoside ABC
transporters are wide-ranging in Gram-positive and negative bacteria, including seven phyla
and 16 orders from different environments, including some which cause human diseases, such
as Streptococcus mutans and Enterococcus faecalis (Sauvageot et al., 2017; Webb et al.,
2008). Of the 57 glycosides ABC transporter, more than 90% were assigned to the four phyla
Firmicutes, Actinobacteria, Proteobacteria and Thermotogae. However, the actual taxonomic
distribution of glycoside ABC transporters is highly biased by the sequencing and
biochemical characterization efforts, which are unequal in their coverage of the bacterial
diversity. Only by searching the domain (PF01547) of the SBP of maltose ABC transporter in
the Pfam 32.0 database (El-Gebali et al., 2019), there were 25,735 sequences across 4,106
species, which highlights the huge diversity of ABC transporters targeting glycosides, and the
fact that an extremely few amount of them have been characterized (Table 3). Notably, there
is no glycoside targeting ABC transporters from the Bacteroidetes phylum in the TCDB, and
we did not find any characterized in the literature. However, in the Pfam 32.0 database, 56
Bacteroidetes species harbor 74 sequences containing the Pfam domain of the SBP of maltose
ABC transporter. In addition, the PULDB has recently included the annotation of ABC
transporters, since they appear, with SusC/D transporters, in around 200 PULs (Terrapon et al.,
2018). It is thus likely that some Bacteroidetes ABC transporters play a role in glycoside
transport, but it remains to be proved. More generally speaking, the taxonomic diversity of the
characterized glycoside-targeting ABC transporters is far from representing the truth, as most

of the ABC transporters remain to be characterized.
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Table 3. Phylum and order distribution of the characterized glycoside-targeting ABC

transporters in bacteria.

Number of Percentage of the
Phylum Order characterized _characterized ABCs
ABC Order  Phylum
Actinomycetales 4 7.0
Actinobacteria Corynebacteriales 1 1.8 21.1
Bifidobacteriales 7 12.3
Bacillales 6 10.5
o Lactobacillales 7 12.3
Firmicutes o 47.4
Clostridiales 11 19.3
Thermoanaerobacterales 3 5.3
Enterobacterales 3 5.3
. Rhizobiales 5 8.8
Proteobacteria ] 17.5
Sphingomonadales 1 1.8
Bdellovibrionales 1 1.8
i Synechococcales 1 1.8
Cyanobacteria 3.6
Nostocales 1 1.8
Thermotogae Thermotogales 4 7.0 7.0
Deinococcus-Thermus Thermales 1 1.8 1.8
Fusobacteria Fusobacteriales 1 1.8 1.8

3.3.4. Mechanism of glycoside import by ABC transporters

Since the sequencing of the genes encoding the maltose ABC transporter in the 1970s
(Silhavy et al., 1979), the functional and structural characterization of maltooligosaccharides
transporters (especially in E. coli) resulted in the establishment of a glycoside ABC
transporter paradigm. The import of maltooligosaccharides proceeds by a classical altering
access mechanism and the substrate specificity is controlled by the outer membrane
maltoporin, the periplasmic protein MalE (also named MBP, for maltose-binding protein, in
maltoologosaccharide ABC transporters) and the transmembrane subunits MalFG (Figure 2)
(M&htel et al., 2019; Schneider, 2001).

The MalE consists of two globular lobes (the N-terminal and the C-terminal domains)

between which a substrate-binding pocket is formed. The shape-complementarity, extensive
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hydrogen-bonding, and aromatic stacking interactions together account for the high-affinity
binding (in the micromolar range) of MalE to maltooligosaccharides (Quiocho et al., 1997).
The MalE conformation is predominantly open in the absence of ligand). Once the
maltooligosaccharide passes maltoporin, MalE will completely trap the substrate at the
interface of the two lobes and then dock to the transmembrane subunits and triggers the
ATPase activity, initiating the transport cycle (Hospital et al., 2010; M&htel et al., 2019).
Crystal structures of the transporter complex MBP-MalFGK2 from E. coli K-12 bound with a
maltooligosaccharide in two different conformational states revealed that i) in the pre-
translocation structure, MalG forms two hydrogen bonds with maltooligosaccharide up to four
glucosyl units at the reducing end, and ii) in the outward-facing conformation, the
transmembrane subunit MalF binds glucosyl units from the nonreducing end (Oldham et al.,
2013, 2007). Thus, here the MalFG provides another level of selection of the substrate, in
addition to the ones due to LamB and MalE. Thus, the substrate can be unidirectionally
imported with the switching of TMDs between inward- and outward-facing conformations,
and ATP hydrolysis is stimulated by both MalE, which stabilizes the semi-open configuration
of MalFGK2 and open MalE which stabilizes the closed state of MalFGK2 (M&htel et al.,
2019). The binding cavity of the pretranslocation state of the MBP-MalFGK2 complex, would
be large enough to accommodate seven glucosyl units, which corresponds to the maximal DP
of the oligosaccharides that can be transported (Oldham et al.,, 2013). The
maltooligosaccharide ABC transporter could serve as a smart template to understand how the
other glycoside ABC transporters evolve and process, despite their structural and functional

diversity.
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Figure 2. Transport of maltooligosaccharides by ABC in Gram-negative bacteria.

This figure shows the three components of the maltose transport system.
Maltooligosaccharides diffuse across the outer membrane through maltoporin, bind with MBP
in the periplasm, and are transported across the inner membrane by the ABC transporter
MalFGK2. (from Oldham et al., 2013)
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3.4. PTS transporters of glycosides

In 1964, the phosphotransferase system (PTS) was firstly described in Escherichia coli K235
as a novel system coupling sugar transport to sugar phosphorylation from
phosphoenolpyruvate (PEP) as phosphoryl donor, in the laboratory of Saul Roseman (Kundig
et al., 1964). Since then, PTSs have been identified in various species of Gram-positive and
Gram-negative bacteria as well as in archaea, transporting a wide range of monosaccharides,
glycosides and polyols (Saier, 2015). The PTS thus represents a major carbohydrate active
transport system in bacteria (Saier, 2000). It is a multicomponent system which always
involves enzymes of the plasmic membrane and others of the cytoplasm (Deutscher et al.,
2006). The membranous component of the PTS system, enzyme Il (Ell), is made up of three
to four subunits: I1A, 11B, I1C and sometimes 11D, which are specific for one substrate or, in a
few cases, for a small group of closely related carbohydrates (Erni, 2013). The cytoplasmic
components are enzyme | (El) and histidine protein (HPr), which are not carbohydrate
specific. Together, they constitute a phosphorylation cascade allowing the phosphoryl group
to be successively transferred from PEP to EI, to the HPr, then to the subunits A and B of Ell,
and finally to the carbohydrate imported by the subunit EIIC or by the EIICD complex
(Figure 3) (Deutscher et al., 2014).
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Figure 3. Schematic illustration of the sugar transport and phosphorylation process by
PTS.

This figure shows that he phosphoryl group is transferred to the El, HPr, EIIA and EIIB
serially, which finally phosphorylates the imported sugar by the transmembrane EIIC. (from

the website of Proteopedia, https://proteopedia.org/wiki/index.php/Main_Page.)
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3.4.1. Diversity of sequences and structures

Based on sequence similarities between the C domain of the EIl complex, carbohydrate PTSs
have been classified into seven families in the TCDB (Saier, 2006): glucose-glucoside (4.A.1,
Glc), fructose-mannitol (4.A.2, Fru), lactose-N,N-diacetylchitobiose (4.A.3, Lac), glucitol
(4.A.4, Gut), galactitol (4.A.5, Gat), mannose-fructose-sorbose (4.A.6, Man), and L-ascorbate
(4.A.7, L-Asc) families. The Glc family was further divided into the glucose (4.A.1.1) and
glucoside (4.A.1.2) subfamilies. It is noteworthy that some families include members which
are nearly as distant from each other as they are from members from other families
(Jeckelmann and Erni, 2019). The name of the PTS families is not always consistent with the
function of their members. For example, cellobiose PTS transporters exist either in the Glc
family (Francl et al., 2010) or in the Lac family (Kowalczyk et al., 2008). Based on our
review of the carbohydrate PTSs in the TCDB and literature (Table 4), glycoside PTS
transporters are only listed in the Glc, Lac and Man families.

Depending on the family, the EIl complexes of the glycoside PTSs are encoded either by one
or several encoding genes. The Glc family contains members with either a single multidomain
protein including the A, B and C domains, or with two distinct proteins including one for the
A domain and another one for the B and C domains. Some of the members of the Glc family
lack their own IIA domain, and, instead, use the 1A domain of another system of the same
family (Tchieu et al., 2001). By contrast, the members of the Lac family always have
multidomain EIl complexes classified in two subfamilies: one type (4.A.3.1) consisting of two
polypeptide chains (EIIA and EIIBC) and another type (4.A.3.2) including three individual
polypeptide chains (EIIA, EIIB and EIIC). The Man family is the only PTS family in which
members possess an additional 11D domain. The EIIA, B, C and D domains of glycoside PTSs
in the Man family can be present either in four individual proteins or three individual proteins
with the A and B domains in the same protein. The Glc, Lac and Fru families belong to a
phylogenetic PTS-GFL superfamily (Nguyen et al., 2006), because of the structural
homogeneity of their 1IC domains, with a uniform ten transmembrane helices topology (Cao
et al., 2011; McCoy et al., 2016). The members of the Man family are evolutionarily distinct
from the GFL superfamily (Chen et al., 2012). In this family, the 1IC domains probably
consist of six or seven transmembrane helices, and the second integral membrane 11D
domains probably contains six transmembrane helices, based on the HMMTOP prediction
(http://www.enzim.hu/hmmtop/index.php). However, the only solved structure of a mannose

PTS transporter (ManY Z) from the Man family shows nine transmembrane helices in both the
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I1IC (ManY) and 11D (ManZ) domains (Liu et al., 2019).The structural organization, and thus,
classification of the glycoside PTSs have a complex evolutionary history because of the
numerous horizontal gene transfer events, duplications, and non-orthologous displacements
(ZdRgaetal., 2005).

3.4.2. Functional diversity

Only few dozens of PTSs targeting glycosides were functionally characterized using one or
several methods listed above (Table 4). Most of them are specific for a- or B- linked
glucosides, such as maltose, sucrose and cellobiose, or their derivatives such as N,N'-
diacetylchitobiose and salicin, as the GFL superfamily is by far the largest (Jeckelmann and
Erni, 2019). Recently, transcriptomic analyses revealed that, in strain Lactobacillus plantarum
WCFSL1, the PTS1 (Panwar and Kapoor, 2020; Saulnier et al., 2007) of the Glc family, and
the PTS23C (Panwar and Kapoor, 2020) of the Lac family, might be involved in
galactomannose/galactomannobiose and mannobiose utilization, respectively, while the
specificity of the two PTSs still needs to be further characterized. In addition, in the Man
family, there are also few PTSs which are responsible for B-galactosides, p-mannosides,
hyaluronic acid and fucosyl-a-1,3-N-acetylglucosamine. Glycoside PTSs are thus mainly
specific for disaccharides, although some are able to transport longer oligosaccharides with a
DP not higher than four. Other PTS transporters in the list were showed to be involved in the
utilization of hyaluronic acid, glucomannooligosaccharides or lichenan oligosaccharides by
transcriptional analysis or deletion of one of the PTS encoding genes, but this does not mean

that the PTS can transport glycosides with DP longer than four.
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Table 4. List of the bacterial PTS transporters involved in glycoside utilization, characterized either by binding or transport assays, gene

deletion and/or transcriptional approaches.

The glycoside PTS transporters retrieved from literature but which are not listed in the TCDB were classified based on their conserved domains

by using a BLAST analysis against the NCBI's Conserved Domain Database (Marchler-Bauer et al., 2017).

TCDB .
Family TCID Protein name Substrate Organism Characterization method Literature
(locus tag)
name
MalX . . ion i .
4.A.113 Maltose Escherichia coli K12 Heterc_;logo_us expression In (Reidl and Boos, 1991)
(b1621) E. coli strain
MalP . . Transcriptional analysis
4A1.18 Maltose Bacillus subtilis 168 . Yamamoto et al., 2001
(BSU08200) Gene deletion ( )
Isomaltose, trehalulose . . Heterologous express in
AglA ’ ' | Klebsiella pneumoniae o o
4.A.1.1.10 maltulose, leucrose E. coli strain (Pikis et al., 2006)
o ’ ATCC 23357 '
(FYK33_RS28885) | palatinose Transport assay
MalT . Streptococcus mutans .
4.A1111 (SMU._2047) Maltose, maltotriose ATCC 700610 Gene deletion (Webb et al., 2007)
. Group A Streptococcus Transcriptional analysis
4.A1.1.12 | MalT (SPy_1986 Maltose, maltotriose . Shelburne et al., 2008
Gl (SPy_ ) ! MGAS5005 Gene deletion ( ! )
MalT Transport assay
4.A1.1.17 Maltose Bacillus cereus E33L Binding test (McCoy et al., 2016)
(BCE33L0344)
Crystal Structure
Klebsiella pneumoniae . L .
4.A121 ScrA Sucrose KAY2026 Phosphorylation activity (Titgemeyer et al., 1996)
AscF .. _ . . .
4.A.1.2.3 Salicin Escherichia coli K-12 Gene deletion (Desai et al., 2010)
(b2715)
Heterologous expression in (Klein et al., 1995; Steen et
TreB - . . -
4.A12.4 Trehalose, maltose, Escherichia coli K-12 | other E. coli strain al., 2019)
(b4240) sucrose ’
Gene deletion
4A125 | BglF Methyl-B-glucoside, Corynebacterium Heterologous expression in | (Kotrba et al., 2003)
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(cgR_2729)

salicin, arbutin

glutamicum
R

C. glutamicum

Streptococcus mutans

Gene deletion

4.A1.2.6 BglP Aesculin, arbutin NG8 Heterologous expression in (Cote et al., 2000)
E. coli
4.A.1.2.9 Sach Sucrose Bacillus subtilis 168 Transport assa (Fouet et al., 1987)
A4S (BSU38050) P y g
PtsS Corynebacterium
4.A12.12 Sucrose glutamicum ATCC Gene deletion (Moon et al., 2005)
(Cgl2642)
13032
PTS15 : Lactobacillus gasseri Transcriptional analysis
4.A.1214 Cellobiose . Francl et al., 2010
(LGAS_1669) ATCC 33323 Gene deletion ( )
PTS20 Lactobacillus gasseri Transcriptional analysis
4.A.1.2.16 Sucrose . Francl et al., 2010
(LGAS_1778) ATCC 33323 Gene deletion ( )
. PTS1 Fructoligosaccharides | Lactobacillus plantarum | Transcriptional analysis
Literature . Chenetal., 2015
(LPST C0152) | (DP2-5) ST-111 Gene deletion ( )
. PTS26 Fructoligosaccharides | Lactobacillus plantarum | Transcriptional analysis
Literature . Chenetal., 2015
(LPST_C2650) | (DP2-5) SEl Gene deletion ( )
. scrT Streptococcus -
Literature Sucrose . . lyer and Camilli, 2007
(SP_1722) pneumoniae TIGR4 Gene deletion (ly )
PTS 6CB Lactobacillusgasseri Transcriptional analysis
4.A3.1.2 Lactose . Francl et al., 2012
(LGAS_343) ATCC33323 Gene deletion ( )
PTS9BC Lactobacillusgasseri Transcriptional analysis
4A3.13 (LGAS_501) Lactose ATCC33323 Gene deletion (Francl et al., 2012)
Lac ChbC N,N'-
4.A321 b1737 diacetylchitobiose, Escherichia coli K-12 Gene deletion (Kachroo et al., 2007)
( ) cellobiose
LicC Lichenan
4.A322 oligosaccharides (DP Bacillus subtilis 168 Gene deletion Tobisch et al., 1997
(BSU38580) g ( ( )

unclear)
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Serratia marcescens

4.A3.25 ChbC N,N'-diacetylchitobiose 2170 Gene deletion (Uchiyama et al., 2003)
CelB Vibrio chol ) Transcriptional analysis
o - ibrio cholerae serotype . :
4.A3.2.6 (VC_1282) N,N'-diacetylchitobiose 01 ATCC 39315 Gene deletion (Meiborn et al., 2004)
CelC . Klebsiella pneumoniae .
4.A3.2.7 (KP1_4524) Cellobiose NTUH-K2044 Gene deletion (Wu etal., 2012)
celB Bacill ATCC Transport assay
. oo acillus cereus .
4.A328 N,N'-diacetylchitobiose Gene deletion Caoetal., 2011
(BCE_5325) ’ 10987 Structure ( )
4.A.3.2.9 Lactose transporter | Lactose Elélz;lella pheumoniae Transport assay (Imai and Hall, 1981)
. GenB Gentiobiose, Enterococcus faecalis Gene deletion
Literature (OG1RF_10235) amygdalin OGI1RF Transcriptional analysis (Grand etal., 2019)
AlfF Fucosyl-a-1,3-N- Lactobacillus casei . _ _
4.A6.1.13 (LCAB._28290) acetylglucosamine BL23 Gene deletion (Rodr guez-D Bz et al., 2012)
L Streptococcus
PTS-II . . .
Man 4.A.6.1.14 S-ic Hyaluronic acid (DP pneumoniae ATCC Gene deletion (Marion et al., 2012)
(spr0294) unclear) BAA-255
i . . leti
46118 GnbC Galacto N-biose and Lactobacillus casei Gene deletion (Bidart et al., 2014)

(LCABL_02930)

lacto N-biose

BL23

Transcriptional analysis
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3.4.3. Taxonomical diversity

We examined the taxonomical diversity of all the characterized bacterial PTS transporters
targeting glycosides, issued from the TCDB Glc, Lac and Man families and literature (Table
5). These 31 glycoside PTS transporters are spread both in Gram-positive and negative
bacteria, including three phyla and eleven species. More than half of the characterized
glycoside-targeting PTS transporters are from species of the Firmicutes phylum. The PTSs
targeting glucosides are distributed in three phyla (Firmicutes, Proteobacteria and
Actinobacteria), while PTS targeting mannosides and galactosides all belong to species of the
Firmicutes phylum. The PTS content correlates with the potential of the species for facultative
anaerobic and anaerobic growth (Jeckelmann and Erni, 2019), which correlates with the fact
that the Firmicute phylum is one of the dominant phylum in the mammalian gut microbiota.
Thirty percent of the glycoside PTS from Firmicutes belong to the Lactobacillus genus, of
which the species can utilize diverse glycosides found in the human gut, allowing them to
survive in this ecosystem. This trait, and the fact that many Lactobacillus species exert
benefits to general health and wellness to the host, make of them interesting probiotics (Francl
et al., 2010). Nevertheless, PTSs are also present in some pathogenic species, such as
Klebsiella pneumoniae NTUH-K2044, which causes nosocomial infections and opportunistic
infections (Wu et al., 2012), and Vibrio cholerae O1, which causes a dehydrating diarrheal
illness (Meiborn et al., 2004). PTSs might thus play a role in the habitat colonization by these

strains, and thus, in bacterial infection.
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transporters in bacteria.

Table 5. Phylum an order distribution of the characterized glycoside-targeting PTS

Percentage of the

Number of characterized
Phylum Order charcaterized PTSs
PTSs
Order  Phylum
Bacillus 5 16.1
o Streptococcus 5 16.1
Firmicutes . 61.3
Lactobacillus 8 25.9
Enterococcus 1 3.2
Escherichia 4 12.9
) Klebsiella 4 12.9
Proteobacteria ) 32.2
Serratia 1 3.2
Vibrio 1 3.2
Actinobacteria Corynebacterium 2 6.5 6.5

3.4.4. Mechanism of glycoside import by PTS transporters

As described above, the transport of glycosides by PTS is accompanied by cascade of
phosphorylations, in which the phosphate moiety is transferred from PEP to the imported
glycoside by a set of cytoplasmic phosphocarrier proteins (EI, HPr, EIIA and EIIB, serially).
The EI, HPr and I1A are all phosphorylated at a histidine residue. The 11B domains of the GFL
superfamily are phosphorylated at a cysteine, while the 1B domains of the mannose family
are phosphorylated at a histidine residue. The crystal structures of several El, HPr, I1A and
I1B proteins have been solved, alone or in complex with other PTS, which have been detailed
in previous reviews (Deutscher et al., 2006; Erni, 2013; Peterkofsky et al., 2001; Robillard
and Broos, 1999).

Little was known about how the transmembrane EIIC domain selectively imports the
glycoside across the membrane before a high resolution crystal structure of diacetylchitobiose
EIIC protein (bcChbC) form Bacillus cereus E33L was solved in the inward-facing
conformation (Cao et al., 2011). A few years later, the maltose specific EIIC protein (bcMalT)
from the same strain was solved in the inward-facing and outward-facing conformations
(McCoy et al., 2016; Ren et al.,, 2018). Even if bcChbC and bcMalT have different

specificities, they belong to the same GFL superfamily and both proteins are homodimers
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with 10 transmembrane helices, constituting a scaffold domain (SD) containing the large and
mostly hydrophobic protomer-protomer interface and a transport domain (TD) containing
sugar binding site and translocation pathway. Thus a so-called elevator mechanism was
proposed. Overall, the substrate firstly binds to the transporter (I1C) in the outward-facing
open conformation, then the substrate is occluded and translocated by a rigid body motion of
TD against the immobile SD across the membrane, where the EIIC isomerizes to the inward-
facing open conformation (Figure 4) (Jeckelmann and Erni, 2019). The isomerization rate is
increased 100-1000 folds by the activity of the phosphorylated 1B domain and rendered
unidirectional by the concomitant phosphoryl transfer from phosphorylated-11B domain to the
substrate in the binding cavity and/or by the subsequent release of the phosphorylated
substrate. However, it is unknown whether the two protomers isomerize independently or in

synchrony, and how the 1B and I1B interact in the phosphate transformation process.

Members of the PTS in Man family contain a unique additional 11D transmembrane domain.
The only determined structure of EIICD complex is that of the E. coli K-12 protein specific
for mannose (Liu et al., 2019), which also suggested a possible elevator mechanism. However,
the feasibility of this mechanism for the glycoside PTS from the Man family still needs

further investigation.
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This figure shows a model of the glucose superfamily EIIC transport cycle. (A-D) The
substrate binds to the outward-facing open structure (A), which is then converted to the
outward-facing occluded state (B) by a movement of transport domain. The transport domain
moves toward the cytoplasmic side of the membrane to form the inward-facing occluded state
(C), and finally the substrate is phosphorylated by the phosphoryl from the phosphorylated-
1B domain and is released to the cytoplasmic space (D). (from McCoy et al., 2016)

56



3.5. MFS transporters of glycosides

The major facilitator superfamily (MFS) is, with the ABC superfamily, one of the two
exceptionally large superfamilies of transporters, including millions of sequenced members
found ubiquitously in bacteria, archaea, and eukaryotes (Saier, 2006). The MFS transporters
are single-polypeptide secondary carriers only capable of transporting small solutes in
response to chemiosmotic ion gradients. MFS transporters represent the largest family of
secondary membrane transporters. They can be classified into symporters, antiporters and, in
case of a driving substance being absent, facilitators (Figure 5Figure 5) (Yan, 2015). In the
TCDB (release of February 2020), the MFS superfamily is subdivided into 104 families,
consisting of 89 families classified under the main MFS family and annotated TC# 2.A.1, and
15 other families including distant members of MFSs. Each family contains members specific
to a different set of related compounds, including monosaccharides, oligosaccharides, polyols,
drugs, neurotransmitters, Krebs cycle metabolites, phosphorylated glycolytic intermediates,

amino acids, peptides, organic anions, inorganic anions, etc (Reddy et al., 2012).

Facilitator Symporter Antiporter
(uniporter) (cotransporter) (exchanger)

Figure 5. Schematic representation of the three types of MFS transporters.

This figure shows the difference of the transport process for facilitators, symporters and
antiporters. Facilitators catalyze substrate diffusion across the membrane down its
concentration gradient. Symporters or antiporters use the energy released from the downhill
translocation of one substrate to drive the uphill translocation of another substrate either in the
same direction (symporters) or in the opposite direction (antiporters). The color gradients of
the arrows indicate the transmembrane electrochemical gradients of the substrates. (from Yan,
2015)
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3.5.1. Diversity of sequences and structures

Among the 104 established MFS families in the TCDB, the bacterial MFS transporters of
glycosides are spread in three of them: the Oligosaccharide: H* Symporter (OHS) Family
(2.A.1.5), the Fucose: H* Symporter (FHS) family (2.A.1.7) and the Glycoside-Pentoside-
Hexuronide (GPH): Cation Symporter family (2.A.2) (Table 6).The GPH family is one of the
distant families of the MFS superfamily, since transporters of the GPH family show only
marginal sequence similarities with other members of the other families. Position-Specific
Iterated BLAST (PSI-BLAST) analysis suggested that these proteins all arose from a common
ancestor (Saier, 2000). The glycoside MFS transporters are generally about 400-550 amino
acids in length, except the Gram-positive bacterial lactose permeases (LacS) which are larger
because of an additional EII-A like domain at the C-terminal extremity, which is usually
found in PTS transporters. Despite their weak sequence similarities, all these proteins share
the same topology, with 12 transmembrane helices of which the first six transmembrane
helices exhibit significant sequence similarity with the last six (Saier, 2000).

3.5.2. Functional diversity

The bacterial MFS transporters which have been characterized to be responsible for the
uptake of different glycosides are listed in Table 6. The transporters of the OHS family have
been reported to be specific for a set of galactosides (such as lactose, raffinose and melibose),
sucrose and maltose. Among the members of the OHS family, the LacY permease involved in
the uptake of lactose and other galatosides by Escherichia coli K-12 was the first studied
member of MFS (BUchel et al., 1980) and nowadays remains one of the best characterized
MFS transporters (Kaback and Guan, 2019).

Only one member of the FHS family, the ScrT transporter specific of sucrose uptake from
Shewanella frigidimarina NCIMB 400, has been functionally characterized as specific for
oligosaccharide transport (Rodionov et al., 2010), while the other characterized transporters of
this family are involved in monosaccharide or its derivatives transport. By contrast, the
members of the GPH family exhibit a broad specificity towards glycosides including

galactosides, glucosides, xylosides and fructooligosaccharides.

Some transporters, including members of OHS family as LacY from Escherichia coli K-12
(King and Wilson, 1990), CscB from Escherichia coli EC3132 (Peng et al., 2009), MelY of
Enterobacter cloacae ATCC 13047 (Shinnick et al., 2003; Tavoulari and Frillingos, 2008)
and only member of GPH family: LacS of Lactobacillus acidophilus NCFM (Andersen et al.,
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2011), are able to transport different glycosides sharing structural traits. For example, the
LacY protein could internalize lactose, melibiose, thio-B-methyl galactopyranoside (TMG), 4-
nitrophenyl-p-D-galactopyranoside and 4-nitrophenyl-a-D-galactopyranoside, because there
is one sugar-binding site in LacY that selectively recognizes the galactosyl moiety (Kaback
and Guan, 2019).

By listing the substrates of the characterized glycoside MFS transporters, it appeared that they
are mainly specific for disaccharides or their derivatives. However, MFS transporters can also
import longer glycosides. Using gene deletion and growth dynamic analysis, two transporters
were shown to be able to internalize oligosaccharides up to DP 4. the MFS from an
uncultured Bacteroides strain (Tauzin et al., 2016b) and the FosT from Escherichia coli
BEN2908 (Schouler et al., 2009), which internalize xylotetraose and fructotetraose,
respectively. Other MFs, such as TogT (Hugouvieux-Cotte-Pattat and Reverchon, 2001) from
Erwinia chrysanthemi 3937 and LacS (Lbal463) (Andersen et al., 2011) from Lactobacillus
acidophilus NCFM, have been shown to be responsible for growth on a mixture of
oligosaccharides, but the size of the oligosaccharide they were able to transport has not been
characterized. It is thus possible that MFS could transport glycosides with DP higher than 4,

although further experiments are required to validate this hypothesis.
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Table 6. List of the bacterial MFS transporters involved in glycoside utilization, characterized either by binding or transport assays,

gene deletion and/or transcriptional approaches.

The glycoside MFS transporters retrieved from the literature but which are not listed in the TCDB were classified based on the identified

conserved domain using a BLAST analysis against the NCBI's Conserved Domain Database (Marchler-Bauer et al., 2017).

TCDB .
Family | TCID Protein name Substrate Organism Characterization method | Reference
name (locus tag)
Lactose, melibiose, Transport assay
thio-B-methyl Point mutation (Abramson et al.,
LacY galactopyranoside Escherichia coli Structure 2903; Kabac_k, 2015;
2.A.151 (b0343) (TMG), 4-nitrophenyl-- K-12 King and Wilson,
D-galactopyranoside, 1990)
4-nitrophenyl-a-D-
galactopyranoside
RafB Escherichia coli Transport assay
2.A.152 | (RAFB_ Raffinose Point mutation (Camp et al., 2007)
K-12
OHS ECOL)
Transport assay
Escherichia coli Heterologous
2.A.1.5.3 | CscB Sucrose, maltose EC3132 expressic?n in another E. (Peng et al., 2009)
coli strain
MelY Enterobacter Gene _deletion Point (Shinnick et aI.,_
2.A.1.5.4 (ECL._05077) Melibiose, lactose cloacae ATCC mutation 2003; Tavoulari and
- 13047 Transport assay Frillingos, 2008)
literature FosT Fructooligosaccharides Escherichia coli Gene deletion (Schouler et al.,
(Aec46) (DP3-4) BEN2908 2009)
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Shewanella

ScrT AN Heterologous (Rodionov et al.
FHS 2.A.1.7.6 . Sucrose frigidimarina 2 : ’
(Sfri_3989) NCIMB 400 expression in E. coli 2010)
MelB _— . Transport assay
2A21.1 |(ECE24377A_ | Melibiose E;Zg%ﬂ"a coli | Binding test g%t{‘gyath“"a etal,
4674) Structure
Lacs Streptococcus Heterologous (Poolman et al
2A.22.1 | (DID82_ Lactose ther&o hilus Al47 expressed in E. coli 1989) N
03005) P Transport assay
GusB . Escherichia coli Transcriptional analysis i
2.A.231 | (FAM13 RSO | Glucuronide (Liang et al., 2005)
0460) K-12 Transport assay
XylP .
2.A.23.3 | (XYLP_ Isoprimeverose tsr?:gg?;m;;ooo Transport assay gggli? erger etal.,
GPH LACP)
. . - (Hugouvieux-Cotte-
2.A.251 | TogT %‘F?S%a lacturonides Er:\rmsrgr?themi 3937 Gene deletion Pattat and
y Reverchon, 2001)
Caulobacter . .
MalY Gene deletion (Lohmiller et al.,
2.A.2.6.2 (CC_2283) Maltose iré%sscgntus ATCC Transport assay 2008)
literature F5 MFS Xylooligosaccharides Uncultured Gene deletion (Tauzin et al.,
(CCG34981.1) | (DP2-4) Bacteroides 2016b)
literature LacS Galactooligosaccharides | Lactobacillus Transcriptional analysis | (Andersen et al.,
(Lbal463) (DP2-6), lactose, lactiol | acidophilus NCFM | Gene deletion 2011)
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3.5.3. Taxonomical diversity

The 14 characterized bacterial MFS transporters of glycosides are spread in three phyla
(Proteobacteria, Firmicutes and Bacteroidetes) (Table 7). Most of them (71%) belong to
Proteobacteria, of which 57% are from the order Enterobacterales, including the well-known
LacY from Escherichia coli (Table 7). The identification of LacY might have facilitated the
identification of other Enterobacterales MFS, due to the fact that gene transfer or duplication
more frequently occur intra-phyla than inter-phyla (Soucy et al., 2015). However, even if
most of the MFS retrieved for now belong to this order, these results could be biased as the
analyses are based on the well-known LacY sequences from Proteobacteria but we cannot
deny that the vast majority of sequences remain unknown so far.

The glycoside MFS transporters are present in diverse bacterial phyla from different habitats,
including the human gut, food and soil microbiota, suggesting the important role of MFSs in
bacteria survival and adaptation to their ecological niches. The phytopathogen Erwinia
chrysanthemi 3937 (Hugouvieux-Cotte-Pattat and Reverchon, 2001), uses a MFS to transport
pectin oligomers, a component of plant cell wall, thus causing soft rot of plants. The
fructooligosaccharide MFS transporter of the pathogenic Escherichia coli BEN2908 strain is
important for colonization of the chicken intestine, indicating a potential risk related to high
level of fructooligosaccharide prebiotic usage in food and feed (Schouler et al., 2009).
Nevertheless, glycoside MFSs are also found in strains that are beneficial to human health,
such as in the probiotic strains Streptococcus thermophilus A147 (Poolman et al., 1989),
Lactobacillus acidophilus NCFM (Andersen et al., 2011) and Lactobacillus pentosus NZ9000
(Heuberger et al., 2001).

Table 7. Phylum and order distribution of characterized glycoside-targeting MFS

transporters in bacteria.

Percentage of the

Number of characterized
Phylum Order characterized MFSs
MES
Order  Phylum

Enterobacterales 8 57.2

Proteobacteria Alteromonadales 1 7.1 71.4
Caulobacterales 1 7.1

Firmicutes Lactobacillales 3 215 215

Bacteroidetes Bacteroidales 1 7.1 7.1
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3.5.4. Mechanism of glycoside import by MFS transporters

Before the resolution of any crystal structure, mutation of some MFS transporters, such as the
LacY (King and Wilson, 1990), RafB (Camp et al., 2007) and MelB (Granell et al., 2010)
proteins, allowed the identification of amino acid residues that play an important role in the
recognition and transport of substrates across the membrane.

The first glycoside MFS structure solved was that of the lactose permease (LacY) from E.
coli K-12, in an inward-facing conformation with a bound lactose homolog, B-D-
galactopyranosyl-1-thio-pB-D-galactopyranoside (Abramson et al., 2003), and in an inward-
opening conformation (Guan et al., 2007). More recently, the structure of a second glycoside
MES transporter, the melibiose specific MelB protein from Salmonella typhimurium LT2, has
been solved in an outward partially occluded and an outward inactive state (Ethayathulla et al.,
2014). These structures allowed the description of the general features of the MFS
transporters (Figure 6). A canonical MFS fold comprises two domains, the N and C domains,
with each consists of six consecutive transmembrane helices. A single substrate binding
cavity is located in the center of the membrane and enclosed by the N and C domains.
Moreover, an alternating-access mechanism has been proposed to explain the translocation
process (Kaback and Guan, 2019; Zhang et al., 2015). Carbohydrate binding is the first step
and is the driving force for the alternating access mechanism. The transporters adopt two main
open conformations for substrate loading and release in the outward- and inward-facing open
conformations, respectively, and alternate between these two conformations through occluded

states to translocate substrates across the membrane.
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Figure 6. Alternating access mechanism for an ion/carbohydrate symport.

This figure shows the transport cycle. It starts with an empty outward-facing transporter
which binds the substrate and coupled ion (red and green spheres, respectively) from the
extracellular solution in a reaction coupled to the closure of the gate (yellow). The transporter
undergoes a conformational transition into an inward-facing state in which the extracellular
gate can no longer open while opening of the intracellular gate (pink) is enabled. The release
of the substrate and ion into the cytoplasm yields an empty inward-facing state, and
isomerization back into the outward-facing state completes the cycle. (from Boudker and
Verdon, 2010)
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3.6. Conclusion and thesis objectives

In this review chapter, we highlighted the functional, taxonomic, structural and mechanistic
diversity of glycoside transporters, which have been developed by bacteria to meet the huge
structural diversity of glycosides widespread in Nature.

The constant improvements of (meta)genome sequencing technologies, genetic tools and
omics technology have not only enabled the prediction of a large number of glycoside
transporters, but also allowed the identification and characterization of some of them.
However, these characterization works are far from having covered the functional diversity of
these proteins. Indeed, the involvement of less than 200 transporters in the utilization of
glycosides has been experimentally validated, either by genetic, biochemical, or, more rarely,
by structural approaches. In the vast majority of cases, the biochemical characterization of the
transporter specificity is performed by targeting the substrate binding proteins, which are
much easier to study than the transmembrane proteins through which transit the
oligosaccharides between the extracellular medium and the cytoplasm or periplasm. However,
the binding specificity might not be identical to the specificity of uptake, whose
characterization is based on the use of labeled substrates. Furthermore, among all the
characterized transporters, only one is issued from an uncultured bacterium, while uncultured

microorganisms dominate in all natural ecosystems.

The development of methods to accelerate the identification of bacterial transporters, and to
refine the characterization of their uptake specificity, by discriminating it from their binding
one, is therefore a major challenge. The use of recombinant hosts, for which genetic tools are
available to modify their metabolism and make them co-produce several recombinant proteins
(the different proteins constituting certain transporters, but also the CAZymes encoded in the
same loci), appears to be very promising to simplify these systems, avoiding the functional
redundancy of native strains. The use of recombinant hosts is also mandatory to study
transporters from uncultured bacteria. Recently, it has been shown in the Discomics group
that Escherichia coli can be an interesting tool to express the genes of PULs cloned in
fosmids, and to produce transporters from uncultured Bacteroides. Nevertheless, the
efficiency, advantages and limits of this system for the identification and characterization of
transporters from both Gram-negative and positive bacteria remains to be evaluated. Besides,
only a few dozen transporters involved in the utilization of dietary fibers by mammal gut
bacteria have been characterized, but without profiling their transport specificity towards
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oligosaccharides of defined structures. This lack of functional data limits the understanding of
the structure-function relationships of transporters, in general. It is also a major barrier to the
prediction of their precise substrate targets, and thus, to the understanding of how bacteria

colonize their habitat.

It is to face these challenges that | started this PhD work, nearly three years ago. The main

objectives were the following:

- to evaluate the interest of E. coli as a recombinant host for the screening of the specificity of
oligosaccharide transporters from uncultured gut bacteria

- to develop methods for the detection and quantification of the efficiency of binding and
uptake of unlabeled oligosaccharides of defined structures

- to study, at the molecular scale, mechanisms of dietary fiber utilization by prominent human
gut bacteria

- to advance in the understanding of the relationships between the sequence, structure and

specificity of glycoside transporters, and to revisit their classification.

The scientific questions addressed during this work are presented at the beginning of each of

the four ‘Results’chapters.
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First article

Glycosides represent the main energy sources for numerous microbiota in the gut, terrestrial
and marine environments. According to the current paradigm, utilization of the structural
complex and diverse glycosides in bacteria is usually orchestrated by polysaccharide
utilization loci (PULs) encoding both carbohydrate-active enzymes (CAZymes) and
transporters. As described in the previous chapter, polysaccharides are partially degraded to
oligosaccharides by cell surface associated CAZymes, and then oligosaccharides are imported
into the bacterial cell to be metabolized. Transporters thus play a critical role in glycoside
utilization and a better understanding of them represents high potential in health management,
to control the microbiota functioning, and industrial applications, to create chassis strains for
synthetic biology capable of growing on non-refined plant biomass. However, the
experimental investigation of the function of glycoside transporter faces more challenges than
for CAZymes.

The activity-based functional metagenomic approach developed in our team, focusing mainly
on glycoside degradation in mammalian guts, previously led to the identification of hundreds
of Escherichia coli clones producing glycoside-hydrolase activities. In these studies, the type
of vector used to construct the metagenomic libraries (fosmids, allowing the cloning of large
DNA fragments, sizing from 30 to 40 kbp) was deliberately chosen to capture entire bacterial
operon-like gene clusters encoding for the synergistic CAZymes which are necessary to
deconstruct complex glycoside structures (Tasse et al., 2010). In these metagenomic PULSs,
the CAZyme-encoding genes are very often clustered with transporter encoding ones. In 2016,
Tauzin et al. demonstrated that SusCD and MFS transporters can be produced in functional
forms from a Bacteroidetes PUL cloned in fosmid and expressed in E. coli (Tauzin et al.,
2016). But at the beginning of this thesis work, the following questions remained unanswered:
- What is the probability of producing functional transporters by expressing PULS’ genes in E.
coli?

- What are the families of glycoside transporters that can be functionally produced in E. coli?
- Could transporters from Gram-positive bacteria be functionally produced in the Gram-
negative bacterium E. coli from gpPULSs cloned in fosmids?

- What is the potential of the activity-based metagenomic approach to discover new
transporter functions?

In order to address these questions, we developed a medium-throughput positive selection

method to screen the ability of fosmid E. coli clones harboring metagenomic PULs to use
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oligosaccharides as sole carbon source. The results are presented in this chapter, which

constitutes the first draft of a future publication.

106



Identification of functional glycoside transporters from

uncultured bacteria

Zhi Wang?, Alexandra S. Tauzin® and Gabrielle Potocki-Veronese®
®TBI, CNRS, INRA, INSAT, Universitéde Toulouse, Toulouse, France

Address correspondence to Gabrielle Potocki-Veronese, veronese@insa-toulouse.fr

Abstract

Transport is a crucial step in the metabolism of glycosides by bacteria, which is itself a key of
microbiota functioning and equilibrium. However, the function of most transport proteins is
unknown or only predicted, limiting our understanding of how bacteria utilize glycosides.
Here, we present a robust activity-based screening method to identify functional glycoside
transporters from microbiomes. The method is based on the co-expression in Escherichia coli
of genes encoding transporters and carbohydrate-active enzymes (CAZymes) from
metagenomic polysaccharide utilization loci (PULS) cloned in fosmids. To establish the proof
of concept of the methodology, from four different metagenomic libraries issued of the
mammalian microbiota, we selected 45 E. coli clones of which the metagenomic sequence
contains at least one putative glycoside transporter and one functional CAZyme, identified by
screening various glycoside-hydrolase activities. Growth tests were performed on glycosides
which correspond to the validated or predicted enzymatic activity of the CAZymes identified
in each PUL. This led to the identification of 13 clones that are able to utilize oligosaccharides
as sole carbon sources, thanks to the production of transporters from PTS, ABC, MFS, and
SusCD families. Seven of the 13 hit clones contain one clearly identified transporter,
providing direct experimental evidence that these transporters are functional. In the six cases
where two transporters are present in the sequence of a clone, the function of the transporters
can be predicted from the flanking CAZymes or from similarity with previously characterized
transporters, which facilitates further functional characterization. The results expand the
vision on how glycosides are selectively metabolized by bacteria and open a new way to
screen for glycoside-transporter specificity towards oligosaccharides of defined structures.
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Introduction

Carbohydrates, together with lipids, proteins and nucleic acids, are one of the four biological
essential macromolecules in living systems. In Nature, repetitive units of monomers are
linked to other glycosyl residues or non-glycosyl group by glycosidic bonds to form
structurally diverse glycosides. Based on their chemical composition and degree of
polymerization (DP), glycosides are classified into i) oligosaccharides, composed only of
glycosyl residues with DP between 2 and 10 (Kamerling, 2007) (3 and 10 according to the
IUB-IUPAC nomenclature), ii) polysaccharides, composed only of glycosyl residues with DP
higher than 10, and iii) glycoconjugates, when the carbohydrate moiety is linked to a non-
carbohydrate moiety (Cummings and Stephen, 2007). These structural diverse glycosides,
thus, constitute the largest repository of metabolically accessible carbon and present a
ubiquitous energy source for bacteria in the gut, terrestrial and marine environments (Grondin
etal., 2017; Hemsworth et al., 2016).

Members of the microbiota have evolved diverse metabolic lifestyles and strategies to harvest
energy from glycosides (Ndeh and Gilbert, 2018). According to the current paradigm,
utilization of glycosides in the Bacteroidetes, a dominant phylum of the mammalian gut
microbiota, is usually orchestrated by polysaccharide utilization loci (PULS), encoding
carbohydrate-active enzymes (CAZymes) associated with SusCD-like transport systems, and
sometimes also transporters of the ATP-binding cassette (ABC) or Major Facilitator
Superfamily (MFS) families (Terrapon et al., 2018). In another dominant phylum of the
mammalian gut microbiota, the Firmicutes, glycosides are metabolized by systems called
gpPULs (Gram-positive PULSs), which are analogous to PUL systems, encoding not TonB
dependent receptors but a range of other transporters, including ABC, MFS and
phosphotransferase systems (PTS) (Sheridan et al., 2016). Polysaccharides, depending on
their DPs, are partially degraded by cell surface associated CAZymes to oligomers, which are
then imported into the cell periplasm (for Gram-negative bacteria) or cell cytoplasm (for
Gram-positive) through transporters. In the cell periplasm or the cytoplasm, oligosaccharides
are processed by intracellular CAZymes to monosaccharides that are ultimately assimilated
into the central metabolism of the bacteria. Therefore, glycoside-transporters are critical for
glycoside utilization by bacteria, and thus linked to their ability to settle in nutritional niches
(Grondin et al., 2017).
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Recently, studies show that in the highly diffusive marine environment, SusCD-like
transporters could facilitate some marine bacteria to successfully compete for labile carbon
sources among the bacterial communities without diffusive loss (Kappelmann et al., 2019;
Unfried et al., 2018). Similarly, ABC transporters are likely to confer Bifidobacteria an
important advantage to capture oligosaccharides via their extracellular lipid anchored solute-
binding proteins (SBPs) in the competitive human gut niche (Theilmann et al., 2019).
Furthermore, the occurrence of glycoside specific PTS or MFS transporters in pathogenic
bacteria, including Streptococcus pneumoniae TIGR4 (lyer and Camilli, 2007) and
Escherichia coli BEN2908 (Schouler et al., 2009), was found to be correlated with the
colonization and virulence of pathogens in the gut. These data highlight that understanding
bacterial glycoside transport is a key step for further health managements, through the rational
design of prebiotics and symbiotic mixtures, and the development of therapeutic gut microbes
to the microbiota functioning and thus, improve health and prevent disease (Marques et al.,
2018). Besides, for biotechnological applications, a better knowledge of bacterial glycoside
uptake will allow one to develop microbial cell factories and microbial consortia able to

efficiently convert non-refined biomass to high-value products (Hara et al., 2017).

Despite the importance of bacterial glycoside transporters for health and biotechnology, the
rate of functional characterization of transporters is much less than that of CAZymes
(Lombard et al., 2014). One of the major challenges is to find the correct substrates from the
extremely large diversity of oligosaccharides (estimated to reach a few thousands (Lapébie et
al., 2019)) for each transporter. For CAZymes, which are classified in families based on
sequence and mechanistic similarities in the CAZy database, their function can be predicted
based on homology with the numerous biochemically characterized members of the same
family (Lombard et al., 2014). For transporters, the classification of membrane transport
proteins based on Transporter Classification (TC) system, which is accessible in the
Transporter Classification Database (TCDB), is helpful too, since it incorporates both
functional and phylogenetic information (Saier et al., 2016). However, predicting substrate
specificity of transporters is extremely difficult due to their low sequence similarity, and to
the fact that the vast majority of annotated glycoside-specific transporters lack experimental
validation (Elbourne et al., 2017; Genee et al., 2016). Indeed, the experimental investigation
of the function of glycoside transporter faces several challenges. The usual method to identify
transporter specificity is based on the monitoring of the accumulation of radiolabeled

compounds in whole cells, membrane vesicles or proteoliposomes (Blanvillain et al., 2007,
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Cao et al., 2011; McCoy et al., 2016). But these assays can easily fail when the heterologous
expressed transmembrane transport proteins are not active due to targeting, insertion or
folding issues, or when the transporters are insoluble or unstable in purification or
reconstitution process (Majd et al., 2018). In addition, some substrates are not available in the
radioactive form or are prohibitively expensive, thus preventing large-scale identification
trials. The transporter can also be validated in native strains by transcriptional analysis after
cultivating the target strains on polysaccharides (Martens et al., 2011), by complementation
studies (Joglekar et al., 2018) or by analysis of the phenotype of knock-out mutants (Linke et
al., 2013). Nevertheless, the success of these approaches is still limited because the cost of
omics studies is prohibitive if one wants to screen the metabolization potential of a large panel
of oligosaccharides of defined structures, and also because of the difficulty of genetic
manipulation of some species and the fact that functional redundancy often occurs in bacteria
(Jensen et al., 2002; Maharjan et al., 2007). In addition, most bacteria in natural ecosystems
are uncultured (Steen et al., 2019). Thus there is unmet demand for the development of new
methods to rapidly identify and validate glycoside-transporter functions.

Here, we present a functional metagenomic approach for the rapid identification of glycoside-
transporters from uncultured bacteria, which do not require radiolabeled substrates. Then, the
specificity of the transport systems was screened by growth assays in micro-plates of fosmid
E. coli clones containing metagenomic PULs. These growth assays allowed us to rapidly
identify several types of glycoside-transporters which are functional in E. coli, revealing

novel functions of uncultured bacteria of various taxonomical origins.

Results
Prediction of potential glycoside-transporters from metagenomic clones

One hundred and two metagenomic clones isolated during previous functional screening
campaigns for their ability to hydrolyze plant polysaccharides and oligosaccharides, and
subsequently sequenced, have been selected to investigate their ability to transport
oligosaccharides. Each of these metagenomic clones comprises within its 30 to 40 kb DNA
insert at least one gene encoding a CAZyme responsible for the screened glycoside-hydrolase
activity. Among the 102 clones, 26 produce at least one endo-acting glycoside-hydrolase
activity. They were issued from a 156,000 clones metagenomic library constructed from the
feces of a healthy adult who followed a fiber rich diet (F library), screened for the degradation

of plant polysaccharides thanks to chromogenic assays (Tasse et al., 2010). Seventeen other
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clones produce at least one glycosidase activity. There were identified from 20,000 clones
randomly chosen among the F library, and from another 20,000 clones library constructed
from the ileum mucosal microbiota (I library), screened for the ability to breakdown prebiotic
oligosaccharides and polysaccharides (Cecchini et al., 2013). And finally, 59 clones were
issued from an ‘in vivo enriched’ (IVVE, 19,968 clones) and an ‘in vitro enriched’ (IVTE,
20,352 clones) cow rumen metagenomic libraries, screened for endo-acting glycoside-
hydrolases acting on plant cell wall polysaccharides (Ufartéet al., in preparation).

Based on the functional annotation of the metagenomic DNA insert, among the 102 clones
mentioned above, we found 45 clones containing one or two predicted glycoside transport
systems (Table 1) from the SusCD, MFS, ABC, and/or PTS families. The substrates chosen
to test the transport ability of these 45 clones correspond to the oligosaccharides used to
screen glycosidase activities by using positive selection on agar plates (Cecchini et al., 2013)
and to the commercially available oligosaccharides which are components of the
polysaccharides used to screen for endo-acting glycoside-hydrolase activities on agar plates
(Tasse et al., 2010; Ufartéet al., in preparation). However, the enzymatic activity of the
fosmid clones might be due to CAZyme encoding genes which are not part of the same
operons (while being present in the same large metagenomic fragment) as the transporter
encoding ones, since the boundary of PULs cannot be clearly defined without experimental
validation (Moreno-Hagelsieb, 2015). We thus used the list of known activities for each
CAZy family, retrieved from the CAZy database (Lombard et al., 2014) (Table S1), to
enlarge the panel of substrates tested for growth ability, based on all the putative activities of
the glycoside hydrolase enzyme (GHs) present in the metagenomic sequences (clones labeled
with the asterisk in Table 1).
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Table 1. Predicted substrate specificity of glycoside transporters of metagenomic clones, and corresponding transporters and CAZyme
families identified in the clone sequences.

The clone activity corresponding to the GH activities was screened and validated in previous studies (Cecchini et al., 2013; Tasse et al., 2010;
Ufartéet al., in preparation). The GH families that could be involved in the hydrolysis of the predicted transporter substrates are mentioned in
bold type. For clones with the asterisk, transporter specificity was predicted based on the potential activities of the GHs identified from the
metagenomic sequence of the clone. The glycosyl units are represented using the symbol nomenclature for glycans (Varki et al., 2009): glucose

in blue circle, galactose in yellow circle, mannose in green circle, fructose in green pentagon and xylose in orange star.

Predicted substrate for Clone Clone activity Screening substrate Transport Glycoside hydrolase enzyme Library
the transporter system
Fructooligosaccharides F1 B-fructosidase FOS PTS GH32 -
o F2 B-fructosidase FOS MFS GH32
on 19 B-fructosidase FOS PTS, ABC GH32
|
(0=n<3) 110 B-fructosidase FOS ABC GH32
F3 B-xylosidase X0S ABC GH2, GH3, GH67 F
17 B-xylosidase X0S MFS GH10, GH43, GH115
Xylooligosaccharides I
18 B-xylosidase X0S MFS, SusC GH10, GH35, GH43, GH67, GH115
Yl Bl 14 B-xylanase AZCL-xylan SusCD GH5, GH10, GH43, GH92
- n F
15 1,4-B-xylanase AZCL-xylan SusD GHS, GH, GG|_I|—|1907’ GG|_||_|3111’56H43’ GHB5,
(1=n<7) ,
10N15 1,4-B-xylanase AZCL-xylan ABC GH10, GH94
IVVE
16B10 1,4-B-xylanase AZCL-xylan ABC GH5, GH10, GH9%4
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25116 1,4-B-xylanase AZCL-xylan ABC GH10
30F10 1,4-B-xylanase AZCL-xylan ABC GH10
35C9 1,4-B-xylanase AZCL-xylan ABC GHS5, GH10
36E1 1,4-B-xylanase AZCL-xylan ABC GH10
39F1 1,4-B-xylanase AZCL-xylan ABC GH1, GH10
42N18 1,4-B-xylanase AZCL-xylan ABC GH10
45P14 1,4-B-xylanase AZCL-xylan ABC GH10
50E19 1,4-B-xylanase AZCL-xylan ABC GH10
23013 1,4-B-xylanase AZCL-xylan SusCD GHS5, GH11, GH53 IVTE
5* B-glucanase AZCL-B-glucan SusD, SusCD GH1, GH3, GH16, GH97
9* B-glucanase AZCL-B-glucan SusD GH3, GH7, GH16, GH78
10* B-glucanase AZCL-B-glucan SusCD GH2, GH3, GH5, GH7, GH94, GH97 "
11* B-glucanase AZCL-B-glucan SusCD GH2, GH3, GH5, GH7, GH94, GH97
7D9* B-mannanase AZO-galactomannan ABC GH4, GH26, GH35, GH43, GH63
52E22* B-mannanase AZO-galactomannan ABC GH3, GH26, GH130 VVE
3F21* B-glucanase AZCL-Barley B-glucan SusCD GH3
12E13* B-mannanase AZO-galactomannan SusCD GH26, GH43, GH51
40D8* B-glucanase AZCL-Barley B-glucan SusCD GH3, GH13, GH16, GH92 VTE
41J20* B-mannanase AZO-galactomannan MFS, SusC GH3, GH26, GH130
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4101* B-glucanase AZCL-Barley p-glucan SusCD GH3, GH16, GH78, GH106
3 B-glucanase AZCL-B-glucan MFS GH2, GH5
5 B-glucanase AZCL-B-glucan SusD, SusCD GH1, GH3, GH16, GH97
9 B-glucanase AZCL-B-glucan SusD GH3, GH7, GH16, GH78 F
10 B-glucanase AZCL-B-glucan SusCD GH2, GH3, GH5, GH7, GH9%4, GH97
Cellobiosyl-cellobiose 11 B-glucanase AZCL-p-glucan SusCD GH2, GH3, GH5, GH7, GH94, GH97
‘3_4‘3_3‘3_4. 3F21 B-glucanase AZCL-Barley B-glucan SusCD GH3
10D6 B-glucanase AZCL-CM cellulose SusCD GH2, GH5, GH26, GH94
. 15K21 B-glucanase AZCL-CM cellulose SusCD GH5, GH26, GH130
Glucosyl-cellotriose
38A17 B-glucanase AZCL-CM cellulose SusCD GH5, GH26, GH130
B3gmB 4B 4 IVTE
000 .o B-glucanase AZCL-Barley B-glucan SusCD GH3, GH13, GH16, GH92
4101 B-glucanase AZCL-Barley B-glucan SusCD GH3, GH16, GH78, GH106
Cellotriose 44D8 B-glucanase AZCL-CM cellulose SusCD GH5, GH26, GH130
84 gl 4 44F17 B-glucanase AZCL-CM cellulose SusCD GH5, GH26, GH130
14* 1,4-B-xylanase AZCL-xylan SusCD GH5, GH10, GH43, GH92
F
15% 1,4-p-xylanase AZCL-xylan SusD GH5, GH8, GH10, GH31, GH43, GH95, GH97,
GH115
1C10* B-mannanase AZO-galactomannan ABC GH4, GH26, GH28, GH39, GH43, GH63
7D9* B-mannanase AZO-galactomannan ABC GH4, GH26, GH35, GH43, GH63 IVVE
14019* B-mannanase AZO-galactomannan ABC GH4, GH26, GH28, GH63
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52E22* B-mannanase AZO-galactomannan ABC GH3, GH26, GH130
12E13* B-mannanase AZO-galactomannan SusCD GH26, GH43, GH51
20G16* B-mannanase AZO-galactomannan SusCD GH5, GH130
23013* 1,4-B-xylanase AZCL-xylan SusCD GH5, GH11, GH53 IVTE
28D5* B-mannanase AZO-galactomannan SusCD GH5, GH26, GH92, GH130
41J20* B-mannanase AZO-galactomannan MFS, SusC GHS3, GH26, GH130
1C10 B-mannanase AZO-galactomannan ABC GH4, GH26, GH28, GH39, GH43, GH63
7D9 B-mannanase AZO-galactomannan ABC GH4, GH26, GH43, GH63
Galactosyl-mannobiose 14019 B-mannanase AZO-galactomannan ABC GH4, GH26, GH28, GH63 VVE
52E22 B-mannanase AZO-galactomannan ABC GH3, GH26, GH130
10D6 B-mannanase AZO-galactomannan SusCD GH2, GH5, GH26, GH%4
B4 g 12E13 B-mannanase AZO-galactomannan SusCD GH26, GH43, GH51
15K21 B-mannanase AZO-galactomannan SusCD GH5, GH26, GH130
Mannotriose 20G16 B-mannanase AZO-galactomannan SusCD GH5, GH130
28D5 B-mannanase AZO-galactomannan SusCD GH5, GH26, GH92, GH130 IVTE
4 4
‘B_‘B_. 38A17 B-mannanase AZO-galactomannan SusCD GH5, GH26, GH130
41J20 B-mannanase AZO-galactomannan MEFES, SusC GH3, GH26, GH130
44D8 B-mannanase AZO-galactomannan SusCD GHb5, GH26, GH130
44F17 B-mannanase AZO-galactomannan SusCD GH5, GH26, GH130
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3* B-glucanase AZCL-B-glucan MFS GH2, GH5
5* B-glucanase AZCL-B-glucan SusD, SusCD GH1, GH3, GH16, GH97
10* B-glucanase AZCL-B-glucan SusCD GH2, GH3, GH5, GH7, GH94, GH97
11* B-glucanase AZCL-B-glucan SusCD GH2, GH3, GH5, GH7, GH94, GH97 "
14* 1,4-B-xylanase AZCL-xylan SusCD GH5, GH10, GH43, GH92
15* 1,4-p-xylanase AZCL-xylan SusD GHS, GH8, GHIO, (.;HH3111,SGH43, GHI5, GHIT,
16B10* 1,4-B-xylanase AZCL-xylan ABC GH5, GH10, GH94
35C9* 1,4-B-xylanase AZCL-xylan ABC GHS5, GH10
IVVE
39F1* 1,4-B-xylanase AZCL-xylan ABC GH1, GH10
23013* 1,4-B-xylanase AZCL-xylan SusCD GH5, GH11, GH53
111 B-galactosidase Lactulose MFS/PTS GH2
Lactulose 112 B-galactosidase Lactulose ABC GH2, GH42
O‘B_4. 113 B-galactosidase Lactulose PTS GH2, GH77 !
114 B-galactosidase Lactulose M?S(FETS GH2, GH13
Lactose 5= B-glucanase AZCL-B-glucan SusD, SusCD GH1, GH3, GH16, GH97 F
OB_A‘ 39F1* 1,4-B-xylanase AZCL-xylan ABC GH1, GH10 IVVE
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Screening glycoside metabolizing pathways

The utilization of glycosides usually needs the cooperation of transporters and CAZymes.
Previously, we proved that the metagenomic gene expression in fosmid is not under the
control of promoters flanking the cloning site, but rather under the control of sequences
randomly scattered on the metagenomic DNA insert, which are recognized as promotors by E.
coli (Tauzin et al., 2016). Therefore, to assess the efficiency of cloning PULs in fosmid to
(randomly) co-express at least two genes (encoding a transporter and a glycosidase), and to
validate the specificity prediction of transporters listed in Table 1, growth screening of the
selected 45 metagenomic clones on the predicted oligosaccharides was performed in micro-
plates. Their growth was characterized by monitoring the value of optical density at 600 nm
(ODgoo nm) in M9 medium supplemented with selected oligosaccharides as sole carbon source
within 48 h (Figure 1). The E. coli host transformed with an empty fosmid (named EPI) was
used as a negative control. The increasing value of ODggonm OVer time compared with that of
EPI provides direct evidence of the glycoside utilization by the tested clone.

In total, 129 growth assays were carried out for the 45 selected metagenomic clones and
allowed the identification of 13 hit clones with a value of ODgo nm Value higher by 0.2 than
that of the negative control EPI. Such an increase is significant, since the ODggo nm value of
the EPI strain increases by 0.3 after a 48 h growth on 0.5% (m/v) glucose. The mean total hit
yield was 77.1% when the primary screening of the GH activity was based on positive
selection on oligosaccharides as sole carbon sources, and 12.3% when it was based on
chromogenic assays screening on polysaccharides (Table 2). Based on sequence analyses, for
each of the 13 hit clones, the size of the contigs exhibits a wide range from, 13,000 to 43,000
bp, and four clones (19, 4101, 35C9 and 41J20) contain two contigs for one single
metagenomic DNA insert (Table 3). The clone sequences are mainly assigned to Firmicutes
and Bacteroidetes, consisting of the two dominant phyla in the mammalian gut microbiota.
The hit clones possess one or two transport systems including ABC, MFS, PTS and/or SusCD,
and from one to five glycoside hydrolases, exhibiting various abilities to metabolize FOS,
XOS, lactulose, mixed-linkage B-glucans or galactosyl-mannobiose and mannotriose. The
clones harboring a GH1 were tested on lactose, but they were not able to grow on this
substrate. Twelve of the 13 hit clones could grow on the same oligosaccharides that had been
experimentally tested during the initial positive selection on solid medium (nine clones: F1,
F3, 17, 18, 19, 111, 112, 113 and 114) or on oligosaccharides derived from the polysaccharide
used for chromogenic assays (three clones: 5, 4101 and 41J20). Only one hit clone (35C9,
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which was able to grow on galactosyl-mannobiose and mannotriose) was obtained from the
55 growth assays involving 22 clones selected because their sequence contains at least one
GH enzyme with putative glycosidase activity on the targeted oligosaccharides.
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Figure 1. Growth of metagenomic clones on various oligosaccharides used as sole carbon
sources: (A) FOS, (B) lactulose, (C) XOS, (D) cellotriose, (E) mixture of cellobiosyl-
cellobiose and glucosyl-cellotriose, (F) mannotriose, (G) mixture of galactosyl-mannobiose
and mannotriose, and (H) lactulose.

Table 2. Number of hit clones obtained from different libraries and the hit yield in the

growth screening.

Method for primary
screening of GH
activity on solid plates

Positive selection on
oligosaccharides

Chromogenic assays on

polysaccharides

Library F | F IVVE IVTE
Number of hit
clones/number of tested 2/3 7/8 1/7 1/14 2/13
clones
Hit yield (%) 66.7 87.5 14.3 7.1 15.4
Mean hit yield (%) 77.1 12.3
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Table 3. Summary of hit clones with the substrate used for the growth screening, their
contig size and taxonomical assignation at the level of phylum, order or species,
depending on the similarity of their sequence with referenced genomes.

The fact that the clone 41J20 possesses two non-assembled contigs assigned to different phyla
indicates that loci were exchanged by horizontal gene transfers between distantly related gut

bacteria, as previously described (Tasse et al., 2010).

o Taxonomic assignation
Substrate Hit clone Corzgg)sue
Phylum Order/Species
F1 33,125 Firmicutes Clostridiales
FOS 14,714 Firmicutes Clostridiales/Dorea longicatena
19
13,700 Firmicutes Clostridiales/Clostridium nexile
F3 35,645 Firmicutes Clostridiales
X0S 17 37,812 Bacteroidetes Bacteroidales
18 38,518 Bacteroidetes Bacteroidales
Mixture of cellobiosyl- 5 42,497 Bacteroidetes Bacteroidales
cellobiose an_d 22,594 Bacteroidetes Bacteroidales
glucosyl-cellotriose, 4101
and cellotriose 1,024 Bacteroidetes Bacteroidales
2,381 - -
35C9
_ 41,729 - -
Galactosyl-mannobiose
and mannotriose 23.867 Bacteroidetes Bacter?;ﬁ:ﬁfégﬁ/c;tﬁ;mdes
41320 g
4,322 Firmicutes Clostridiales
111 30,347 Eirmicutes LactobauIIaIes/St(eptococcus
thermophilus
112 13,317 Firmicutes Clostridiales
Lactulose — - -
113 32,036 Eirmicutes Clostrldlales/Faeg:a!!bacterlum
prausnitzii
114 30.347 Eirmicutes LactobamIIaIes/Streptococcus
thermophilus
Lactose - - - -
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Identification of functional glycoside-transporters

In the metagenomic clones, it is likely that the CAZymes could not be secreted or attached at
the cell surface of the recombinant host (Tasse et al., 2010), because of the very low secretion
potential of E. coli (Kleiner-Grote et al., 2018). The growth of hit clones thus requires
functional transporters to import oligosaccharides into cell for further degradation by
CAZymes. Therefore, the strategy consisting in screening clones encoding both transporter
and CAZymes by growth assay provides direct experimental evidence of glycoside transporter

functionality.

The sequences of the 13 hit clones presented in Figure 2, include 19 transport systems
belonging to the ABC, PTS, MFS and/or SusCD families. For seven clones (F1, F3, 17, 4101,
111, 112 and 113), there is only one putative glycoside transporter in each clone (Figure 2),
leading to a straight forward identification of the likely specificity of the transporter (given
that some genes of unknown function are present in the contigs). Among these seven clones,
we identified a PTS transporter for FOS (clone F1), an ABC transport system and a MFS
transporter for XOS (clones F3 and 17, respectively), and a SusCD transport system for
mixed-linkage B-glucooligosaccharides (clone 4101). For clones able to grow on lactulose, an
ABC transport system and a PTS transporter were identified in clones 112 and 113,
respectively, while the clone 111 harbors a putative protein named ‘lactose transporter’. This
putative protein includes both a PTS_I1A domain and a MFS domain in the polypeptidic chain.
For the other six clones (I8, 19, 5, 35C9, 41J20 and 114), two transport systems were
annotated within the same metagenomic insert (Figure 2). These two transport systems might
be working in synergy, completely independently or share redundant function. It is difficult to
determine which of the two detected transporters was responsible for the substrate
internalization in the growth assays based only on the organization of genes encoding
transporter and CAZymes. It is indeed impossible to define the boundaries of PULs without
any experimental evidence of the presence of an operon in the native strain from which are
issued the DNA metagenomic fragments, and because PULs could have been truncated during
the construction of the metagenomic library. In particular, the clone 5 harbors two SusCD
transport systems which could belong to two different PULs based on their distance and
genomic environment. One of the PULs lacks the SusC protein, likely due to the truncation
during the metagenomic library construction. Thus, the functional transporter in clone 5 can
only be the entire SusC/D system. In the native strain, it is also possible that the two PULs

work in synergy, as demonstrated for several PULs such as the pectin, xylan and N-glycan
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PULs (Cuskin et al., 2015; Luis et al., 2018; Rogowski et al., 2015). In the clone 19, it is
impossible at this stage to know which of the PTS or of the ABC transport system is
responsible for the transport of FOS. The clone 17 is partially redundant with the clone 18 and
share 99% nucleotide identity from the GH115 to the GH43, which covered only one
transport system. The clone 18 has indeed two transport systems, a MFS and a SusC, while the
clone 17 harbors only the MFS transporter. The absence of SusD in the clone 18, which could
be due to the truncation of the PUL during the construction of the metagenomic library,
suggests that the SusC cannot import any glycosides (Koropatkin et al., 2008; Tamura et al.,
2019; Tauzin et al., 2016). Although further investigations are required to confirm this
hypothesis, this suggests that the MFS transporter is more likely responsible for the uptake of
XOS than the incomplete SusCD transport system in the clone 18. Similarly, the 41J20
sequence contains a MFS transporter and an incomplete SusCD transport system lacking the
SusD, which is also not surrounded by GHs. Additionally, the RPS-BLAST analysis against
the NCBI’s Conserved Domain Database (CDD) (Marchler-Bauer et al., 2017) indicated that
the SusC protein of clone 41J20 might mainly transport inorganic ion, strengthening the
prediction that this SusC might not be involved in glycoside transport. The MFS transporter
which clusterized with GHs in the 41J20 sequence is thus probably the only transporter
involved in the uptake of (galacto-)mannooligosaccharides. In the clone 114, two transport
systems are present, a 'lactose transporter' and an ABC transporter. The ‘lactose transporter’
encoding gene was clustered together with the GH2 one. The DNA segment including both
the GH2 and the lactose transporter showed a perfect synteny with the corresponding part of
the sequence 111, which contains only one transport system, showed here to be responsible for
the use of lactulose. This implies that the ‘lactose transporter’ might be responsible for import
of lactulose by the clone 114 too. Nevertheless, even though the 114 ABC transport system is
far from the ‘lactose transporter’ and the GH2, we cannot exclude, at this stage, whether the
ABC was involved in lactulose utilization too. In the clone 35C9, while one ABC transporter
is close to a GH10, another ABC transporter is alone without any flanking GHs. A GH5_4 is
located far downstream without any transporter around. Based on the known activities of
GH5_4 and GH10 members, the 35C9 (which is mandatory to allow monosaccharide release,
and then, E. coli cell growth) towards (galacto)manno-oligosaccharides seems rather due to
the GH5_4 than to an endo-acting B-glycanase activity of the GH10 (Pollet et al., 2010). Thus,
we cannot discriminate between both ABC transporters, which one is responsible for the

transport of galactosyl-mannobiose and mannotriose by the clone 35C9.
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Figure 2. Gene organization of hit clones that are able to grow on different glycosides.

Black stars indicate the transporters predicted to be responsible for the clone phenotypes,
because they are the only glycoside transport systems detected in the metagenomic PULs or
because the SusD component of the SusC/D system is missing. The two contigs of clones 19,
4101, 35C9 and 41J20 are separated with blue double lines. Genes are represented by arrows
and colored based on their function. Genes encoding GHs in yellow, glycoside transporters in
blue for PTS, green for ABC, red for SusCD, purple for MFS and pink for ‘lactose

transporter’, and other functions in grey.

To further screen the specificity of the identified transporter, the clone F3 was tested on
aldouronic acids, which corresponds to branched XOS with aldouronic residues (Figure 3a),
since the SBP of a XOS ABC system from Caldanaerobius polysaccharolyticus ATCC BAA-
17 also was proved to bind aldouronic acids (Han et al., 2012). It can be seen in Figure 3a
that the clone F3 could grow on aldouronic acids, suggesting the ABC transporter displayed
specificity for aldouronic acids, despite the low identity (23.8%) between the SBP in F3 and
the SBP from C. polysaccharolyticus ATCC BAA-17. Moreover, either the clone F3 or strain
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C. polysaccharolyticus ATCC BAA-17 contains a GH67, which had been proved in C.
polysaccharolyticus ATCC BAA-17 to be able to cleave 4-O-methylglucuronyl substitutions
from aldouronic acids. Besides, the clones 5 and 4101 were tested on [-1,3-linked
laminatriose (Figure 3b). The growth ability on laminatriose (Figure 3b), on cellotriose
(Figure 1 d1-2) and on the mixture of glucosyl-cellotriose and cellobiosyl-cellobiose (Figure
1 el) demonstrated the promiscuity of SusCD transport systems in both clones towards -1,3-
and B-1,4- linked glucooligosaccharides. This is consistent with the occurrence of a GH16 in
both clones, since many characterized members of this family hydrolyze B(1,3)- or B(1,4)-
linkages in mixed-linkage B-glucan (Viborg et al., 2019). Moreover, the SusD protein of a
PUL targeting mixed-linkage f-1,3/B-1,4-glucans has also been shown to bind both
cellooligosaccharides and mixed-linked B-glucooligosaccharides (Tamura et al., 2019).
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Figure 3. Growth of (A) clone F3 on aldouronic acids and (B) clones 5 and 4101 on

laminatriose.

Discussion

Implementation of a medium throughput screening method to discover new

glycoside-transporters from uncultured bacteria

In bacteria, the metabolism of glycosides is orchestrated by specific operons involving

glycoside-degrading enzymes and transporters, for which the generic PUL appellation can be
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used (Ndeh and Gilbert, 2018). Here, basing our study on the PUL paradigm, we screened the
specificity of glycoside-transporters from uncultured bacteria, of which the sequences were
previously identified by activity-based functional metagenomics targeting GH activities. We
identified ten metagenomic PULs (three being partially or fully redundant) of which the

glycoside transporter components are functional in E. coli.

In total, 19 transporters of four types (PTS, ABC, MFS and SusCD) were highlighted from
only 129 growth assays, showing the efficiency of this strategy to identify glycoside-
transporters of various specificities, structures and transport mechanisms. We extended the
panel of the biochemically characterized functions for the MFS family, of which the member

of clone 41120 was showed here to transport (galacto-)mannooligosaccharides.

The present method is highly reproducible, quantitative, and can be performed at a medium-
throughput, to screen about fifty clones in two days by automatically monitoring the growth
with a thermostated micro-plate reader. This assay requires less than 10 mg of
oligosaccharides for each clone, tested in triplicates. It does not require the use of
chromogenic, fluorogenic or radio-labeled substrates. It thus allows one to easily screen the
transporter specificity towards the natural oligosaccharides that bacteria have to uptake in
Nature, avoiding missing positive clones and getting false positives with chemically modified
substrates, of which the structure differs from that of natural compounds. The screening on
oligosaccharides also allows a direct access to the function of transporters, contrarily to
transcriptomic studies which are based on the use of the polymeric substrate before any
enzymatic degradation to trigger PUL expression. It also requires 10 times less substrate
amounts than the growth assays required for transcriptomic analyses (Martens et al., 2011),
which necessitate retriving sufficient cells for RNA extraction and sequencing. And of course,

our approach allows the screening of the specificity of transporters from uncultured bacteria.

Nevertheless, there are some limitations in screening the transporter specificity of transporters
in recombinant E. coli cells transformed with PUL-containing fosmids. First, the yield of hit
clones, producing both a functional glycosidase and a functional transporter, is low. As shown
in this study, depending on the approach used in the primary screen targeting GH activity, the
hit yield varies between 12 and 77%. Of course, the highest hit yield was obtained when the
primary screen was a solid-plate assay based on positive selection on oligosaccharides used as
sole carbon sources. Even if the screening principles seems identical in solid medium and in

liquid medium, it is in fact slightly different. In solid plate screening campaigns, automates

127



grid several cells of the same clone at a same location on the agar plate. For the GH producing
hits, when one of these cells lyses, it releases nearby hydrolytic activity. Monosaccharides are
then produced into the immediate environment of the other cells of the clonal population,
allowing them to grow in turn, and therefore, to easily visualize cell growth. This principle
explains why the hit yield is not 100% after the secondary screening for the transport
functions in liquid medium. The screening in liquid medium could be carried out directly in
one stage, without primary screening for GHs functions. This would nevertheless require ten
times more substrate for each clone (without replicates), and the maximum hit yield would
drop to 0.7%o. This value corresponds to the maximum mean probability (5.5%o) of isolating a
clone producing an active GH from a library of fosmid clone (8%o for endo-acting GHs (Tasse
et al., 2010) and 3%. for glycosidases (Ufartéet al., in preparation) multiplied by that of
isolating a functional transporter from GH producing E. coli fosmid clones (12%, as shown in
the present study). Also, the probability to produce both a functional glycosidase and a
functional transporter from a (meta)genomic PUL cloned into a fosmid is only 1.8%, since
one hit was obtained from the 55 assays preformed based on sequence analysis. This low hit
yield is due to the fact that in fosmids, gene expression is spurious, being due to the random
presence of sigma factor sequences along the fosmid DNA insert, which are recognized by E.

coli to trigger gene expression (Tauzin et al., 2016).

Screening the transporter function by expressing the genes of PULs in E. coli fosmid clones is
thus a strategy which requires automated screening facilities. It is also a costly approach, but
of which the price could be decreased by 10° by using droplet-microfluidics, as we recently
showed (Dagkesamanskaya et al., 2018). Finally, by using this technology, the transporter
function can be proved only after truncation of the PUL, in cases where there are several
transporter sequences identified in the cloned DNA fragment, and also in order to exclude a
potential role of the unknown proteins of which the function cannot be predicted in the

detected phenotype.

MFS, ABC, PTS and SusCD transporters from various Gram-positive and
Gram- negative uncultured bacteria are functional in the E. coli membrane
Except for the clone 35C9, of which the sequence is not sufficiently similar to that of a
sequenced genome to predict its taxonomical origin, all the metagenomic DNA sequences of

the hit clones were assigned to the two main phyla in mammalian gut microbiomes,

Bacteroidetes and Firmicutes. However, more than 50% of the hit sequences couldn’t be
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annotated to the species level, highlighting the functional diversity that remains to be

discovered from gut microbiomes by using metagenomics.

Bacteroidetes transporters from both the MFS and SusCD families were highlighted in the
present study. We previously demonstrated that these two types of membrane proteins can be
functional when produced in recombinant E. coli cells, of which the membrane structure is
similar to that of Bacteroidetes, both being Gram negative bacteria (Tauzin et al., 2016). No
PTS nor ABC systems were identified in these Bacteroidetes sequences. It is logical for PTS,
which have, to our knowledge, never been reported in Bacteroidetes, contrary to MFS and
ABC (Tauzin et al., 2016; Zafar and Saier, 2018) which are described in this phylum,
although no Bacteroidetes ABC transporter has been shown to be involved in carbohydrate
transport until now. A larger screening study could thus, in the future, allow us to identify and

characterize Bacteroidetes ABC transporters.

From Firmicutes bacteria, we identified a larger diversity of transporters types, since three
PTS, four ABC and two lactose transporters which include one PTS_IIA domain and one
MFS domain were highlighted in the Firmicutes’ PULs. MFS, ABC and PTS systems are all
used by native E. coli strains for nutrient uptake (Saier, 2000). In addition, several PTS
involved in oligosaccharide utilization by Gram-positive bacteria were previously
successfully expressed in E. coli (Lai et al., 1997; Lai and Ingram, 1993), despite the
difference in cell membrane organization. The localization in E. coli of the different
components of the transporters identified here from Gram positive bacteria will have to be
studied.

Non-canonical ABC transporters are involved in oligosaccharide utilization

by bacteria

Among the identified ABC transport systems, there are two lacking a SBP in clone 19 and 114.
Further characterization of this SBP deficient ABC transporter should shed new light on the
mechanism of ABC transporters involved in carbohydrate utilization. As for the PTS transport
systems, the F1 one lacks the PTS_EIIA domain (the inner carbohydrate-specific domain
through that the phosphate group transits to the PTS_EIIB domain and, ultimately, to the
oligosaccharide internalized through the transmembrane PTS_EIIC component (Saier, 2015)).
Moreover, the ‘lactose transporter’ identified in clones 111 and 114 for lactulose uptake are

original proteins, as the ‘lactose transporter’ contains two domains (a PTS_EIIA and a MFS)
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belonging to two different types of transporters. The DNA sequences encoding the ‘lactose
transporter’ and GH2 of clones 111 and 114 are nearly identical (99% similarity) and they
have a perfect synteny (99%) with a part of the genome of Streptococcus thermophilus NDO7,
a potential probiotic strain with anti-inflammatory properties (Méard et al., 2004). This
demonstrates that the chimeric organization of the identified transporters does not correspond
to an artefact of read assembly in our metagenomic sequences. The characterization of the
role of each component of this 111/114 original transporter will have to be determined by

protein engineering.

Conclusion

The main purpose of this study was to identify functional transporters from uncultured
bacteria. The approach we described in this chapter allowed us to identify functional
transporters from various families and taxonomical origins, and to highlight functions which
had never been biochemically proven for MFS. We demonstrated the genericity of this
strategy, which is compatible with all kind of known oligosaccharide transporter families
described to date, whatever is the Gram status of the bacteria they originate from. Proving the
translocation function of transporters is now possible at medium throughput, while the other
recombinant approaches target only the binding ability. We highlighted several gene clusters
involved in dietary fiber utilization by gut bacteria, including FOS and lactulose which are
widely used as prebiotics (Bindels et al., 2015). The detailed mechanism and specificity of
each of these transporters, especially those with the most original structure or of which the

genes are the most abundant in gut microbiomes, will have to be deciphered in future studies.

Materials and methods
Metagenomic clones

The metagenomic clones used for present screening were obtained from the F, I, IVVE or
IVET metagenomic libraries constructed as previously described (Cecchini et al., 2013; Tasse
et al., 2010; Ufarté&et al., in preparation). Briefly, the F library was issued from a fecal sample
collected from a healthy 30 years old male who followed a vegetarian and fish-eating diet.
The person did not eat any functional food such as prebiotics or probiotics, nor did he receive
any antibiotics or other drugs during the 6 months before sampling. The I library was issued
from a distal ileum sample obtained from a 51 years old male patient undergoing colonoscopy

and surgery for lower colon cancer suspicion, after he has been submitted to a cleansing
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preparation. The IVVE library was issued of a mix of the ruminal contents of two cows fed
for seven weeks with wheat straw enriched food before sampling and library construction.
The same sample for IVVE library was enriched in vitro in a bioreactor fed only by wheat
straw. All the metagenomic DNA fragments were cloned into pCC1FOS fosmid and

transformed into the EP1100 E. coli cells (Epicentre Technologies).

Carbohydrate substrates

Commercial prebiotic oligosaccharides and polysaccharides used for screening were the
following: fructooligosaccharides (Actilight-FOS, Beghin Meiji, France),
xylooligosaccharides (Iro Taihe International, China), lactulose (TEVA, France), lactose
(Sigma), cellobiosyl-cellobiose (Megazyme), glucosyl-cellotriose (Megazyme), cellotriose
(Megazyme), galactosyl-mannobiose (Megazyme), mannotriose (Megazyme), aldouronic
acids (Megazyme) and laminatriose (Megazyme). All of them were prepared at 10 mg/ml in
sterilized MilliQH,0O and then were filtered with a 0.20 mm Minisart RC4 syringe filter.

Growth assays

All the metagenomic clones tested in our study were stored in glycerol stocks stored at -80<C.
They were recovered on Luria-Bertani (LB) agar plates supplement with 12.5 mg/l
chloramphenicol. Then single colony inoculates were grown in tubes containing 2 ml LB
broth supplemented with 12.5 mg/l chloramphenicol, overnight at 37 <C with orbital shaking
at 200 rpm. Cultures in 48-well microplates of 500 I of M9 medium supplemented with 12.5
mg/l chloramphenicol and 0.5% (w/v) oligosaccharides were then started at an initial ODgoonm
of 0.05 by inoculating the wells from the overnight precultures. The M9 medium contained
17.4 g/l Na;HPO, 12H,0, 3.03 g/l KH,PO,, 0.51 g/l NaCl, 2.04 g/l NH4CI, 0.49 g/l MgSOQ,,
4.38 mg/l CaCl,, 15 mg/l Na,EDTA 2H,0, 4.5 mg/l ZnSO4 7H,0, 0.3 mg/l CoCl, 6H,0, 1
mg/l MnCl; 4H,0, 1 mg/l H3BO3, 0.4 mg/l Na,MoO, 2H,0, 3 mg/l FeSO, 7H,0, 0.3 mg/I
CuSO4 5H,0, 0.1 g/l thiamine and 0.02 g/l leucine. Cell growth was monitored at 37 <C with
orbital shaking at 600 rpm. The optical density of the cultures was measured at 600 nm over 48
h, by using a plate reader (Infinite M200pro, 593 TECAN).

Bioinformatic analysis

The functional and taxonomical annotation of the metagenomic sequences were retrieved from
previous studies (Cecchini et al., 2013; Tasse et al., 2010; Ufarté&et al., in preparation). Functional

annotation of the transporter encoding genes was confirmed by analyzing the conserved domains
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of the putative proteins by using a BLAST analysis against the NCBI's Conserved Domain
Database, with an E-value threshold of 0.01 (Marchler-Bauer et al., 2017). When an uncomplete
transport system was detected (missing the SusD neighboring gene, or one of the component of
canonical PTS and ABC transporters), we checked the presence of the complementary component
by analyzing the conserved domains of the two proteins encoded by the genes before or after the
main transporter encoding gene. The sequence identity between the metagenomic DNA inserts
was analyzed by using NCBI's Basic Local Alignment Search Tool (BLAST) (Boratyn et al.,
2013).
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Supplemental material

Table S1. Known enzymatic activity of glycoside hydrolase (GH) families in the selected clones based on CAZy database and the

substrates selected (based on activities in bold) for growth tests.

GH. . Known activities listed the CAZy database Selected substl_fates tested for
families growth screening

B-glucosidase (EC 3.2.1.21); p-galactosidase (EC 3.2.1.23); p-mannosidase (EC 3.2.1.25); B-
glucuronidase (EC 3.2.1.31); p-xylosidase (EC 3.2.1.37); B-D-fucosidase (EC 3.2.1.38); phlorizin | XOS;

hydrolase (EC 3.2.1.62); exo-B-1,4-glucanase (EC 3.2.1.74); 6-phospho-B-galactosidase (EC | Galactosyl-mannobiose and
3.2.1.85); 6-phospho-B-glucosidase (EC 3.2.1.86); strictosidine B-glucosidase (EC 3.2.1.105); | mannotriose;

GH1 lactase (EC 3.2.1.108); amygdalin B-glucosidase (EC 3.2.1.117); prunasin B-glucosidase (EC | Cellobiosyl-cellobiose,
3.2.1.118); vicianin hydrolase (EC 3.2.1.119); raucaffricine B-glucosidase (EC 3.2.1.125); | glucosyl-cellotriose, and
thioglucosidase (EC 3.2.1.147); B-primeverosidase (EC 3.2.1.149); isoflavonoid 7-O-B-apiosyl-p- | cellotriose;

glucosidase (EC 3.2.1.161); ABA-specific B-glucosidase (EC 3.2.1.175); DIMBOA B-glucosidase | Lactose

(EC 3.2.1.182); B-glycosidase (EC 3.2.1.-); hydroxyisourate hydrolase (EC 3.-.-.-)

B-galactosidase (EC 3.2.1.23); p-mannosidase (EC 3.2.1.25); B-glucuronidase (EC 3.2.1.31); a-
L-arabinofuranosidase (EC 3.2.1.55); mannosylglycoprotein endo-p-mannosidase (EC 3.2.1.152); )
GH2 . ) ) ] mannotriose;
exo-B-glucosaminidase (EC 3.2.1.165); a-L-arabinopyranosidase (EC 3.2.1.-); B-galacturonidase

(EC 3.2.1.-); B-xylosidase (EC 3.2.1.37); B-D-galactofuranosidase (EC 3.2.1.146)

Galactosyl-mannobiose and

Lactulose

139


http://www.enzyme-database.org/query.php?ec=3.2.1.38
http://www.enzyme-database.org/query.php?ec=3.2.1.62
http://www.enzyme-database.org/query.php?ec=3.2.1.118
http://www.enzyme-database.org/query.php?ec=3.2.1.*
http://www.enzyme-database.org/query.php?ec=3.*.*.*

B-glucosidase (EC 3.2.1.21); xylan 1,4-B-xylosidase (EC 3.2.1.37); B-glucosylceramidase (EC
3.2.1.45); B-N-acetylhexosaminidase (EC 3.2.1.52); a-L-arabinofuranosidase (EC 3.2.1.55);
glucan 1,3-B-glucosidase (EC 3.2.1.58); glucan 1,4-B-glucosidase (EC 3.2.1.74); isoprimeverose-

Xylosaccharides;
Cellobiosyl-cellobiose,

GH3 producing oligoxyloglucan hydrolase (EC 3.2.1.120); coniferin B-glucosidase (EC 3.2.1.126); )
o glucosyl-cellotriose, and
exo-1,3-1,4-glucanase (EC 3.2.1.-); B-N-acetylglucosaminide phosphorylases (EC 2.4.1.-); B-1,2- )
_ _ - cellotriose (B-glucosidase);
glucosidase (EC 3.2.1.-); B-1,3-glucosidase (EC 3.2.1.-); xyloglucan-specific exo-p-1,4-glucanase
/ exo-xyloglucanase (EC 3.2.1.155)
maltose-6-phosphate glucosidase (EC 3.2.1.122); a-glucosidase (EC 3.2.1.20); a-galactosidase )
' . Galactosyl-mannobiose and
GH4 (EC 3.2.1.22); 6-phospho-B-glucosidase (EC 3.2.1.86); a-glucuronidase (EC 3.2.1.139); a- )
_ mannotriose
galacturonase (EC 3.2.1.67); palatinase (EC 3.2.1.-)
endo-B-1,4-glucanase / cellulase (EC 3.2.1.4); endo-B-1,4-xylanase (EC 3.2.1.8); p-glucosidase
(EC 3.2.1.21); p-mannosidase (EC 3.2.1.25); B-glucosylceramidase (EC 3.2.1.45); glucan B-1,3-
glucosidase (EC 3.2.1.58); exo-B-1,4-glucanase / cellodextrinase (EC 3.2.1.74); glucan endo-1,6- OS:
B-glucosidase (EC 3.2.1.75); mannan endo-B-1,4-mannosidase (EC 3.2.1.78); cellulose B-1,4- . _
) ) Cellobiosyl-cellobiose,
cellobiosidase (EC 3.2.1.91); steryl B-glucosidase (EC 3.2.1.104); endoglycoceramidase (EC )
) ) | glucosyl-cellotriose, and
GH5 3.2.1.123); chitosanase (EC 3.2.1.132); B-primeverosidase (EC 3.2.1.149); xyloglucan-specific

endo-B-1,4-glucanase (EC 3.2.1.151); endo-B-1,6-galactanase (EC 3.2.1.164); B-1,3-mannanase
(EC 3.2.1.-); arabinoxylan-specific endo-p-1,4-xylanase (EC 3.2.1.-); mannan transglycosylase
(EC 2.4.1.-); lichenase / endo-B-1,3-1,4-glucanase (EC 3.2.1.73); B-glycosidase (EC 3.2.1.-);
endo-B-1,3-glucanase / laminarinase (EC 3.2.1.39); B-N-acetylhexosaminidase (EC 3.2.1.52);
chitosanase (EC 3.2.1.132); B-D-galactofuranosidase (EC 3.2.1.146); p-galactosylceramidase (EC

cellotriose;
Galactosyl-mannobiose and

mannotriose
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3.2.1.46)

endoglucanase (EC 3.2.1.4); cellobiohydrolase (EC 3.2.1.91); lichenase / endo-p-1,3-1,4-

Cellobiosyl-cellobiose,

GH6 ] .
glucanase (EC 3.2.1.73) glucosyl-cellotriose, and
cellotriose
) _ _ Cellobiosyl-cellobiose,
endo-B-1,4-glucanase (EC 3.2.1.4); reducing end-acting cellobiohydrolase (EC 3.2.1.176); )
GH7 _ glucosyl-cellotriose, and
chitosanase (EC 3.2.1.132); endo-$-1,3-1,4-glucanase (EC 3.2.1.73) )
cellotriose
GH8 Family chitosanase (EC 3.2.1.132); cellulase (EC 3.2.1.4); licheninase (EC 3.2.1.73); endo-1,4-p- XOS
xylanase (EC 3.2.1.8); reducing-end-xylose releasing exo-oligoxylanase (EC 3.2.1.156)
XOS;
GHL0 endo-1,4-p-xylanase (EC 3.2.1.8); endo-1,3-B-xylanase (EC 3.2.1.32); tomatinase (EC 3.2.1.-); | Cellobiosyl-cellobiose,
xylan endotransglycosylase (EC 2.4.2.-); endo-B-1,4-glucanase (EC 3.2.1.4) glucosyl-cellotriose, and
cellotriose
GH11 endo-g-1,4-xylanase (EC 3.2.1.8); endo-p-1,3-xylanase (EC 3.2.1.32) XO0S
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xyloglucan:xyloglucosyltransferase (EC 2.4.1.207); keratan-sulfate endo-1,4-B-galactosidase (EC
3.2.1.103); endo-1,3-B-glucanase / laminarinase (EC 3.2.1.39); endo-1,3(4)-p-glucanase (EC
3.2.1.6); licheninase (EC 3.2.1.73); P-agarase (EC 3.2.1.81); k-carrageenase (EC 3.2.1.83);

Cellobiosyl-cellobiose,

GH16 xyloglucanase (EC 3.2.1.151); endo-B-1,3-galactanase (EC 3.2.1.181); [retaining] B-porphyranase | glucosyl-cellotriose, and
(EC 3.2.1.178); hyaluronidase (EC 3.2.1.35); endo-p-1,4-galactosidase (EC 3.2.1.-); chitin -1,6- | cellotriose
glucanosyltransferase (EC 2.4.1.-); B-transglycosidase (EC 2.4.1.-); B-glycosidase (EC 3.2.1.-);
endo-B-1,3-galactanase (EC 3.2.1.181); B-carrageenase (EC 3.2.1.-)

Cellobiosyl-cellobiose,
B-mannanase (EC 3.2.1.78); exo-p-1,4-mannobiohydrolase (EC 3.2.1.100); B-1,3-xylanase (EC | glucosyl-cellotriose, and
GH26 3.2.1.32); lichenase / endo-g-1,3-1,4-glucanase (EC 3.2.1.73); mannobiose-producing exo-p- | cellotriose;
mannanase (EC 3.2.1.-) Galactosyl-mannobiose and
mannotriose
invertase (EC 3.2.1.26); endo-inulinase (EC 3.2.1.7); B-2,6-fructan 6-levanbiohydrolase (EC
3.2.1.64); endo-levanase (EC 3.2.1.65); exo-inulinase (EC 3.2.1.80); fructan p-(2,1)-
fructosidase/1-exohydrolase (EC 3.2.1.153); fructan B-(2,6)-fructosidase/6-exohydrolase (EC
3.2.1.154);  sucrose:sucrose 1-fructosyltransferase (EC 2.4.1.99); fructan:fructan 1-
GH32 FOS

fructosyltransferase (EC 2.4.1.100); sucrose:fructan 6-fructosyltransferase (EC 2.4.1.10);
fructan:fructan 6G-fructosyltransferase (EC 2.4.1.243); levan fructosyltransferase (EC 2.4.1.-);
[retaining]  sucrose:sucrose  6-fructosyltransferase  (6-SST) (EC 2.4.1.-); cycloinulo-

oligosaccharide fructanotransferase (EC 2.4.1.-)
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GH39

a-L-iduronidase (EC 3.2.1.76); p-xylosidase (EC 3.2.1.37)

XOS

GH42

p-galactosidase (EC 3.2.1.23); a-L-arabinopyranosidase (EC 3.2.1.-)

Lactulose

GH43

B-xylosidase (EC 3.2.1.37); a-L-arabinofuranosidase (EC 3.2.1.55); xylanase (EC 3.2.1.8); a-1,2-
L-arabinofuranosidase (EC 3.2.1.-); exo-a-1,5-L-arabinofuranosidase (EC 3.2.1.-); [inverting]
exo-a-1,5-L-arabinanase (EC 3.2.1.-); B-1,3-xylosidase (EC 3.2.1.-); [inverting] exo-a-1,5-L-
arabinanase (EC 3.2.1.-); [inverting] endo-o-1,5-L-arabinanase (EC 3.2.1.99); exo-p-1,3-
galactanase (EC 3.2.1.145); B-D-galactofuranosidase (EC 3.2.1.146)

XOS

GH51

endoglucanase (EC 3.2.1.4); endo-B-1,4-xylanase (EC 3.2.1.8); p-xylosidase (EC 3.2.1.37); a-L-
arabinofuranosidase (EC 3.2.1.55); lichenase / endo-p-1,3-1,4-glucanase (EC 3.2.1.73)

XOS

GH9%4

cellobiose phosphorylase (EC 2.4.1.20); laminaribiose phosphorylase (EC 2.4.1.31);
cellodextrin phosphorylase (EC 2.4.1.49); chitobiose phosphorylase (EC 2.4.1.-); cyclic B-1,2-
glucan synthase (EC 2.4.1.-); cellobionic acid phosphorylase (EC 2.4.1.321); B-1,2-oligoglucan
phosphorylase (EC 2.4.1.-)

Cellobiosyl-cellobiose,
glucosyl-cellotriose, and

cellotriose

GH130

B-1,4-mannosylglucose  phosphorylase  (EC  2.4.1.281);  B-1,4-mannooligosaccharide
phosphorylase (EC 2.4.1.319); B-1,4-mannosyl-N-acetyl-glucosamine phosphorylase (EC
2.4.1.320); B-1,2-mannobiose phosphorylase (EC 2.4.1.-); B-1,2-oligomannan phosphorylase (EC
2.4.1.-); B-1,2-mannosidase (EC 3.2.1.-)

Galactosyl-mannobiose and

mannotriose
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Second article

Fructooligosaccharides (FOS) are increasingly being used as prebiotics in human and
livestock alimentation, to selectively stimulate the growth of beneficial human gut bacteria,
such as Bifidobacteria and Lactobacilli. However, it has been observed that FOS can also be
fermented by commensal and even pathogenic gut bacteria, but the molecular mechanisms
that they use to utilize FOS have rarely been investigated. The growth-based screening of
metagenomic clones presented in the first chapter allowed us to identify a FOS metabolization
pathway in the Escherichia coli clone 19. The 19 sequence is taxonomically assigned to the
Firmicute species Dorea longicatena, and contains both a PTS transporter and an ABC
transporter. By reviewing the bibliography in order to know what was known on Dorea
longicatena and its role in the human gut ecosystem, | realized that this species is not

beneficial to human health. At this stage, several questions arose:

- Is the 19 metagenomic locus conserved in several gut bacteria?

- Would it be a biomarker of pathology in the human gut microbiome?

- Could we predict the specificity of the 19 transporters by using the Transporter
Classification Database?

- What is the mechanism of FOS utilization by Dorea longicatena? In particular, are
the 19 ABC and PTS transporters both involved in FOS uptake? And what are the
contributions of substrate binding and uptake in the FOS metabolization efficiency?

In the following article, | describe the strategy we used to address these questions, and the
results we obtained. This paper has been published in mSphere in January 2020 (doi:
10.1128/mSphere.00771-19). In this study, | performed all the bioinformatic and biochemical
analyses, except the mass spectrometry analysis, which was carried out by Pietro Tedesco and
Fabien Léisse, who also provided the E. coli knockout mutants that | tested. | performed the
transcriptional analysis with the help of Pascale Lepercqand Myriam Mercade. | would also
like to thank Nicolas Terrapon and Matthieu Arlat for the fruitful discussions during my thesis

committees, leading to significant improvement of the manuscript.
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ABSTRACT

Prebiotic oligosaccharides, such as fructooligosaccharides, are increasingly being used to
modulate the composition and activity of the gut microbiota. However, carbohydrate
utilization analyses and metagenomic studies recently revealed the ability of deleterious and
uncultured human gut bacterial species to metabolize these functional foods. Moreover,
because of the difficulties of functionally profiling transmembrane proteins, only a few
prebiotic transporters have been biochemically characterized to date, while carbohydrate
binding and transport are the first and thus, the crucial steps in their metabolization. Here, we
describe the molecular mechanism of a phosphotransferase system, highlighted as a dietary
and pathology biomarker in the human gut microbiome. This transporter is encoded by a
metagenomic locus that is highly conserved in several human gut Firmicutes, including Dorea
species. We developed a generic strategy to deeply analyze, in vitro and in cellulo, the
specificity and functionality of recombinant transporters in Escherichia coli, combining
carbohydrate utilization locus and host genome engineering, quantification of the binding,
transport and growth rates with analysis of phosphorylated carbohydrates by mass
spectrometry. We demonstrated that the Dorea fructooligosaccharide transporter is specific
for kestose, whether for binding, transport or phosphorylation. This constitutes the
biochemical proof of effective phosphorylation of glycosides with a degree of polymerization
of more than 2, extending the known functional diversity of phosphotransferase systems.

Based on these new findings, we revisited the classification of these carbohydrate transporters.

IMPORTANCE

Prebiotics are increasingly used as food supplements, especially in infant formulas, to modify
the functioning and composition of the microbiota. However, little is currently known about
the mechanisms of prebiotic recognition and transport by gut bacteria, while these steps are
crucial in their metabolism. In this study, we established a new strategy to profile the
specificity of oligosaccharide transporters, combining microbiomics, genetic locus and strain
engineering, and state-of-the art metabolomics. We revisited the transporter classification
database and proposed a new way to classify these membrane proteins, based on their
structural and mechanistic similarities. Based on these developments, we identified and
characterized, at the molecular level, a fructooligosaccharide transporting phosphotransferase

system, which constitutes a biomarker of diet and gut pathology. The deciphering of this
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prebiotic metabolization mechanism by a nonbeneficial bacterium highlights the controversial
use of prebiotics, especially in the context of chronic gut diseases.

KEYWORDS

Dorea, chronic gut diseases, fructooligosaccharides, microbiome, phosphotransferase system

Introduction

Prebiotics are functional foods, defined as “nondigestible compounds that, through their
metabolization by microorganisms in the gut, modulate composition and/or activity of the gut
microbiota, thus conferring a beneficial physiological effect on the host” (1-3). Inulin and
fructooligosaccharides (FOS), comprising B(2—1) fructosyl units linked to sucrose, are
universally agreed to be prebiotic fibers. They are naturally present in a variety of plants such
as Jerusalem artichoke, wheat, barley, rye, onions, garlic, asparagus and banana (4, 5). They
are increasingly used as food supplements, especially in infant formulas (5, 6), with the global
inulin and FOS markets estimated to exceed $5.8 billion by 2024 (7, 8). Numerous studies
indicate that inulin and FOS are selectively fermented by human gut bifidobacteria and
lactobacilli, inducing beneficial effects for the host, such as facilitating defecation and
reducing endotoxaemia, insulin resistance and colon cancer risks (9-12). Notwithstanding this
evidence and the commercial interest, some nonbeneficial gut bacterial species (13, 14), like
Dorea longicatena, a species associated with several pathologies such as irritable bowel
syndrome (IBS) (15, 16), have been shown to feed on these compounds. Moreover,
abdominal pain in IBS is alleviated by limiting the consumption of fermentable oligos-, di-,
mono- saccharides, and polyols (FODMAPs) such as FOS, resulting in a decrease in
Bacteroides, Ruminococcaceae, Faecalibacterium, and Dorea species in the gut microbiota
composition (17). In addition, the abundance of Dorea species increases after fermentation of
the human fecal microbiota on FOS (18). Dorea longicatena is stimulated in the mice fecal
microbiota after mice were transplanted with a human microbiota and fed with FOS (19).
Furthermore, we previously demonstrated that many prominent uncultured human gut bacteria,
of which the benefits or risks for human health are not known, are well equipped to
metabolize prebiotics, including FOS (20). Besides, several pathogenic Escherichia coli
strains, including strain BEN2908 that has the ability to invade human epithelial cells (21),
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can metabolize FOS (13, 22). In any event, regardless of their microbial origins, there has
been little investigation of the mechanisms of FOS metabolization at the molecular level.

In bacteria, the complete metabolization of glycosides requires at least a set of carbohydrate-
active enzymes (CAZymes, http://www.cazy.org/) (23) and one or more specific transporters
(24, 25). This complex catabolic machinery is encoded by genes clustered within the same
genomic loci (26, 27), called polysaccharide utilization loci (PULs) for Bacteroidetes (28).
This name is further extended to the Gram-positive bacteria, known as Gram-positive PULs
(gpPULSs) (29). As with the other glycans, the proposed mechanism of inulin and FOS
metabolization requires four steps (30): (i) extracellular hydrolysis of the longest chains, by
cell surface-associated inulinases and/or fructosidases, releasing monosaccharides or short
oligosaccharides; (ii) internalization of these short compounds by transporters; (iii) final
depolymerization of the oligosaccharides by intracellular fructosidases; and (iv)
monosaccharide assimilation in the central metabolism. A variety of bacterial inulin-targeting
Bacteroidetes PULs (31, 32) and gpPULs (33) have been identified in the past few decades,
and many inulinases and fructosidases have been biochemically characterized (34). However,
only a few transporters have been proven to internalize FOS: the ATP-binding cassette (ABC)
transport systems from the probiotic strain Lactobacillus acidophilus NCFM (35) and the oral
pathogenic strain Streptococcus pneumoniae TIGR4 (36), the major facilitator superfamily
(MFS) transporter form the extraintestinal pathogenic Escherichia coli strain BEN2908 (22),
and two phosphotransferase systems (PTSs) from the probiotic strain Lactobacillus plantarum
ST-I11 (37). Nevertheless, the binding and transport specificity of these transporters have still

not been determined.

There are, in fact, several technological barriers to the functional characterization of
transporters in native bacteria. Despite major advances for some bacterial genera over the last
10 years (38, 39), the difficulties of genetic manipulation, often combined with functional
redundancy, render it challenging to characterize transport systems. In the case of uncultured
species, it is impossible to inactivate or delete genes. Notably, these species make up more
than 70% of the human gut ecosystem (40). In addition, transmembrane proteins cannot be
studied as easily as soluble proteins. Consequently, experimental validation of function has
taken place for only a few glycoside transporters, while there are probably hundreds of
thousands in bacteria, considering that the PUL database lists more than 30,000 Bacteroidetes

sequences for the SusC/D transporter family alone, from 1,154 species (28).
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Here, we present a highly generic approach to in vitro and in cellulo characterization of the
binding and transport specificities of membrane-bound proteins based on heterologous
expression in E. coli. Our strategy combines PUL engineering, analysis of growth dynamics,
characterization of transporter functionality, and quantification of binding and transport rates.
This novel strategy allowed us to deeply characterize a FOS PTS transporter issued from a
dominant uncultured Dorea strain, previously identified by mining the human ileal
microbiome for prebiotic metabolization pathways (20). This Dorea FOS utilization system is
the first prebiotic metabolization pathway to be characterized from a nonbeneficial human gut

bacterium.

Results

Organization of the Dorea FOS utilization locus

By means of activity-based screening of the human ileal metagenome, we previously
identified a fosmid E. coli clone (clone 19) producing intracellular fructosidase activity
responsible for the hydrolysis of a mixture of FOS, containing 1-kestose (GF,), nystose (GF3),
and 1"-fructofuranosyl-nystose (GF4) (20). After sequencing the 19 metagenomic DNA, two
contigs were obtained, 19a and 19b, with sizes of 14,714 and 13,700 bp, respectively. The 19a
contig encodes a FOS utilization locus, containing genes annotated as encoding a glycoside
hydrolase belonging to the family GH32 of the CAZy classification, a PTS component, a
transcriptional regulator of the Lacl family and two ABC transporter proteins (Figure 1a). No
peptide signal was identified in the GH32 sequence, indicating a cytoplasmic location of this
enzyme in the native organism. The RPS-BLAST analysis against the NCBI’s Conserved
Domain Database (CDD) indicated that both proteins annotated as ABC transporters are
multi-domain proteins, each with a transmembrane domain (TMD) and a cytosolic nucleotide-
binding domain (NBD), which together constitutes a complete ABC transporter that
nevertheless lacks a solute binding protein (SBP). The same bioinformatic analysis of the PTS
transporter sequence of the 19a contig was performed. PTSs are multiple component
carbohydrate uptake systems, allowing the phosphoryl group from phosphoenolpyruvate (PEP)
to be successively transferred from the Enzyme | (El) to the Histidine Protein (HPr), then to
the domains A and B of the Enzyme Il (EIl), and finally to the carbohydrate bound to the EII
C domain (41). The 19 PTS sequence analysis revealed that it is a single multi-domain protein,
composed of the three domains B, C and A of the PTS EIl complex. We thus named it
PTS_EIIBCA. The 19 FOS utilization locus lacks genes encoding El and HPr. As El and HPr
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have been proven to be non-specific and shared by different PTS systems (42, 43), we
hypothesized that E. coli El and HPr could complement the 19 PTS_EIIBCA. Moreover, no
transmembrane helix was predicted in the EIIA and EIIB domains, but ten were found in the
EIIC domain, suggesting that the EIIC domain is membrane-spanning and could potentially

bind extracellular substrates.

The 19a nucleic acid sequence presents 99% identity on 93% of its length with a part of the
Dorea longicatena DSM 13814 genome (Figure 1a). In addition, the 19a sequence presents a
microsynteny, covering from the GH32- to the Lacl-encoding genes, with several human gut
Firmicutes genomes, such as Dorea longicatena, Ruminococcus torques and Coprococcus sp.,
which all belong to the Clostridiales order (Figure 1a). To date, no FOS utilization locus has
been characterized from Clostridiales, even though several species in this order have been
proven to metabolize FOS in vitro (13, 44). In contrast, several other Firmicutes loci
harboring just one of the PTS or ABC transport systems associated with at least one GH32
and a regulator have been proposed to be involved in the utilization of FOS by Lactobacillus
spp. using transcriptomic analysis, sometimes combined with gene inactivation (Figure 1b)
(35, 37, 45). In Streptococcus pneumoniae, two GH32-containing loci, the scr-locus including
a PTS transporter, and the sus-locus including an ABC transport system were shown to be
responsible for the utilization of sucrose and FOS, respectively (Figure 1b) (36). Here though,
we observed both transport systems localized in the same locus. The presence within the same
locus of both transport systems suggests a difference in the specificities of the 19 ABC and
PTS.
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Figure 1. Representation of FOS and sucrose utilization loci.

(a) Alignment of the 19 metagenomic FOS utilization locus with similar loci from cultured
bacteria. Synteny between the 19 sequence and the genomic locus of D. longicatena DSM
13814 is shown by grey bars. Percentages of identity are indicated when lower than 100%. (b)
Alignment of the characterized FOS and sucrose utilization loci involving either an ABC, an
MFS or a PTS transport system, a GH32 and a related regulator. Genes predicted as being
involved in carbohydrate sensing, transport and hydrolysis are color coded: glycoside
hydrolases (GH) in yellow, PTS in deep blue, ABC transporter components in green (NBD,
nucleotide binding domain; TMD, transmembrane domain; SBP, solute binding protein),
MFS in red, Lacl regulator and XRE (xenobiotic response element) family transcriptional
regulator in orange, and PdxK (pyridoxine kinase), FruK (fructokinase) and SucP (sucrose
phosphorylases) in purple. The other genes are indicated in grey: hypothetical protein (HP),
Xanthine permease, Yhga (putative transposase YhgAlike) and ygfU (putative purine
permease Ygfu).
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Abundance of the Dorea FOS utilization locus in the human gut

microbiome

The prevalence and abundance of the genes within the Dorea FOS utilization locus in the
human gut microbiome were quantified from the abundance table of the human gut
metagenomic gene catalogue (Figure 2) built from fecal samples from 1,267 individuals of

various geographic origins (America, Europe and China), lifestyles and medical status (46).

Chinese Diabete Healthy Healthy Diabete
n=96 n=126 n=46 n=100

Healthy IBD IBD
n=401 n=153 n=206
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— |
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Figure 2. 19 FOS utilization locus abundance and prevalence in the human gut

LysR

Xanthine
permease L

microbiome.

Gene abundance in the fecal metagenome is represented by a color scale: white, not detected,
blue, turquoise, green, yellow, orange and red, increasing abundance with a 10-fold change
between colors. Based on its annotation, the xanthine permease encoding gene is not involved

in carbohydrate binding, sensing, transport or modification.

We found that eight genes of the 19 locus have homologs (with more than 97% sequence
identity and 100% coverage) in the microbiome. These genes are highly prevalent, being
present in at least 50% of the individuals in the cohort. Interestingly, the pts_EIIBCA gene is
4.6 times less abundant than the other genes of the locus, although with a similar prevalence.
This result indicates that the structure of the Dorea FOS locus has been altered during its

evolution, which might be due to (i) the a posteriori gene acquisition of the Dorea pts gene
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from an existing locus or (ii) its loss within some bacterial populations over time. Both events
could have been driven by horizontal gene transfer, an essential phenomenon for bacterial
genome plasticity and metabolic adaptability (47). Nevertheless, when comparing gene
abundance and prevalence in the microbiome of individuals of various origins and medical
status, the pts gene presents the same relative profile as the other genes of the FOS utilization
locus. The six genes are indeed on average 3 and 6.5 times more prevalent and abundant in
Westerners (including Americans and Europeans) than in individuals of Chinese origin. This
is probably due to the dietary differences between Westerners and Asians. Wheat is a major
source of FOS (5), and bread made with wheat is a staple food for Westerners (48, 49), while
for Asians, it is rice (50, 51).

In addition, in the European cohort, these genes are similarly prevalent but twice as abundant
in the microbiome of patients suffering from inflammatory bowel diseases (IBD; including
Crohn’s disease and ulcerative colitis) than in that of healthy individuals. This suggests that

bacteria possessing this FOS utilization locus may be positively associated with 1BD.

The Dorea phosphotransferase system confers FOS utilization ability to E.

coli

First, in order to identify which genes expressed in E. coli could explain the Dorea 19 FOS
utilization phenotype, the gene expression levels were quantified by reverse transcription-
guantitative PCR (RT-gPCR) for the four genes potentially involved in substrate
internalization (pts_EIIBCA, tmb/nbd_1, and tmb/nbd_2) and hydrolysis (gh32) (Figure S1).
Except for tmb/nbd_2, which displayed a relatively low expression, all the other genes were
expressed at increased levels compared to that of the endogenous E. coli housekeeping gene
(ihfB). The moderate expression of the ABC transporter-encoding genes suggests that the
ability of E. coli to internalize FOS might be mostly due to the expression of the pts_EIIBCA
gene. In addition, this transcriptomic study highlights the potential of E. coli to properly
express Firmicutes genes cloned in fosmids. This result is consistent with our previous study
performed with a Bacteroidetes PUL, demonstrating that a significant proportion of
metagenomic genes could be expressed spuriously in E. coli due to the presence within the

metagenomic sequence of numerous o'° promoter sequences for E. coli (52).
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Figure 3. Functional analysis of the 19 FOS utilization locus.

(a) Gene organization in the 19 variants. Growth curves of clone 19, its variants and the
control clone EPI on FOS mixture (b), on sucrose (c) and kestose (e), and HPAEC-PAD
analysis of the culture supernatant for growth on sucrose (d) and kestose (f). Color code:
clone 19, red; 19min, yellow; 19min_PTS/GH32, blue; 19min_ABC/GH32, green;
19min_GH32, brown; and EPI; black. The symbols indicate the sampling time points. The
data represent the averages of biological triplicates.
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Second, in order to establish the contribution of each gene in the Dorea FOS locus in the
ability of E. coli to metabolize FOS, different truncated variants of the 19 metagenomic DNA
insert were generated (Figure 3a). The E. coli host transformed with the empty fosmid

pCC1FOS, here named EPI, was used as a negative-control strain.

We showed that only the 19 GH32 enzyme was responsible for FOS hydrolysis, by testing
cytoplasmic cell extracts of the 19 variant harboring only the GH32 (19min_GH32) on pure
sucrose, kestose, nystose, fructosyl-nystose, inulotriose, inulin and levan. Among these
carbohydrates, only sucrose, kestose, nystose, fructosyl-nystose, and inulotriose were
hydrolyzed (Figure S2; see also Table S2 in supplemental material). Moreover, this enzyme
prefers sucrose and FOS up to degree of polymerization 4 (DP4) to longer oligosaccharides,
since fructosyl-nystose was not fully hydrolyzed, even present at a lower molar concentration
than nystose and kestose (Table S2). In contrast, EPI cytoplasmic extracts displayed no
activity on the same substrates, validating the fact that the E. coli EP1100 host strain was not
able to hydrolyze FOS. In addition, no secreted activity was detected in 19min_GH32 (data

not shown), confirming that the GH32 enzyme is produced exclusively inside the E. coli cells.

In order to determine the internalization specificity of the two 19 transporters (the PTS and the
ABC transport system), the ability of truncated variants to use FOS as sole carbon source was
assessed (Figure 3b). First, by constructing an 19-reduced variant consisting of the genes
encoding from gh32 to tmb/nbd_2 (19min), we confirmed that only this minimal locus was
responsible for the growth on FOS. The 19 and 19min clones in fact displayed similar growth
on FOS. The slight difference might result from the high number of recombinant proteins that
have to be produced in 19, which slowed down its growth compared to 19min. Interestingly,
the clone 19min_GH32 grew slowly on the FOS mixture. This result indicates that the EP1100
host strain possesses at least one nonspecific transporter able to internalize at least one of the
components of the FOS mixture that will be further metabolized by the host after hydrolysis
by the intracellular GH32. The 19min_PTS/GH32 variant, harboring the PTS transporter and
the GH32, retained the growth ability of 19 on FOS. By contrast, the growth of
19min_ABC/GH32 on FOS was strongly impaired, with a growth rate barely higher than that
of 19min_GH32. The modest growth of 19min_ ABC/GH32 might be due to the uptake of
sucrose from the FOS mixture but at this stage of the study, we could not exclude that the
ABC transporter has a very low ability to transport FOS.
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To characterize the transport specificity of each 19 transport system more precisely, for each
variant, we monitored the consumption of individual FOS components in the culture medium
using HPAEC-PAD (see Figure S3). First, as proposed above, the host strain EP1100
possesses its own sucrose transporter, since the amount of sucrose slightly decreased over
time for 19min_GH32. When growing on the FOS mixture, clones 19, 19min and
19min_PTS/GH32 preferentially metabolized sucrose (GF) and kestose (GF,), while nystose
(GF3) and 1"-fructofuranosyl-nystose (GF4) were not used. In contrast, 19min_ABC/GH32
consumed only sucrose. No increase of oligosaccharide concentration was observed in the
culture medium during growth, indicating that the 19 ABC and PTS transporters are both
importers, contrary to what could be observed with similar analyses for other transport
systems, such as those from the major facilitator superfamily (MFS) (52). In order to confirm
the specificity of the transporters either for sucrose or kestose, the uptake of these two
oligosaccharides was examined by growth test and HPAEC-PAD analyses (Figure 3c to e
and f). All the variants were able to use sucrose to grow except EPIl. However, sucrose
appears not be the favorite substrate for the PTS transporter, as the growth rate of
19min_PTS/GH32 on sucrose is lower than for 19. 19min_ ABC/GH32 grew more rapidly than
19min_GH32 on sucrose, but these PTS-devoid clones were unable to use kestose. This
demonstrates that even if the host strain possesses its own sucrose transporter, the 19 ABC
transporter has the ability to transport sucrose. As far as we know, it is the first example of
carbohydrate importer of the ABC transporter family which lacks a SBP (53). When SBP
lacks, such as in ABC transporters catalyzing micronutrient uptake (54), the TMDs determine
the specificity of the transporter through substrate-binding sites. Nevertheless, the mechanism
explaining how the 19 ABC transporter could import sucrose without SBP remains to be

characterized.

To deeper analyze the specificity of the PTS and ABC transporters to fructans and
fructooligosaccharides, the growth of 19 was also tested on inulin (GFn, with B-1,2-linked
fructosyl units), levan (GFn, with -2,6-linked fructosyl units) and inulotriose (F3, with B-1,2-
linked fructosyl units). No growth was observed with any of these carbohydrates (data not
shown). However, we showed that the GH32 enzyme was able to hydrolyze inulotriose in
vitro (see Figure S2b and Table S2), demonstrating that the metabolization of inulotriose by
19 is blocked at the transport step. From these results, we conclude that (i) the 19 PTS is

specific to sucrose and kestose (with a clear preference for kestose) and requires a terminal
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glucosyl moiety to recognize the oligosaccharide to be internalized and (ii) the 19 ABC
transporter is able to transport sucrose only.

Binding specificity of the Dorea PTS transporter

To determine the transport and binding specificities of the PTS transporter, we had to
establish a new methodology. Up until now, the characterization of transporter specificity,
performed in vivo by growth analysis after knock-out (55), determination of the
internalization rate of radiolabeled substrates (56), and/or transcriptional analysis (57), did not
allow for separate analysis of the binding, transport and metabolization specificities. In
addition, the substrate of transcription activation differs from the substrate that is transported
(58). Binding specificity can be determined in vitro by characterizing purified binding
proteins by isothermal calorimetry, affinity gel electrophoresis (59), thermal shift assay in the
presence of substrates to identify their impact on protein stability, pull-down analysis on
beads covalently linked to the different sugars (60), or scintillation proximity assay with
radiolabeled substrates (61). However, protein purification can be challenging, especially for
membrane-bound proteins (like 19 PTS_EIIBCA). Moreover, in all the previous studies
aiming to characterize binding specificity, the binding protein is dissociated from the
multiproteic assembly, which could potentially bias the results of specificity determination.

Here, we developed an easy-to-implement method based on the use of crude extracts of the
cells harboring the target transporter, and non-labeled natural substrates. The unbound amount
of these is quantified by HPAEC coupled to PAD, a highly sensitive detection method. This
generic approach can be used to quantitatively analyze the specificity of any transporter. We
established the proof of concept by characterizing the Dorea PTS produced in E. coli. A
truncated variant of 19, consisting only of the PTS (named 19min_PTS), was constructed, in
order to avoid any bias due to oligosaccharide hydrolysis in oligosaccharide uptake rate
quantification. First, the uptake assays were performed with intact 199min_PTS cells incubated
with various oligosaccharides in order to determine the PTS ability to internalize substrate
(Figure 4a). Using HPAEC-PAD, the amount of residual substrate was measured in the
supernatant at different time points. We observed that among the different gluco- and
fructooligosaccharides tested (kestose, nystose, fructosyl-nystose, inulotriose and cellotriose),
only kestose decreased in amount after incubation with 19min_PTS, confirming that the
Dorea FOS PTS was specific to kestose. However, by incubating intact cells with the

substrate, we could not determine the contribution of binding in the uptake process.
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The ability of membrane debris to bind substrate was thus determined by incubating
19min_PTS lysed cells with oligosaccharides. To focus only on the binding step, cell debris
were washed several times before incubation to prevent the presence of E. coli cytoplasmic
phosphate, HPr and EI in the reaction mixture, as this could lead to substrate phosphorylation
and bias in binding rate quantification. As with the uptake assays, only kestose was bound by
the 19min_PTS membranes (Figure 4a). The PTS_EIIBCA was more slowly saturated by
kestose with membrane extracts than with intact cells (Figure 4b), indicating that kestose
internalization shifts the binding equilibrium. Such a low rate of translocation had already
been observed with the diacetylchitobiose-specific PTS from Vibrio furnissii 7225, where the
transport kinetic was characterized by incubating growing V. furnissii cells on radiolabeled
diacetylchitobiose (62). The low rate of this internalization process might be due to the
covalent modification of substrate, in contrast to what happens with ABC transporters which
hydrolyze ATP (54) or with secondary transporters like MFS, which use chemiosmotic ion
gradient to accelerate uptake (63).
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Figure 4. Oligosaccharide uptake and binding by 19min_PTS cells.

(a) Screening of PTS specificity by testing binding (gray bar) and uptake (black bar) of
various gluco- and fructooligosaccharides by 19min_PTS cells. Oligosaccharide concentration
was determined by HPAEC-PAD after 1h incubation of the oligosaccharides with 19min_PTS
crude membrane cell extracts (for binding) or intact cells (for uptake). (b) Kestose binding
and uptake kinetics by 19min_PTS crude membrane cell extracts and intact cells, respectively.
Kestose concentration in the soluble phase was determined by HPAEC-PAD; EPI cells in
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green, EPI membrane extracts in gray, 19min_PTS cells in blue, and 19min_PTS membrane
extracts in pink. The data represent the means of three biological replicates.
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Figure 5. Saturation experiments on the Dorea PTS.

Binding saturation of PTS_EIIBCA in 19min_PTS membranes (a), uptake saturation of
19min_PTS cells (b) and growth saturation of [19min_PTS/GH32 (c) with increasing
concentrations of kestose. The data represent the means from two biological replicates.

Carbohydrate binding to the transporter is the first and essential step in an active transport
system. The ligand-protein binding Kkinetic is fundamentally related to transport efficiency and
microbial chemotaxis in ecological niches (64, 65). Here, we determined reliable Kkinetic
parameters for binding, transport and growth of 19 PTS to kestose (Figure 5). Saturation
experiments were performed on 19min_PTS cells and their membranes with increasing
concentrations of kestose. The affinity constants of kestose uptake by 19min_PTS cells (Kn)
and of kestose binding by PTS_EIIBCA membranes (dissociation constant [Kq]) were 266 =+

165 and 51 +12 M, respectively. Even if these values are of the same order of magnitude,
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the fact that the K, value is higher that the Ky one indicates that uptake is slightly less
efficient than binding. It might be due to the complexity of the translocation process, which
involves three PTS subunits (EIIC, EIIA and EIIB), against only one (the EIIC part that faces
the exterior of the cell) for binding. In addition, to infer the dependence of growth rate on
kestose concentration, we estimated the substrate affinity constant (Ks) by applying the
Monod model (e.g., Michaelis-Menten hyperbolic dependence) to the growth rate of the
19min_PTS/GH32 cells vs. kestose concentration data (66). The estimated Ks value, of 5.68 +
0.77 mM differs by 2 orders of magnitude from the uptake and binding constants. These
kinetic binding parameters indicate that the 19min_PTS/GH32 strain has a strong binding
affinity and efficient uptake system for kestose, but a poor capacity to metabolize it. In the
human gut, this kind of high-affinity uptake system is crucial in competing with other
microbes for limited amounts of kestose. Furthermore, the inconsistency between the values
of Ks, K¢ and K, shows that kinetic data for growth cannot be used to predict transporter
binding and internalization ability.

Functionality of the Dorea PTS transporter in E. coli

PTS transporters couple transmembrane transport of substrate to its concomitant
phosphorylation. However, the ability of PTS to phosphorylate a trisaccharide has never been
shown until now. In order to demonstrate the full functionality of Dorea PTS_EIIBCA in E.
coli, and to identify the potential transient presence of intracellular phosphorylated kestose,
we analyzed the intracellular metabolites of clone 19min_PTS/GH32 grown on kestose by ion
chromatography coupled with electrospray ion ionization high-resolution mass spectrometry
(IC-ESI-HRMS) (67), after quenching the metabolism (Figure 6a).

As the E. coli without 19 PTS_EIIBCA could not grow on kestose, it could not be used as
negative control. We thus compared the results obtained on kestose with those obtained with
clones 19min_PTS/GH32 and of the KEIO collection (68) transformed with the empty fosmid
pCC1FOS grown on glucose. For all strains, we searched for an m/z value of 583.1270, which
corresponds to the theoretically expected value in negative mode for the phosphorylated
kestose. For the I9min_PTS/GH32 and EPI strains grown on glucose, the extracted ion
chromatogram (XIC) does not show any peak. In contrast, we detected a chromatographically
unresolved peak at retention time of 13.17 min for the 19min_PTS/GH32 strain grown on
kestose (Figure 6a), indicating the presence of several different forms of phosphorylated

kestose.
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Figure 6. Functionality of the Dorea PTS in E. coli.

(a) Extracted ion chromatogram (XIC) from negative ionization mode analysis at m/z
583.1270, corresponding to the exact mass of the [M-H] ion of phosphorylated kestose
(calculated from the molecular formula C;gH33019P). Color code: 19min_PTS/GH32 clone
grown on kestose, blue line; 19min_PTS/GH32 grown on glucose, gray line; EPI grown on
glucose, orange line. (b) Growth curves on FOS of E. coli K-12 BW25113 (KEIO) single-
knockout mutants for PTS genes (ptsl, ptsH, and fruB) transformed with fosmid
19min_PTS/GH32. The KEIO wild-type strain transformed with the empty fosmid pCC1FOS
was used as the negative control. HPr (histidine protein) encoded by ptsH is a cytoplasmic
proteic component of the E. coli glucose-PTS. It accepts a phosphate group from EI (encoded
by pstl), a cytoplasmic protein required for E. coli PTS functioning, and transfers it to the
carbohydrate-specific EIIA domain. FruB encodes the HPr-like component FPr of the E. coli

fructose-PTS. These data represent the means from three biological replicates. (c) Schematic
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representation of 1-kestose transport and phosphorylation by the Dorea PTS complemented
with the E. coli HPr, FPr and EI component. As shown in panel a, kestose can be
phosphorylated at different carbon positions, while only one form of phosphorylated kestose

is represented here.

Based on the above-described results, the 19 PTS_EIIBCA encoding the three well known
domains of PTS transporters (A, B and C domains) appears to be responsible for kestose
internalization and phosphorylation by E. coli. As explained above, phosphorylation requires
a multiproteic machinery to transfer the phosphoryl group from intracellular PEP to the
carbohydrate bound to the EIIC domain of the PTS (41). Because the 19 locus lacks the El and
HPr components of the PTS (while being present elsewhere in the genome of Dorea
longicatena DSM 13814, with the El and HPr conserved histidine residues required for
phosphate transfer), we hypothesized that the E. coli PTS machinery could complement 19
PTS_EIIBCA to achieve kestose phosphorylation. To investigate this question, we verified
the ability of E. coli K-12 BW25113 (KEIO collection strains) single-knockout mutants for
glucose and fructose-specific PTS genes transformed with fosmid 19min_PTS/GH32 to grow
on a mixture of FOS, from which only kestose is utilized, as previously demonstrated above
in the present paper. The ptsl (encoding for EI) defective strain was unable to utilize FOS as
carbon sources (Figure 6b), demonstrating that this E. coli enzyme is required to ensure FOS-
PTS functionality. Indeed, El is involved in the first step of phosphorylation from PEP, which
explains why deletion of ptsl in the KEIO strain completely abolished its growth on glucose
and fructose (see Figure S4). In contrast, mutants defective for ptsH (encoding histidine
protein HPr, which transfers the phosphate group from EI to the EIIA component of the
glucose PTS) or fruB (encoding HPr-like FPr in the fructose PTS) were able to grow on FOS,
even though their growth ability was reduced compared to that of the wild-type strain
transformed with 19min_PTS/GH32 (Figure 6b). Similarly, deletion of ptsH or fruB in the
KEIO strain resulted in a delayed lag phase when grown on glucose and fructose, respectively
(Figure S4), indicating that HPr could compensate FPr deficiency, and reversely. We thus
conclude that Dorea PTS_EIIBCA requires the E. coli EI to transfer phosphate from PEP to E.
coli HPr (which can also be replaced, less effectively, by FPr), which, in turn, phosphorylates
the 19 EIIA domain. Phosphate is then transferred to the 19 EIIB domain, and, ultimately, to
the kestose molecules internalized through the 19 EIIC component (Figure 6c).
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PTS structural, functional and taxonomical diversity

By analyzing the specificity of Dorea PTS_EIIBCA, we extended the panel of characterized
glycoside transporters, which is still limited. Prior to this study, only two PTS (PTS1 and
PTS26 from L. plantarum ST-I1I) were known to internalize FOS (37). However, these
proteins are not listed in the Transporter Classification Database (TCDB) (69). In the TCDB,
based on functional and phylogenetic information about the EIIC domain (as in the first
classification of PTS proposed by Nguyen et al. (70)), PTSs have been classified into seven
families of phosphotransfer-driven group translocators, consisting of the glucose-glucoside
(4.A.1, Glc), fructose-mannitol (4.A.2, Fru), lactose-N,N-diacetylchitobiose (4.A.3, Lac),
glucitol (4.A.4, Gut), galactitol (4.A.5, Gat), mannose-fructose-sorbose (4.A.6, Man), and L-
ascorbate (4.A.7, L-Asc) families.

To locate the FOS transporters in the diversity of PTS and to investigate the sequence-
function relationships of these proteins, we constructed a sequence similarity network (SSN)
from the 125 sequences of EIIC component retrieved from TCDB (120 sequences for 117
PTS, since 3 have 2 EIIC domains), the literature (4 sequences) and the present study (Figure
7a). In a SSN network, nodes (representing protein sequences) in the same cluster are
connected with an edge if they share a percentage of identity higher than a threshold value,
providing a more visually tractable view of divergent proteins than alignment-based
dendrograms or phylogenetic trees [44]. First, despite the low sequence identity threshold
used to link the nodes in the sequence network to form clusters (21%), we observed that the 3
FOS PTS (one from Dorea and two others from L. plantarum DT-III) do not belong to the
cluster of sequences containing the members of the Fru family 4.A.2. Even though FOS
contain more fructosyl than glucosyl moieties (one terminal glucosyl moiety in a FOS
molecule, regardless of its degree of polymerization), the FOS PTS belong to the Glc family
4.A.1. This could correlate to the fact that the Dorea PTS requires the terminal glucosyl

moiety of FOS to bind and internalize its substrate.

Second, we observed that the two large Glc and Fru PTS families are subdivided into two
clusters each in the SSN. The 4.A.1 Glc family contains two subfamilies in the TCDB, each
corresponding to one of the SSN clusters: (i) subfamily 4.A.1.1, named “glucose subfamily”
in the TCDB, contains in fact PTS specific to glucose, its derivatives (such as N-
acetylglucosamine), and also a-glucosides like maltose and sucrose isomers; (ii) subfamily

4.A.1.2, named “glucoside subfamily”, contains PTSs targeting a- and B-glucosides, such as
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sucrose (GF), trehalose (a-1,1-linked GG, which has a close structural similarity with sucrose
(71)), FOS (GFn), cellobiose (B-1,4-linked GG) and other B-glucosides (salicilin, arbutin), and
N-acetylmuramic acid. If the present SSN clusters correspond to the TCDB 4.A.1 subfamilies,
they are not the same as those previously proposed by Nguyen et al., who categorized the
proteins now listed in the 4.A.1 family into the Glucose (Glc) and B-Glucoside (Bgl) families
(70). Regarding the 4.A.2 Fru family, for which no subfamily is described in the TCDB, one
SSN cluster contains the transporters targeting fructose, tagatose, ribose and allose, while the
other one, clearly separated, contains mannitol-PTS. In this case, this is consistent with the

findings of Nguyen et al (2006), who described the mannitol family apart from Fru (70).

B 4.A.1 Glucose-Glucoside (Glc) Family

B 4.A.2 Fructose-Mannitol (Fru) Family

M 4.A.3 Lactose-N,N'-Diacetylchitobiose-f-
glucoside (Lac) Family

W 4.A.4 Glucitol (Gut) Family

sucrose, FOS, trehalose, v s
¢ g W 4.A.7 L-Ascorbate (L-Asc) Family
cellobiose, N-acetylmuramic L <
R ' glucose, maltose,
acid, salicin, arbutin
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allose , ribose .
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Figure 7. Functional, structural and taxonomical diversity of PTS.
(@) Sequence Similarity Network (SSN) of PTS-EIIC domains from 125 proteins, retrieved
from the Transporter Classification database, from the literature and present study,

constructed with an initial score of 10°. The nodes are connected by an edge if the pairwise
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sequence identity is > 21.3%. The corresponding substrates were annotated under each cluster
of the 4.A.1 and 4.A.2 families. Unfilled nodes indicate sequences for which the functions
were inferred by transcriptomics, while filled ones correspond to the functions validated
biochemically or by gene deletion. Taxonomic distribution at genus (b) and phylum (c) levels

of the characterized PTS transporters.

From these results, we conclude that there is no longer a link between the names of the
families listed in the available PTS classifications and the function of their constituent

members. Improvements in transporter classification will be proposed in the following section.

Since phylogenetic links are one of the bases of the existing transporter classifications, we
also analyzed the taxonomical diversity of the 125 known PTS_EIIC sequences. They
represent 37 genera, classified into 12 distinct phyla (Figure 7b and c). For each PTS family,
the taxonomic diversity is wide-ranging, with no family assigned to a specific phylum or
genus. Of 125 sequences, more than half were assigned to the four genera Escherichia (20%),
Streptococcus (10%), Bacillus (13%) and Lactobacillus (11%). Consequently, more than 80%
belong to only two phyla, Firmicutes (48%) and Proteobacteria (35%). There is a similar
distribution of characterized PTS between Gram-negative and Gram-positive bacteria. The
present taxonomic distribution of PTS is highly biased by sequencing and biochemical
characterization efforts which are unequal in their coverage of actual bacterial diversity. For
example, characterized PTSs are absent from the Bacteroidetes phylum, while in the Pfam
32.0 database, we found 10 Bacteroidetes sequences harboring a PTS_EIIC Pfam motif
(PF13303) (72). In addition, the characterized PTSs appear to be very abundant in Firmicutes
(48%) (Figure 7c), while this phylum accounts for just 29% of the sequenced bacterial
genomes (versus 54% for Proteobacteria) referenced in the Genomes Online database (GOLD)
(73). In any event, though, there are still many transporters to be discovered in the near future
thanks to powerful tools such as functional metagenomics and novel generic biochemical

approaches, such as those described here.

Discussion
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Biochemical characterization of a FOS-specific PTS transporter

The PTS is a multiple component carbohydrate transport and phosphorylation system
composed of two cytoplasmic phosphotransferases, enzyme | (EI) and histidine-containing
phosphocarrier protein (HPr), which are common in most systems, and one multiproteic
enzymes Il complex (EII) including two phosphotransferase proteins (EIIA and EIIB) and one
integral membrane protein (EIIC), which is usually specific for one substrate or a small group
of closely related carbohydrates. For example, 21 different EIl complexes were identified in E.
coli as being involved in the transport of about 20 different carbohydrates, with only 1 El and
1 HPr proteins, and five El and six HPr paralogues, whose function are still to be uncovered
(43). PTSs are thus major carbohydrate transport systems in certain bacteria, but their
diversity and functionalities have been insufficiently investigated. Today, we have just 122
PTSs characterized (either biochemically or by transcriptomics and/or gene deletion),
targeting a substrate range (mainly monosaccharides and some glucosides and N-acetyl-
glucosides, fructosides, and galactosides) that is highly restricted compared to the possible

diversity of oligosaccharides (74).

In the present study, we characterized a PTS_EIIBCA complex involved in FOS utilization by
both uncultured and cultured Dorea strains. Previously, several FOS PTSs have been
identified from lactic acid bacteria and characterized by growth tests and transcriptomic
analysis (75, 76), sometimes also with knock-out experiments (37), or by measurement of the
extracellular composition by anionic exchange chromatography (45). However, the precise
molecular mechanism and the exact length of the oligosaccharides that could be bound and
internalized were not deeply investigated due to the technical bottlenecks inherent in
transporter characterization. Here, we developed a highly generic, sensitive and quantitative
method based on HPAEC-PAD analysis of oligosaccharides unbound to crude membranes or
to entire cells (native or recombinant). This approach, which requires no protein complex
dissociation or purification steps, is compatible with the use of unlabeled natural substrates to
quantify binding, transport and metabolization rates. It thus effectively replaces the use of
radiolabeled substrates, which have been widely used until now for transporter
characterization. Here, we were able to determine the contributions of substrate binding and
transport to the oligosaccharide metabolization process. We proved that Dorea PTS_EIIBCA
is able to transport sucrose and especially kestose, with an affinity for kestose binding five

times better than its affinity for uptake.

168



Moreover, carbohydrate uptake through a PTS implies a phosphorylation cascade. PTS-based
phosphorylation of oligosaccharides with a DP of more than 2 had never been shown. Here,
we proved that a DP3 oligosaccharide can be phosphorylated by Dorea PTS_EIIBCA and that
its specificity for phosphorylation is the same as that for binding and translocation. We
demonstrated this directly in cellulo, in contrast to the previous studies, in which
phosphorylation reactions were performed in vitro by adding purified phosphotransferases
and EIIAB to the EIIC component (77). By IC-ESI-HRMS analysis and use of E. coli single
knock-out mutants, we proved the entire functionality of the Dorea PTS_EIIBCA complex in
E. coli, thanks to efficient complementation by the host’s EI and HPr (or, alternatively, FPr)
phosphotransferases.

Several PTS_EII complexes involved in cellobiose utilization by Gram-positive bacteria have
previously been successfully expressed in an E. coli host strain (78, 79), and proven in vitro to
be complemented by the E. coli EI and HPr PTS components (80). The difference in cell
membrane organization between Gram positives and E. coli thus appears not to have an
impact on the functionality of recombinant PTS EIIBCA complexes, even though the

localization of each component of Gram-positive PTS in E. coli is still an open question.

Revisiting the PTS classification

In the last few years, a huge mass of omics data has accumulated (81), and microfluidic
approaches have been developed to rapidly identify the substrates targeted by (meta)genomic
loci (82). Meanwhile, an increasing number of tridimensional transporter structures has been
solved (83), and the panel of biochemical methods for transporter characterization has been
extended, as described in the present paper. It is thus likely that significant progress will be
made over the next few years in the understanding of transporter structure-function
relationships. In the present paper, we investigated this question by analyzing the diversity of
sequences and substrate specificities of known PTS. We showed that, as the number of
transporters with characterized specificities increases, there is no longer a link between the
names of PTS families and their functions (for example, subfamily 4.A.1.1, named ‘glucose
subfamily’ in the TCDB, contains PTSs specific to N-acetylglucosamine and to some
glucosides, while the subfamily 4.A.1.2, named ‘glucoside subfamily’, contains PTS specific
to N-acetylmuramic acid). The present classification is thus quite confusing. Instead, we
propose a transporter classification based on similarities of structures and mechanism, with

families containing members with one or more substrate specificities. This kind of
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classification, with no specificity-related constraints, does exist for enzymes. For example, the
CAZy database, based on this principle, is a reference for carbohydrate active enzyme
classification (84), even though it is complementary to the EC classification (the EC numbers
now appear in the CAZy database for each biochemically characterized enzyme). For
transporter classification, we recommend the continued use of the TCDB, which is a mine of
information but with caution in respect of the level of classification. Indeed, of the five
components of the transporter classification identifier (TCID), only the first two relate to
structure and mechanism: the first number corresponds to the transporter class (i.e., channel,
carrier [porter], primary active transporter, or group translocator), and the following letter to
the transporter subclass which, in the case of primary active transporters, refers to the energy
source used to drive transport. The last three TCID components are, in most cases, related to
substrates (at least for PTS) in the present TCDB. Classification into superfamilies, families
and subfamilies will thus require further global/local sequence analyses in order to identify
specific common structural traits within transporter groups. Of course, listing the known
substrates for each functionally characterized transporter is still highly valuable, as it will
provide a clear view of the functional diversity in each of the structurally defined groups.
Thus, major advances can be made to elucidate, and, ultimately, predict, the structural
determinants of transporter specificity.

Significance of unlocking prebiotic metabolic pathways from the human gut

microbiome and implications for gut health

FOS, one of the most commonly used and studied prebiotics, has been shown to stimulate the
growth of beneficial gut bacteria such as bifidobacteria and lactic bacteria (30) but also of
some pathogenic E. coli strains (13). Previously most of the FOS metabolization pathways
have been discovered from cultured bacteria, but the emergence of high-throughput functional
metagenomic approaches has made it possible to study more extensive sequence spaces and
highlighted new genomic loci involved in FOS metabolism by uncultured bacteria (20). Here,
we studied a locus assigned to Dorea longicatena DSM 13814 (99% identity). However, we
could not exclude that it might come from a different bacterium, which would have acquired

this DNA fragment by horizontal gene transfer.

Previously, D. longicatena was found to be stimulated by short-chain FOS, with a poor ability
to use long-chain B-fructans (14, 19). This is consistent with the specificity of the Dorea locus
characterized here for kestose, a DP3 FOS, which is by far the most abundant FOS in wheat

170



(85), a staple food for Westerners, and a major component of the FOS mixtures used for
dietary supplementation (86). It does not exclude the possibility, however, that other D.
longicatena loci could be involved into FOS metabolization, since we found three other loci
in strain DSM13814 harboring an 19_GH32 homolog (33 to 42% identity) with either an ABC
transporter or a PTS. Dorea has been shown in several studies to be positively associated with
intestinal permeability in individuals with alcohol dependence, with multiple episodes of
sclerosis relapse (87, 88), and with IBS (15, 16). By contrast, in several studies, it was
negatively associated with IBD. This dysbiosis, which is even more pronounced in a common
complication in IBD, Clostridium difficile infection, is likely to be due to administration of
antibiotics (89, 90). At the species level, D. longicatena is also negatively associated with
Crohn’s disease (91), and positively with remission after surgery (92). Here however, we
showed that the Dorea FOS utilization locus is twice as abundant in the microbiome of
patients suffering from IBD than in that of healthy individuals. It is thus difficult to correlate
this to the results of genera and species abundance in the context of IBD, especially since the
present study and previous ones showed that Gram-positive and -negative PULs are
frequently exchanged between gut bacteria (20, 27), providing the microbiota with metabolic
flexibility and robustness. Taking that into account, it appears more informative to focus on
pathology biomarkers of the microbiome and their specific functions, rather than on bacterial
species whose genomic composition and metabolic abilities are far from being fully

characterized and which are, in addition, variable.

The focus should now be on the function of the PTS characterized here, and links to gut
health. Based on the fact that prebiotics are characterized as stimulating the growth of
beneficial gut bacteria, the effect of FOS dietary supplementation in decreasing Crohn’s
disease activity has been tested (93). Nevertheless, the latest results from a randomized,
double-blind, placebo-controlled trial revealed no significant benefit of FOS supplementation
in patients with active Crohn’s disease, other than an induction of immunoregulatory dendritic
cell responses (94). To date, only a small number of clinical trials have investigated prebiotic
supplementation as treatment for chronic gastrointestinal disorders (including IBD and IBS).
It remains a controversial issue with conflicting results, depending on the type and dose of the
prebiotic used (95). In any case, the biochemical characterization of prebiotic utilization
machineries, such as the FOS-targeting transport system highlighted here both as a biomarker

of diet and pathology, is of strategic importance in formulating the mechanistic bases for
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microbiome functional engineering, such as through the design of future specific probiotic-
prebiotic combinations to maximize host benefits.

Materials and methods
Escherichia coli strains

The metagenomic clone 19 includes contigs 19a (GenBank accession number HE717008.1)
and I19b (GenBank accession number HE717009.1). This E. coli clone comes from a
metagenomic library constructed by sampling the ileum mucosal microbiota of a 51-year-old
male patient undergoing colonoscopy and surgery for suspected lower colon cancer (20). The
metagenomic DNA fragments (30 to 40 kbp) were cloned into the pCC1FOS fosmid and
transformed into the EP1100 E. coli strain (Epicentre Technologies). All the 19a variants were
constructed using the In-Fusion HD Cloning Plus kit (Clontech) following the instructions in
the user manual. For each variant, amplification started 600 bp to 1 kb upstream of the first
gene of the target locus, to involve potential promoter sequences which might be necessary
for gene expression (52). The primers used in this study are listed in Table S1. Mutants were
confirmed by new generation sequencing, performed by the GeT-Biopuces Platform
(Toulouse) using the lon Torrent S5 System. Read assembly was performed using Masurca
(http://www.genome.umd.edu/masurca.html). The assembled contigs were cleaned from the
pCC1FOS vector sequence using Crossmatch

(http://bozeman.mbt.washington.edu/phredphrapconsed.html).

Growth conditions

All the E. coli variants constructed in this study were grown in M9 medium (Na,HPO,4 12H,0,
17.4 g/l; KH,PO,4, 3.03 g/l; NaCl, 0.51 g/l; NH4CI, 2.04 g/l; MgSO,, 0.49 g/l; CaCl,, 4.38
mg/l; Na,EDTA 2H,0, 15 mg/l; ZnSO,4 7H,0, 4.5 mg/l; CoCl, 6H,0, 0.3 mg/l; MnCl, 4H,0,
1 mg/l; H3BO3, 1 mg/l; Na;MoO,4 2H,0, 0.4 mg/l; FeSO4 7H,0, 3 mg/l; CuSO4 5H,0, 0.3
mg/l; thiamine, 0.1 g/I; and leucine, 0.02 g/l) supplemented with 12.5 mg/l chloramphenicol.
The carbohydrates were diluted in M9 medium at 0.5% (w/v). The cultures were inoculated at
an initial optical density at 600 nm (ODggo nm) 0f 0.05 from precultures in LB.

Growth dynamic were analyzed at 37<C on various oligosaccharides and polysaccharides:
FOS (Beghin Meiji; containing 5.3% (wt/wt) sucrose, 40.0% (wt/wt) 1-kestose, 46.0% (wt/wt)
nystose, and 8.7% (wt/wt) fructosyl-nystose, quantified by HPAEC-PAD analysis, as
described further in this section), sucrose (Sigma), 1-kestose (GF,; Wako Chemicals), nystose
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(GF3;; Wako Chemicals), fructofuranosyl-nystose (GF,;; Wako Chemicals), inulotriose
(Megazyme), inulin from dahlia tuber (Sigma) and levan from Erwinia herbicola (Sigma).
The optical density of the cultures was measured at 600 nm using a plate reader (Infinite
M200pro; TECAN).

To evaluate the role of endogenous E. coli PTS genes in the phosphorylation of kestose, E.
coli K-12 BW25113 strain and its derived single-knockout mutants (from the KEIO library)
were employed (68). 19min_PTS/GH32 fosmid was electro-transferred into E. coli K-12
BW25113 single-knockout mutants for the ptsl, ptsH and fruB genes, respectively. Their
growth abilities in M9 medium supplemented with FOS, glucose or fructose, were analyzed.
The wild type KEIO strain transformed with the 19min_PTS/GH32 fosmid and the empty
fosmid pCC1FOS were used as positive and negative controls, respectively. The cultures were
inoculated at an initial optical density at ODgoo of 0.05 from precultures in LB, and cell
growth was monitored by measuring the ODggo Over 48 h at 37 <C using the FLUOStar Optima
(BMG Labtech).

FOS utilization analysis

In order to determine how the different oligosaccharides in the FOS mixture were utilized by
E. coli, HPAEC-PAD was used to measure the concentration of residual carbohydrates in the
culture media filtered at 0.20 m. Supernatants were analyzed on a Dionex ICS-3000 system
using a CarboPac PA100 4>250 column. Carbohydrates were eluted at 30<C, at a flow rate of
1 ml/min with the following multistep gradient: 0-30 min (0-60% B), 30-31 min (60-0% B)
and 31-36 min (0% B). Solvents were 150 mM NaOH (eluent A) and 150 mM NaOH, 500
mM CH3;COONa (eluent B).

Enzymatic assays

FOS hydrolysis assays were performed by using the cytoplasmic fraction of the 19min_GH32
variant and the extracellular fraction. The 19min_GH32 variant was grown overnight at 37<C
in LB supplemented with chloramphenicol 12.5 mg/l. The crude cytoplasmic extracts were
obtained as follows: after centrifugation, cells were concentrated in 50 mM potassium
phosphate buffer pH 7.0 to an optical density at 600 nm (ODgo) of 80, containing 0.5 g/l
lysozyme, and incubated at 37 <C for 1h. Cell lysis was completed with one freeze (at -80<C)
and thaw (at 37<C) cycle. Cell debris were centrifuged at 15,000 g for 30 min, and the

cytoplasmic extracts were filtered with a 0.20 mm Minisart RC4 syringe filter. Enzymatic
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assays were performed at 37 <C with either the cytoplasmic extracts or the culture supernatant
and 0.5% (w/v) FOS, sucrose, 1-kestose, nystose, fructofuranosyl-nystose, inulotriose, inulin
or levan. Sampling was performed at initial time and at 24 h. Reactions were stopped by

heating at 95<C for 5 min. Samples were analyzed by HPAEC-PAD as described above.

Gene expression analysis

Total RNAs were extracted using the RNeasy Mini Kit (Qiagen) from three independent
cultures of the 19 clone in mid-exponential phase in LB. The RNase-Free DNase Set (Qiagen)
was used to remove contaminating DNA. RNAs were quantified using a NanoDrop™
(ThermoFisher Scientific), and the Bioanalyzer RNA kit (Agilent Technologies) was used to
control their quality. Then, 5 pg of total RNA were retrotranscribed using SuperScript™ II
Reverse Transcriptase (ThermoFisher Scientific) and random primers (Invitrogen).
Synthesized cDNA was purified using Illustra™ MicroSpin™ G-25 columns (GE Healthcare).
The primers used for real-time quantitative PCR (QPCR) were designed using the Primer3Plus
web interface with lengths from 18 to 22 bases, a GC content of more than 50%, melting
temperatures between 55 and 65<C and an amplification size from 83 to 148 bases (Table S1).
Prior to RNA expression analysis, primer specificity was checked on the genomic DNA of the
E. coli 19 clone. gPCR was carried out on a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad) and monitored using the CFX Maestro™ software. Data were normalized based on
the expression of the housekeeping gene integration host factor B-subunit (ihfB), which is one
of the commonly used reference gene in E. coli owing to its constant expression throughout
growth (96). Relative expression was calculated as 2, in which ACt was obtained by
subtracting the average cycle threshold values (Ct, corresponding to the number of cycles
required for the fluorescent signal to cross the threshold) of the housekeeping gene from those
of the gene of interest (97). For each of the three biological replicates, four technical
replicates were performed, corresponding to four different DNA dilutions.

Carbohydrate uptake and binding rate quantification

Overnight cultures of the 19min_PTS variant in LB medium supplemented with 12.5 mg/I
chloramphenicol were centrifuged. Cells were kept at 4<C no longer than four hours before
use. For uptake experiments, cell pellets were washed three times in 50 mM Tris-buffered
saline (TBS) pH 7.0 and then resuspended in TBS to reach an ODgg nm Of 40. Sucrose,
fructose, glucose, kestose, nystose, fructofuranosyl-nystose, or inulotriose was added at a final

concentration ranging from 0.5 to 100 mM. All reactions were incubated at 37<C, with
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shaking at 200 rpm. After different incubation times, from 5 min to 5 hours, samples of 0.2 ml
were filtered with a 0.20 mm Minisart RC4 syringe filter. The concentrations of unbound
carbohydrates in the supernatant were determined by HPAEC-PAD as described above. For
binding experiments, cell pellets were re-suspended in TBS, containing 0.5 g/l lysozyme and
incubated at 37<C for 1h. Cell lysis was completed with one freeze (at -80<C) and thaw (at
37<C) cycle. Cell membrane fractions were isolated by centrifugation at 15,000 g for 30 min,
washed three times with 50 mM Tris buffer, pH 7.0 and re-suspended in the same buffer to
reach an ODggo nm Of 40. The later steps were the same as for the uptake experiments. The EPI

clone was used as negative control in all these experiments.

Kestose phosphorylation analysis

One hundred L of an overnight culture of the knocked-out E. coli strains in LB were used to
inoculate 50 ml baffled shake flasks containing 10 ml of M9 medium supplemented with
glucose or kestose as carbon sources. The flasks were incubated for 24 h at 37 <C with orbital
shaking at 220 rpm. Cells were harvested by centrifugation for 10 min at 2,000g at room
temperature, washed with diluted M9 and used to inoculate 50 ml baffled shake flasks at an
ODgoo nm 0f 0.1, containing M9 supplemented with the same carbon source. Cell growth,
performed at 37<C and 220 rpm, was monitored by measuring ODgoo nm With a cell density
meter (Ultrospect 10, Amersham BioSciences). When culture reached the exponential phase,
120 ul of culture medium were withdrawn and vigorously mixed with 1.25 ml of an
acetonitrile/methanol/H,O (4:4:2) solution pre-cooled at -20<C to rapidly quench metabolic
activity and extract metabolites (67). The samples were kept at -20<C for 20 minutes, and then
centrifuged at 10,000 g at 4<C for 10 minutes to remove cell debris. The supernatant was
dried using a SpeedVac (SC110A SpeedVac Plus, ThermoSavant) under vacuum and then
stored at - 80<C until analysis.

The samples were dissolved in 120 pL of mQ water and then analyzed by ion
chromatography (Thermo Scientific Dionex ICS-5000+ system, Dionex) coupled to an LTQ
Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with an electrospray
ionization probe (IC-ESI-HRMS). A revised ion chromatography method was used here (98).
The KOH gradient was modified as follows: 0 min, 0.5 mM; 1 min, 0.5 mM; 9.5 min, 4.1 mM;
12.5 min, 30 mM; 24 min, 50 mM; 36 min, 60 mM; 36.1 min, 90 mM; 43 min, 90 mM; 43.5
min, 0.5 mM; 48 min, 0.5 mM. The gradients were all linear. For background suppression, an

Anionic Electrolytically Regenerated Suppressor (AERS 300-2 mm, Dionex) was used. The
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device was operated at a constant 87 mA electrolysis current, in external water mode with
ultrapure water and regenerant delivered by an external AXP pump at a flow rate of 1 ml/min.
The volume of the injected sample was 35 pl. Mass spectrometry analysis was performed in
the negative FTMS mode at a resolution of 30,000 in full scan mode, with the following
source parameters: capillary temperature, 350<C; source heater temperature, 300<C; sheath
gas flow rate, 50 a.u. (arbitrary unit); auxiliary gas flow rate, 5 a.u; S-Lens RF level, 60%; and
ion spray voltage, 3.5 kV. The data were acquired using the Xcalibur software (Thermo Fisher

Scientific).

Bioinformatic analysis

The LipoP 1.0 server was used to predict lipoprotein and signal peptides
(http://www.cbs.dtu.dk/services/LipoP/) (99). Transmembrane domains were predicted using
the TMHMM Server v.2.0 (http://www.cbs.dtu.dk/servicessTMHMM/) (100). Protein
function was predicted by analyzing conserved domains in the NCBI's Conserved Domain
Database (101). Sequence similarity network (SSN) were generated via the Enzyme
Similarity Tool (EFI-EST, https://efi.igb.illinois.edu/efi-est/) (102) by inputting 125 amino-
acid sequences of EIIC proteins extracted from the Transporter Classification Database
(TCDB, http://www.tcdb.org/) (103), the literature (37, 45, 104) and present study. The SSNs
were generated with edge values (E-values) of 10°t010% and the alignment scores were
further refined after the sequence networks were visualized in Cytoscape 3.6.1 (105). An E-
value threshold of 10 corresponding to 21.3% sequence identity was finally used to visualize
the network.

Sequences of the 19a ORFs were searched by BLASTP analysis (E-value = 0, identity > 90%,
no coverage threshold) against the translated catalogue of 9.9 million reference genes
constructed from the fecal metagenome of 1,267 subjects from USA, China, and Europe (46,
106). The microbial gene richness in the human gut microbiome was determined using the
abundance and frequency matrix in the 1,267 subjects

(http://meta.genomics.cn/meta/dataTools).

Data availability

The nucleotide sequence of the 19 metagenomic DNA is available in the GenBank database
under accession numbers HE717008.1 for contig 19a and HE717009.1 for contig 19b.
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Supplemental material

Table S1. List of primers used in this study.

Name

Sequence 5°—>3’

19 variant construction
Pcclfos f

Pcclfos r

19min_F

19min_R
19min_PTS/GH32_R
19min_ABC/GH32_F
19min_ABC/GH32_R
19min_GH32_R
19min_PTS_F

Gene expression analysis
19a_gh32_f
19a_gh32_r
19a_pts_EIIBCA_f
19a_pts_EIIBCA _r
19a_abc_tmd/nbd 1 f
19a_abc_tmd/nbd_1 r
19a_abc_tmd/nbd_2_f
19a_abc_tmd/nbd 2 r
ihfB_f

ihfB_r

GTGGGATCCTCTAGAGTCGACC

GTGGGATCCCCGGGTACCGAGC
ACCCGGGGATCCCACGCATCACAGGCGGACTTGCCAGAG
TCTAGAGGATCCCACACCTCTCGGATCGTCGCAGACACA
TCTAGAGGATCCCACCAGAATCCATCAGCCGGATCACGG
GTGCATATAAACCTCCCATGGAATTAATCTTTGGTACAACCACCCCGATC
CATGGGAGGTTTATATGCACCAACCGTAG
TCTAGAGGATCCCACCATGGGAGGTTTATATGCACCAACCGTAG

ACCCGGGGATCCCACACCGCCTTCTGCATTAAACGGCG

ATCCCTCTCCTGCCAGCATA
ACGGCAAGATCTGTCAACGT
TACGATGGCCGGAATGATCG
TCGACATCGCAGGTATCACG
GCATGTCTGGATACCTCCCG
CAGGATGCGGTAAGACGACA
TCAGTGTGTCTGTTCCGAGC
GACCAGTGTCAGACAGGCAA
GCCAAGACGGTTGAAGATGC

CAAAGAGAAACTGCCGAAACC
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Table S2. Ability of intracellular extracts of 19min_GH32 cells to hydrolyze various FOS

and pB-fructans.

Initial concentration Substrate consumption

Substrate
mg/ml MM after 24 h (%)
Sucrose 5 14.6 99.4
Kestose 5 9.9 100
Nystose 5 7.5 100
Fructosyl-nystose 5 6.0 92.2
Inulotriose 5 9.9 100
Inulin 5 - 0
Levan 5 - 0
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Figure S1. Relative expression level of genes conferring the FOS metabolization
phenotype to the 19 clone, vs that of the endogenous E. coli housekeeping gene (ihfB).

The data represent four technical replicates from three biological replicates.
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Third article

As described in the first chapter of the “Results section”, two FOS metabolization pathways
were identified, in the metagenomic clones F1 and 19, both issued from uncultured Firmicutes
of the Clostridiales order. The FOS utilization locus has been characterized in the clone 19,
revealing that the oligosaccharides were firstly transported and phosphorylated by the 19 PTS
into the cell, and then hydrolyzed by the cytoplasmic GH32 enzyme. The clone F1 also
harbors a PTS transporter, but lacking the EIIA domain compared with the 19 PTS. It was thus
hereafter named F1 PTS_EIIBC. In addition, the F1 locus contains a fructokinase encoding
gene, but not the 19 one. Thus, we wondered i) if the F1 fructokinase would be involved in the
utilization of FOS by the F1 clone, and ii) how could a PTS lacking the EIIA domain function
in Escherichia coli. In this chapter, | present the work that | performed to address these
questions. As explained below, further experiments will be required to confirm some of my
hypotheses and to publish this article. | carried out all the experiments described hereafter,
including the mass spectrometry analyses, which | performed thanks to the help of Pietro

Tedesco and Fabien Léisse. They also provided the E. coli knockout mutants.
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Characterization of a fructooligosaccharide transporter

from an uncultured human gut Clostridiales

Abstract

Fructooligosaccharides (FOS) are increasingly being used as prebiotics in the human
alimentation, to selectively stimulate the growth of beneficial human gut bacteria, such as
Bifidobacteria and Lactobacilli. However, other bacteria, including non-beneficial species
and uncultured ones from the Clostridiales order, can utilize FOS thanks to a
phosphotransferase system to uptake them. Here, we describe the characterization of a FOS
utilization locus belonging to an uncultured Clostridiales species, which involves a
fructokinase and an original phosphotransferase system (PTS) lacking the carbohydrate-
specific EIIA domain. Thanks to a genetic engineering approach combined with growth
dynamic analyses of an Escherichia coli fosmid clone containing the Clostridiales locus, we
demonstrated that the F1 PTS is critical for the uptake of FOS. By ion chromatography
coupled with electrospray ion ionization high-resolution mass spectrometry (IC-ESI-HRMS),
we proved that the F1 PTS expressed in E. coli is able to internalize kestose with its
concomitant phosphorylation. The deletion of the genes encoding different E. coli PTS
components showed that the missing components of the F1 PTS can be replaced by those of E.

coli, highlighting the promiscuity of the carbohydrate PTS components El, HPr and EIIA.

Introduction

The human gastrointestinal tract contains a highly diverse and dynamic microbial community
that exerts a profound impact on human health (Nayfach et al., 2019; Son et al., 2007; Valdes
et al., 2018). The human gut microbiota indeed plays essential roles in the health and well-
being of the host, since a disturbance or unbalance of the human gut microbiota is linked with
obesity, inflammatory bowel diseases, liver diseases, colitis-associated cancers and so on
(Chung et al., 2018; Gomes et al., 2018; Lavelle and Sokol, 2018; Marchesi et al., 2016). The
molecular dialogue of the human gut microbiota with the host is typically communicated
through the microbial metabolites including short-chain fatty acids (SCFAs), ammonia,
phenols, certain amines and hydrogen sulfide (Marchesi et al., 2016). Notably, SCFAs are
generated from dietary fiber fermentation by gut bacteria (Makki et al., 2018). Thus, dietary
strategies, such as prebiotics, have been developed to modulate the metabolic activity and the
composition of the human gut microbiota (DeMartino and Cockburn, 2020; Makki et al., 2018;
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Wan et al., 2019). However, only few of the metabolic pathways involved in dietary fiber
fermentation have been biochemically characterized, especially those of the yet uncultured
species, which however represent the vast majority of the human gut ecosystem.

To efficiently capture and metabolize specific carbohydrates, bacteria have evolved different
types of carbohydrate transport systems, including members of ATP-binding cassette (ABC),
major facilitator superfamily (MFS), phosphotransferase system (PTS) and SusCD
transporters (Saier, 2000; Terrapon et al., 2018). PTSs, which are one of the most ubiquitous
transporters in bacteria, can transport a broad spectrum of monosaccharides, disaccharides,
glycosides, and polyols. The PTS is a multiple component carbohydrate transport and
phosphorylation system composed of two cytoplasmic phosphotransferases, Enzyme | (EI)
and Histidine-containing phosphocarrier protein (HPr), which are common in most systems,
and one carbohydrate-specific multiproteic Enzymes Il complex (EIl) consisting of two
phosphotransferase domains (EIIA and EIIB), one integral membrane domain (EIIC) and
sometimes an additional integral membrane domain EIID. These Ell domains are often fused
to each other, forming multifunctional polypeptides made up of two or more domains
depending on bacterial species (Deutscher et al., 2006; Siebold et al., 2001). For the PTS
transporters targeting carbohydrates, the phosphoryl group from phosphoenolpyruvate (PEP)
is successively transferred from the EI to the HPr, then to the domains A and B of the Enzyme
Il (EIN) and finally, to the carbohydrate bound to the EIIC domain (and sometimes EIID),
which is responsible for selectively transporting carbohydrates across the inner bacterial
membrane (McCoy et al., 2015).

Fructooligosaccharides (FOS) are oligosaccharides containing one or more B(2—1) fructosyl
units linked to sucrose. Mixtures of kestose (GF2), nystose (GF3) and fructosyl-nystose (GF4)
have been ones of the firstly recognized prebiotics (Gibson et al., 2017). FOS are naturally
present in a variety of plants such as wheat, barley, rye, onions, garlic, asparagus, Jerusalem
artichoke and banana (Bornet and Brouns, 2002; Sangeetha et al., 2005). It has been reported
that FOS can be selectively fermented by the human gut microbiota, including beneficial
bacteria, such as Bifidobacteria and Lactobacilli, but also by commensal strains from various
Clostridiales and Enterobacterales, including Escherichia coli strains isolated from humans
with extraintestinal syndromes (meningitis or septicemia) (Goh and Klaenhammer, 2015; Mao
et al., 2015; Schouler et al., 2009). However, the transporters specific for the uptake of FOS
have been characterized only in a limited number of members of the gut microbiota. To date,
FOS have been proved to be transported by PTS or ABC in the human gut Lactobacillales
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including Lactobacillus acidophilus NCFM (Barrangou et al., 2003), L. plantarum ST-Il1I
(Chen et al., 2015) and Streptococcus pneumoniae TIGR4 (Linke et al., 2013), or by MFS in
the gut pathogenic Escherichia coli BEN2908 (Schouler et al., 2009).

In addition, thanks to functional metagenomics, we recently discovered two FOS
metabolization pathways issued from uncultured Clostridiales of the human fecal and ileal
microbiota (Cecchini et al., 2013; Wang et al., 2020). One of them, identified in the
metagenomic clone 19, is also present in Dorea longicatena DSM 13814. It involves a kestose
specific PTS, consisting of the EIIA, EIIB and EIIC domains linked in one polypeptidic chain,
that we deeply characterized by recombinant production in E. coli (Wang et al., 2020). The
other one, from clone F1, differs from the 19 one because its PTS lacks a carbohydrate-

specific EIIA domain.

Here, we biochemically characterized this original FOS PTS transporter, by using a genetic
engineering approach combined with the study of the growth dynamic and FOS uptake ability
of various E. coli knock-out mutants, transformed with the Clostridiales FOS utilization locus.

Results

Organization and genetic features of the FOS utilization locus from the

clone F1

Previously, an activity-based screening of the human fecal metagenome led to the
identification of a fosmid E. coli clone (clone F1) producing intracellular fructosidase activity
responsible for the hydrolysis of a mixture of FOS, containing sucrose (GF), 1-kestose (GF),
nystose (GFs), and 1 -fructofuranosyl-nystose (GF.) (Cecchini et al., 2013). The F1
metagenomic sequence sizes 33,125 bp. Among its 23 genes, one FOS utilization locus was
identified. It includes genes annotated as encoding a transcriptional regulator of the Lacl
family, a PTS component, a glycoside hydrolase belonging to the family GH32 of the
carbohydrate-active enzymes (CAZy) classification, and a fructokinase (Figure 1). The
absence of signal peptide implies that the GH32 enzyme and the fructokinase have a
cytoplasmic location in the native organism. The RPS-BLAST analysis against the NCBI’s
Conserved Domain Database (CDD) indicated that the F1 PTS is a single multi-domain
protein including the EIIB and EIIC domains, but lacking the EIIA domain of canonical PTS
targeting carbohydrates (Morabbi Heravi and Altenbuchner, 2018; Tchieu et al., 2001; Wang
et al., 2020). The F1 PTS was thus renamed F1 PTS_EIIBC. As the 19 FOS utilization locus,
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the genes encoding the EI and HPr are missing in the F1 clone, suggesting that the E. coli EI
and HPr could complement the F1 PTS_EIIBC to ensure its functionality in this recombinant
host. The EIIC domain is membrane spanning, with ten predicted transmembrane helixes,
suggesting that the EIIC domain could bind extracellular substrates. By comparison with the
19 FOS utilization locus, F1 Lacl, GH32 and PTS_EIIBC share 37.8%, 47.7% and 72.4%
amino acid sequence similarity with the 19 Lacl, GH32 and EIIBC parts of the PTS,
respectively (Figure 1). There is no other transporter sequence detected in clone F1, contrary
to clone 19 which harbors an ABC transporter targeting sucrose (Wang et al., 2020). To
further compare the F1 PTS with the other known carbohydrate PTSs, we constructed a
sequence similarity network (SSN) with the EIIC domains from 126 PTSs, retrieved from the
Transporter Classification database (TCDB, http://www.tcdb.org/), from the literature (Wang
et al., 2020), and from the present study. In the SSN, the F1 PTS sequence clusters with the 19
EIIC domain, and with the members of the Glc family of the TCDB (Figure 2a), of which we
recently revisited the functional diversity (Wang 2020). Besides, the 11B domain of the F1
PTS contains a particular cysteine residue conserved in the 11B domain of Glc PTS (Figure
2b). This residue can be phosphorylated by direct phosphoryl transfer from the IIA of the
glucose PTS or one of its homologs (Eberstadt et al., 1996) suggesting the ability of the F1
1B domain to be part of the phosphorylation cascade. The F1 sequence also contains a
putative fructokinase encoding gene, which is absent in 19.

From a taxonomical point of view, the F1 nucleic acid sequence was assigned only to the
order level, Clostridiales, as the sequence comes from a yet uncultured bacterium for which
no genome was represented in the reference databases (Cecchini et al., 2013). F1 shows a
microsynteny with other Clostridiales within the FOS locus, from the Lacl to the fructokinase
encoding genes (Figure 1). This locus is conserved in Subdoligranulum  and
Faecalibacterium species, which are abundant in the human (Visconti et al., 2019) and
porcine (Lund et al., 2010) colon. Recently, the number of F. prausnitzii bacteria in the
intestine of infants and adults was found to be increased by kestose consumption (Tochio et
al., 2018) and the Subdoligranulum variabile-like bacteria were also abundant in the fecal
bacteria of piglets inoculated with human fecal flora and supplemented with FOS (Shen et al.,
2010). However, the molecular basis of FOS metabolization has never been studied in either

of these species.
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represent respectively the transmembrane and nucleotide binding domains of the ABC

transporter.
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Figure 2. (a) Classification of the F1 PTS based on the sequence similarity network (SSN) of
PTS-EIIC domains from 126 proteins, retrieved from the Transporter Classification database,

from the literature, and from the present study, constructed with an initial score of 10-°. The
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nodes are connected by an edge if the pairwise sequence identity is >21.3%. Unfilled nodes
indicate sequences for which the functions were inferred by transcriptomics, while filled ones
correspond to the functions validated biochemically or by gene deletion. (b) Multiple
sequence alignment of the EIIB domains of the EIIB domains of the F1 and 19 PTSs, and their
homologous belonging to the Glc, Fru and Lacl families of the TCDB. The most conserved
amino acids are indicated with colors. The conserved phosphorylation site (Cys residue) of

EIIB is indicated by red asterisks above the alignment.

The F1 FOS locus is required for FOS utilization by E. coli

To prove the involvement of each gene of the F1 metagenomic locus in the uptake of FOS by
E. coli, different truncated variants of the metagenomic DNA insert were generated (Figure
3a). As negative control, the E. coli host transformed with the empty fosmid pCC1FOS was

used and hereafter named EPI.

Previously, the cytoplasmic cell extracts of clone F1 were tested on a mixture of FOS
(including GF2 to GF4, with traces of sucrose) and inulin (GF,, with B-1,2-linked fructosyl
units). After 24h of incubation, a complete hydrolysis of sucrose and FOS, and the release of
shorter oligosaccharides and fructose from inulin were observed (Cecchini et al., 2013), while
the E. coli EPI100 host strain was not able to hydrolyze FOS (Wang et al., 2020). Overall,

these results suggest that the GH32 was responsible for the fructosidase activity of clone F1.

The uptake specificity of the F1 PTS_EIIBC was investigated by testing the ability of
truncated variants to use FOS as sole carbon source (Figure 3b). First, a reduced F1
consisting only of the genes encoding from the Lacl to the fructokinase (F1min) was
constructed. F1min grew more efficiently than clone F1 on FOS, demonstrating that the
reduced locus was responsible for the growth on FOS. Interestingly, the clone missing the
Lacl and the fructokinase (F1min_PTS/GH32) showed a similar growth curve to Fimin,
indicating that the Lacl and the fructokinase have no crucial role in the FOS locus in E. coli.
The slight difference observed between F1 and both variants, F1min and F1min_PTS/GH32,
might result from the higher number of recombinant proteins that could to be produced by F1,
which slowed down its growth compared to its variants. On the other hand, both variants
harboring only the enzymes (F1min_GH32/FK and F1min_GH32) were not able to grow on

FOS, confirming that the E. coli host strain does not possess a FOS transport system.
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Figure 3. Functional analysis of the F1 FOS utilization locus.
(a) Gene organization in the F1 variants. (b) Growth curves of clone F1, its variants and the
control clone EPI on a FOS mixture. The symbols indicate the sampling time points. The data

represent the average of biological triplicates.

To characterize the transport specificity of the F1 PTS_EIIBC, the percentage of consumption
of each component of the FOS mixture was determined by HPAEC-PAD analysis after 48h of
growth of clone F1 on FOS (Table S1). Clone F1 consumed sucrose and kestose but did not
use nystose or 1 -fructofuranosyl-nystose. The growth of F1 was also tested on inulin, levan
(GF,, with B-2,6-linked fructosyl units) and inulotriose (Fs, with B-1,2-linked fructosyl units).
No growth was observed with any of these carbohydrates (data not shown), while previously,
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we showed that the F1 GH32 is able to hydrolyze the chains of B-1,2-linked fructosyl units of
inulin with a degree of polymerization higher than 10 (Cecchini et al., 2013). These results
demonstrate that the PTS_EIIBC is specific for sucrose and kestose.

The functionality of the F1 PTS transporter in E. coli requires

complementation by the components of the E. coli glucose or fructose PTSs

In order to confirm that the F1 PTS_EIIBC was able to couple transmembrane transport of its
substrate to its concomitant phosphorylation, we analyzed the intracellular metabolites of
clone F1 grown on kestose by ion chromatography coupled with electrospray ion ionization
high-resolution mass spectrometry (IC-ESI-HRMS) (Millard et al., 2014), after quenching the
metabolism (Figure 4a). Clone F1 and EPI grown on glucose was used as negative control.
For all strains, we searched for an m/z value of 583.1270, which corresponds to the
theoretically expected value in negative mode for the phosphorylated kestose. Using the
eXtracted lon Chromatogram (XIC), three main peaks with retention time between 14.5-19.6
min were observed only for the clone F1 grown on kestose, indicating the presence of three

main forms of phosphorylated kestose.

As described in the introduction part, phosphorylation requires a multiproteic machinery to
transfer the phosphoryl group from intracellular PEP to the carbohydrate bound to the EIIC
domain of the PTS (Deutscher et al., 2014). Here, we demonstrated that the F1 PTS_EIIBC is
responsible for kestose internalization and phosphorylation by E. coli, even if the
metagenomic F1 locus lacks the EI and HPr components of the PTS. Nevertheless, if
produced by F1, we cannot exclude that the fructokinase may phosphorylate kestose once
internalized by the F1 PTS_EIIC. However, this is improbable, since the growth rate is
identical for the F1min (including the fructokinase encoding gene) and the F1min_PTS/GH32
(without the fructoskinase).

To investigate how the F1 PTS_EIIC could be functional without the EI, HPr and EIIA
components, we transformed the E. coli K-12 BW25113 (KEIO collection strains) single-
knockout mutants for glucose and fructose-specific PTS genes with the fosmid
Fimin_PTS/GH32. These mutants were grown on a mixture of FOS. The deletion of the ptsl
(encoding for El) completely abolish the growth on FOS (Figure 4b), confirming that the E.
coli El enzyme, which is involved in the first step of phosphorylation from PEP, is required to

ensure F1 PTS functionality. The ptsH encodes the cytoplasmic HPr of the glucose PTS
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transporter and the fruB encodes the HPr-like protein FPr of the fructose PTS transporter. As
these proteins are not substrate specific, a single deletion of one of them could not abolish the
growth (Figure 4b), because the remaining one could still transfer the phosphate group from
El to the carbohydrate-specific EIIA. Here, the variant deficient in the EIIA domain of the
glucose PTS (encoded by gene crr) displayed a reduced growth compared with that of the
wild type strain transformed with the F1min_PTS/GH32 (Figure 4b). This indicates that the
EIIA domain of the E. coli glucose PTS contributes to compensate the lack of EIIA domain in
the F1 PTS, to transfer the phosphate group from the HPr or FPr proteins to the F1 EIIB. The
fact that the crr knockout mutant is still able to grow on FOS indicates that the EIIA domain
of other E. coli PTSs may also be involved in complementation of the F1 PTS. All in all,
these results, which are in agreement with the results obtained previously for the clone 19,
indicate that the F1 PTS_EIIBC requires the E. coli PTS components including EI, HPr and
EIIA proteins from different PTS systems that could be alternatively used for efficient

substrate uptake.
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Figure 4. Functionality of the F1 PTS transporter in E. coli.

(a) Extracted lon Chromatogram (XIC) from negative ionization mode analysis at m/z
583.1270, corresponding to the exact mass of the [M-H] ion of phosphorylated kestose
(calculated from the molecular formula C1gH33019P) F1 clone grown on kestose and F1 clone
grown on glucose. (b) Growth curves on FOS of E. coli K-12 1036 BW25113 (KEIO) single-
knockout mutants for PTS genes (ptsl, ptsH, FruB and crr) transformed with fosmid F1min_
PTS/GH32. The KEIO wild-type strain transformed with the empty fosmid pCC1FOS
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(pCC1FOS_KEIO) was used as negative control. These data represent the mean of three

biological replicates.

Discussion

In this study, we characterized an original FOS utilization locus from a human gut uncultured
Clostridiales by heterologous expression in E. coli. FOS, a natural component in some edible
plants and a common prebiotic, has been demonstrated to be fermented mainly by
Bifidobacteria and Lactobacilli in the human gut (Goh and Klaenhammer, 2015). To date,
two mechanisms of FOS utilization have been described for human gut bacteria: (i) the
oligosaccharide is internalized and then hydrolyzed in the cytoplasm, such as in Lactobacillus
plantarum WCFS1 (Saulnier et al., 2007), Lactobacillus acidophil NCFM (Barrangou et al.,
2003), and Dorea longicatena DSM 13814 (Wang et al., 2020); or (ii) the oligosaccharide is
firstly hydrolyzed by cell surface-associated enzymes to monosaccharides, which are then
internalized and metabolized, as in Lactobacillus paracasei W20 and 1195 (Boger et al., 2018;
Yong et al., 2007). With this second mechanism, the release of monosaccharides may result in
a cross-feeding among gut bacteria (Boger et al., 2018). Here, we showed that the reduced F1
locus harboring two genes encoding a cytoplasmic GH32 and a short PTS transporter is
enough to confer E. coli the ability to use FOS. The F1 FOS utilization mechanism involves a
specific PTS transporter capable to uptake kestose which then will be degraded intracellularly,
maximizing the utilization of FOS compared with the mechanism involving extracellular

hydrolysis.

Besides, the F1 locus exhibits high conservation in the prominent gut strains
Faecalibacterium and Subdoligranulum spp. Several isolates from these species revealed their
ability to produce short-chain fatty acids such as butyric acid and formic acid (Bjerrum et al.,
2006; Rps-Covian et al., 2016), which may have an important function in both growth
performance and protection against pathogens (Holscher, 2017). Thus, the identification of
the F1 FOS utilization pathway may facilitate the profiling of the metabolic properties of
these beneficial species. It also highlights the potential of these strains for the design of FOS
containing symbiotics. Nevertheless, the involvement of the FOS utilization locus in the
ability of these strains to compete with other FOS utilization bacteria in the gut remains to be
demonstrated. Moreover, similarity in gene organization between the F1 locus and other
species indicates that horizontal gene transfer probably led to the dispersion of the FOS

utilization ability among gut bacteria. Indeed, in the human gut, bacteria would greatly benefit
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from acquisition of such gene clusters involved in transport and catabolism of fibers,
especially if they confer a competitive edge toward successful colonization (Sun, 2018), in
case of long-term dietary supplementation with a particular type of fibers.

Previously, the PTS_EIIBCA transporter in clone 19 has been characterized to transport and
phosphorylate kestose in E. coli with the complementation of E. coli HPr and EI like
components. The EI and HPr are PTS components which are common to all PTS transporters,
regardless of their targeted substrate. For example, the cellobiose PTS_EII complex from the
Bacillus coagulans NLO1 Gram-positive bacterium has been reported to be complemented by
the E. coli EI and HPr PTS components (Zheng et al., 2018). Similarly, we demonstrated in a
recent study that the 19 PTS transporter, which is identical to that of Dorea longicatena DSM
13814, requires the complementation of the E. coli HPr and EI proteins to be functional in this
recombinant host (Wang et al., 2020). We observed the same phenomena with the F1 PTS. In
addition, we showed here that the lack of the EIIA domain in this original PTS could be
compensated by the EIIA domain of the E. coli glucose PTS. Similar complementations
between EIIA domains have previously been described in E. coli and B. subtilis, which also
have PTSs lacking the EIIA. Complementation always happened between EIIA components
from the Glc TCDB family, and from the same strain (Morabbi Heravi and Altenbuchner,
2018; Tchieu et al., 2001). Complementation of PTS lacking an EIIA domain from a Gram-
negative strain by the EIIA domain the E. coli Glc PTS has already been described too (Pikis
et al., 2006). Phylogenetic analysis within the F1 PTS in SSN also revealed that the F1 PTS
_ENBC belongs to the Glc family. This is also in agreement with the conservation of the
cysteine residue in the F1 PTS EIIB domain, which indicates that the F1 PTS_EIIB domain
can be phosphorylated by direct phosphoryl transfer from 1A of glucose PTS or one of its
homologues. The results of our study highlight the promiscuity of the EIl domains of PTS
even inter Gram- positive and negative species. In the native strain of which the F1 FOS
utilization locus originates, kestose uptake would thus rely on the EIIA domain of another
PTS system which would be concomitantly expressed. This hypothesis will have to be tested
by transcriptomic analysis of Subdoligranulum sp. APC924/74 grown on FOS, which is the
sequenced strain which contains a locus sharing more than 99 % sequence identity with the F1
FOS utilization locus. In addition, the role played by the fructokinase will have to be
investigated to fully understand the mechanism of FOS internalization by the Clostridiales
species equipped with homologs of the F1 FOS utilization locus.
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In conclusion, we functionally characterized the role of the GH32 enzyme and of the original
PTS encoded by a FOS utilization locus from a human gut uncultured bacteria, which is
highly similar to that of prominent gut species of which the FOS utilization ability has, to our
knowledge, not hitherto been reported. Furthermore, in this study we used an approach based
on the use of knockout mutants of the E. coli host to study the functionality of transporters
issued from uncultured bacteria. This approach allowed us to demonstrate the cooperation
between three different components of PTS with various specificities and from different
bacterial species, highlighting the promiscuity of carbohydrate PTS transporters.

Materials and methods
Cloning

The metagenomic clone F1 (Genbank accession number HE663537) comes from a
metagenomic library issued from a human fecal sample of a healthy 30-year-old male, as
previously described (Cecchini et al., 2013). In this library, the metagenomic DNA fragments
(33,125 bp) were cloned into the pCC1FOS fosmid and transformed in EP1100 E. coli cells
(Epicentre Technologies). The minimal variants of clone F1 were constructed using the In-
Fusion HD Plus cloning kit (Clontech) following the instructions in the user manual.
Amplification was started 600 bp to 1 kb upstream of the first gene of the target locus, to
involve potential promoter sequences which might be necessary for gene expression. The
primers used in this study are listed in Table S2. Mutants were confirmed by new generation
sequencing, performed by the GeT-Biopuces Platform (Toulouse) using the lon Torrent S5
System. Read assembly was performed using Masurca
(http://www.genome.umd.edu/masurca.html). The assembled contigs were cleaned from the
pCC1FOS vector sequence using Crossmatch

(http://bozeman.mbt.washington.edu/phredphrapconsed.html).

Growth conditions

For growth experiment, clone F1 and its variants were firstly pre-cultured in LB medium
supplemented with 12.5 mg/l chloramphenicol. Then, cells were grown in M9 medium
supplemented with 12.5 mg/l chloramphenicol with an initial optical density at 600 nm
(ODgoo nm) of 0.05, obtained by inoculating the culture with the appropriate volume of the
overnight preculture in the LB medium. The M9 medium contains Na,HPO, 12H,0 17.4 g/I,
KH,PO, 3.03 g/l, NaCl 0.51 g/l, NH,CI 2.04 g/l, MgSO,4 0.49 g/l, CaCl, 4.38 mg/l,
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Na,EDTA 2H,0 15 mg/l, ZnSO, 7H,0 4.5 mg/l, CoCl;, 6H,0 0.3 mg/l, MnCl, 4H,0 1 mg/I,
HsBO3; 1 mg/l, Na,MoO,2H,0 0.4 mg/l, FeSO, 7H,O 3 mg/l, CuSO45H,0 0.3 mgll,
thiamine 0.1 g/l and leucine 0.02 g/. Solutions of FOS (Beghin Meiji), 1-kestose (GF,, Wako
Chemicals), inulotriose (Megazyme), inulin from dahlia tuber (Sigma) or levan from Erwinia
herbicola (Sigma) were added in the M9 medium as sole carbon source, at a final
concentration of 0.5% (w/v) , after sterilization by filtration at 0.2 pm (Sartorius). The
growth was followed by measuring the ODggo nm OVer 48 h at 37<C using a FLUOStar Optima
plate reader (BMG Labtech).

FOS uptake analysis

To assay the uptake of the different oligosaccharides in the FOS mixture by the clone F1, we
analyzed the concentration of residual carbohydrates in the culture media when cells were
growing in M9 medium supplemented with XOS at 37<C. Growth was monitored at regular
point time, meanwhile samples were collected and centrifuged. The supernatants were filtered
at 0.20 pm and analyzed by HPAEC-PAD on a Dionex 1CS-3000 system using a CarboPac
PA100 4>250 column. Carbohydrates were eluted at 30 <C, at a flow rate of 1 ml/min with the
following multistep gradient: 0-30 min (0-60% B), 30-31 min (60-0% B) and 31-36 min (0%
B). Solvents were 150 mM NaOH (eluent A) and 150 mM NaOH, 500 mM CH3;COONa
(eluent B).

Kestose phosphorylation analysis

The presence of intracellular phosphorylated kestose in clone F1 cells grown on kestose was
examined by ion chromatography coupled with electrospray ion ionization high-resolution
mass spectrometry (IC-ESI-HRMS) as previously described (Millard et al., 2014; Wang et al.,
2020)(Millard et al., 2014; Wang et al., 2020). Briefly, 100 pL of an overnight preculture of
the E. coli clone F1 in LB were used to inoculate 50 ml baffled shake flasks containing 10 ml
of M9 medium supplemented with glucose or kestose as carbon sources. The flasks were
incubated for 24 h at 37<C. Cells, washed with diluted M9, were used to inoculate 50 ml
baffled shake flasks at an ODggonm Of 0.1, containing M9 supplemented with the same carbon
source. Cell growth was monitored regularly at 37<C with orbital shaking at 220 rpm by
measuring ODgoo nm With a cell density meter (Ultrospect 10, Amersham BioSciences). When
culture reached the middle of the lag phase, 120 pl of culture medium were withdrawn and
vigorously mixed with 1.25 ml of an acetonitrile/methanol/H,O (4:4:2) solution pre-cooled at

-20<C to rapidly quench metabolic activity and extract metabolites (Millard et al., 2014). The
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samples were kept at -20<C for 20 minutes, and then centrifuged at 10,000 g at 4<C for 10
minutes to remove cell debris. The supernatant was dried using a SpeedVac (SC110A
SpeedVac Plus, ThermoSavant) under vacuum and then stored at - 80<C until analysis. The
samples were dissolved in 120 bl of mQ water and then analyzed by ion chromatography
(Thermo Scientific Dionex ICS-5000+ system, Dionex) coupled to an LTQ Orbitrap mass
spectrometer (Thermo Fisher Scientific) equipped with an electrospray ionization probe (IC-
ESI-HRMS). A revised ion chromatography method was used here (Kiefer et al., 2007). The
KOH gradient was modified as follows: 0 min, 0.5 mM; 1 min, 0.5 mM; 9.5 min, 4.1 mM;
14.6 min, 4.1 mM; 24 min, 9.65 mM; 36 min, 60 mM; 36.1 min, 90 mM; 43 min, 90 mM;
43.5 min, 0.5 mM; 48 min, 0.5 mM. The gradients were all linear. For background
suppression, an Anionic Electrolytically Regenerated Suppressor (AERS 300-2 mm, Dionex)
was used. The device was operated at a constant 87 mA electrolysis current, in external water
mode with ultrapure water and regenerant delivered by an external AXP pump at a flow rate
of 1 ml/min. The volume of the injected sample was 35 pl. Mass spectrometry analysis was
performed in the negative FTMS mode at a resolution of 30,000 in full scan mode, with the
following source parameters: capillary temperature, 350 <C; source heater temperature, 300 C;
sheath gas flow rate, 50 a.u. (arbitrary unit); auxiliary gas flow rate, 5 a.u; S-Lens RF level,
60%; and ion spray voltage, 3.5 kV. The data were acquired using the Xcalibur software
(Thermo Fisher Scientific).

Bioinformatic analyses

The conserved domains of the protein were identified by using RPS-BLAST against the
NCBI’s Conserved Domain Database (CDD) (Marchler-Bauer et al., 2017). Transmembrane
helices in the F1 PTS protein were predicted with the TMHMM Server v.2.0 (Krogh et al.,
2001). The presence and location of lipoprotein and other signal peptide cleavage sites were
predicted by the LipoP v1.0 server (Juncker and Willenbrock, 2003).

Conservation of the FOS locus in sequenced genomes was analyzed by BLAST comparison
of the amino acid sequence of the genes encoding the F1 PTS, GH32, Lacl, and fructokinase
proteins with the non-redundant protein sequences in NCBI database (Boratyn et al., 2013).
Sequence similarity networks (SSNs) were generated similarly as previously described (Wang
et al., 2020).
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Supplemental information

Table S1. Analysis of the consumption of the carbohydrates by HPAEC-PAD by clone

F1 grown for 48 hours in M9 supplemented with FOS as sole carbon source.

Components of Initial concentration ~ Percentage of consumption
FOS mixture (mM) after 48 h
Sucrose 0.77 100
Kestose 3.96 15.2
Nystose 3.45 0

1" -fructofuranosyl-
0.52 0
nystose
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Table S2. List of primers used for the construction of clone F1 variants.

Name Sequence 5°—3’°
pCC1FOS_F GTGGGATCCTCTAGAGTCGACC
pCC1FOS_R GTGGGATCCCCGGGTACCGAGC

Flmin_Lacl/PTS/GH32/FK_F

Flmin_Lacl/PTS/GH32/FK_R

19min_ PTS/GH32 _F

19min_PTS/GH32 R

19min_ GH32/FK _F

19min_GH32/FK _R

19min_GH32_F

19min_GH32_R

ACCCGGGGATCCCACTTGGCTTTGGGCACACTGTAAAAG

TCTAGAGGATCCCACGCAGCCAGTTCATCAATGATCTTG

ACCCGGGGATCCCACAACTACCAGCTGCTGCTGATCAAC

TCTAGAGGATCCCACGCAGCCAGTTCATCAATGATCTTG

ACCCGGGGATCCCACTCAAGACGCTGGGCGATATCTTTG

TCTAGAGGATCCCACGCAGCCAGTTCATCAATGATCTTG

ACCCGGGGATCCCACTCAAGACGCTGGGCGATATCTTTG

TCTAGAGGATCCCACGCAGCCAGTTCATCAATGATCTTG
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Fourth article

Previously, a metagenomic clone (F5) containing a PUL specific for xylooligosaccharides
(XOS) issued from an uncultured gut Bacteroides strain, was identified and characterized in
the team (Cecchini et al., 2013; Tauzin et al., 2016). This locus encodes a SusCD and a MFS
transport system, dedicated to XOS uptake up to a degree of polymerization 3 and 4,
respectively. The deletion of the MFS transporter and SusD protein from the clone F5 (variant
F5min_SusASusD) abolished the growth ability of the recombinant Escherichia coli cells on
XOS, which shows that the presence of SusD is essential for the functionality of the SusC
transporter and for the uptake of XOS. In other characterized PULSs, the physical presence of
the SusD protein was also found to be essential for strain growth on the polysaccharides
targeted by the PUL.

The F5_SusD protein shares very low sequence similarities with those from characterized
PULs, and its binding specificity has never been studied. In this context, the following
questions arised:

- Does the binding specificity of SusD reflect the uptake specificity of the SusCD transport
system towards oligosaccharides of defined structures? This is a generic question for
glycoside transporters, which, thanks to our recombinant approach, we could answer to.

- What are the relationships between the tridimensional structure of the F5 SusD and its

function?

In this chapter, | present the work that we collectively performed to address these questions.
The SusD production and purification, the isothermal titration calorimetry and affinity gel
electrophoresis analyses were performed by Alexandra Tauzin. | produced and purified the
SusD protein to perform the complementation experiments, and prepared the samples for the
nuclear magnetic resonance experiments performed by Guy Lippens. | carried out the

crystallization assays under the supervision of Gianluca Cioci, who solved the SusD structure.
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Non-binding  SusD  protein Is  essential  for
xylooligosaccharide utilization in a human gut uncultured

Bacteroides

Abstract

In the human gut microbiota, the Bacteroidetes is a dominant phylum, whose members can
breakdown dietary and endogenous glycosides by involving highly specific polysaccharide
utilization loci (PULs), which encode a variety of sensor/regulators, binding proteins,
transporters and carbohydrate-active enzymes (CAZymes). Surface glycan-binding proteins
(SGBPs) are essential for an efficient capture of the glycosides present nearby the cells,
confering a competitive advantage to Bacteroidetes to colonize their habitats. Here, we
present the functional and structural characterization of a SusD-like protein encoded by a
xylooligosaccharide utilization locus (XOS PUL) from an uncultured human gut Bacteroides,
which is also conserved in B. vulgatus, thereby providing new mechanistic insights into the
role of SGBPs in the metabolism of dietary fibers of importance for gut health.
Complementation experiments and various in vitro and in cellulo analyses, including
saturation transfer difference NMR spectroscopy, revealed that the SusD protein cannot bind
to the cognate substrate of the XOS PUL, whereas its presence is essential for the PUL
functioning. The analysis of the crystal structure of the SusD protein revealed an unfolded
binding surface and the absence or inappropriate orientation of several key residues compared
with other solved SusD-like structures. These results highlight the critical role of the SusD
protein in the oligosaccharides transport, and provide new fundamental knowledge about the
structure-function of SusCD transporters, revealing that the binding specificity of the SusD-

like SGBP does not necessarily reflect the uptake specificity of the transporter.

Introduction

Human rely on their microbiota to breakdown dietary fibers, which are oligosaccharides and
polysaccharides that cannot be digested by the host carbohydrate-active enzymes (CAZymes
(Lombard et al., 2014)). To do so, Bacteroidetes harbor polysaccharide utilization loci (PULS)
encoding for proteins involved in sensing, binding, transporting and degrading the target
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glycosides into monosaccharides. According to the Sus paradigm (Cameron et al., 2014; Cho
and Salyers, 2001), polysaccharides are first degraded by enzymes attached at the cell surface.
Then SusD-like proteins, sometimes together with the other surface glycan binding proteins,
Susk and/or F, selectively recognize and capture the oligosaccharides which will be

transported into the cell through the SusC-like protein.

In-depth characterization of the first described starch utilization locus from Bacteroides
thetaiotaomicron showed that the SusD protein has a critical role in addition to its binding
ability (Foley et al., 2016). Indeed, deletion of SusD resulted in a loss of growth, which could
be restored by adding the SusD recombinant protein within the culture medium, suggesting
that the presence of SusD is a prerequisite for efficient transport (Koropatkin et al., 2008;
Sonnenburg et al., 2010; Tamura et al., 2019; Tauzin et al., 2016a). SusD and SusC interact
together to form a complex (Cho and Salyers, 2001). The recent solving of the structure of
SusC/D complexes provided new insights to identify the molecular determinants of the
interactions protein/protein (Glenwright et al., 2017). The SusC/D pair is well conserved
among Bacteroidetes, pointing out their crucial role in glycan uptake, and the presence of

genes encoding SusD is crucial to predict PULs (Terrapon et al., 2018).

Dozens of Bacteroidetes strains have been shown to use xylan, as main carbon source
(Despres et al., 2016; Dodd et al., 2010; Martens et al., 2011; McNulty et al., 2013; Mendis et
al., 2018; Mirande et al., 2010; Rogowski et al., 2015; Salyers et al., 1981; Tang et al., 2017,
Zhang et al., 2014). Xylan is a major constituent of hemicellulose, abundantly available in
plant cell walls, particularly in cereals, fruits and vegetables (Leth et al., 2018; Selvendran,
1984). The conserved backbone of xylan is composed of a linear -(1-4)-D-xylopyranosyl
chain which could be decorated with arabinofuranosyl, glucopyranosyl or uronic acid
derivatives (Singh et al., 2015). Xylooligosaccharides (XOS) are hydrolyzed from xylan or
naturally found in fruits, vegetable bamboo, and honey (Singh et al., 2015). They have
recently shown a range of health benefits even at a lower dose compared to
fructooligosacchrides, and are thus considered as prebiotic candidates (Amorim et al., 2019;
Gibson et al., 2017; Goh and Klaenhammer, 2015; Singh et al., 2015). To date, only two
different PULs specific for xylan utilization by B. ovatus ATCC 8483 (PUL-XyIS and PUL-
XylL) have been fully biochemically characterized, including SusD-like proteins and
demonstrating different specificities according to the xylan structural complexity (Rogowski
et al., 2015). In addition, in 2016 we identified a PUL specific for XOS, issued from an
uncultured gut Bacteroides strain, and characterized its recombinant expression in E. coli
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(Cecchini et al., 2013; Tauzin et al., 2016b). This locus encodes a SusC/D and an MFS
transport system, dedicated to XOS uptake up to a degree of polymerization (DP) 3 and 4,
respectively. We also demonstrated that the deletion of the SusD protein completely abolished
the growth ability of the recombinant E. coli cells on XOS, which is in agreement with the
results obtained with other SusD proteins. Furthemore, this PUL shares 99 % sequence
identity at the DNA level with a Bacteroides vulgatus ATCC 8482 PUL (BVU_0037 to
BVU_0043), that we proved to be involved in linear XOS utilization by this strain (Tauzin et
al., 2016b). Its growth is very robust on XOS, while it is delayed and at a lower rate on
arabino-xylo-oligosaccharides (AXOS). In addition, B. vulgatus is unable to utilize complex
heavily decorated xylans or arabinoxylan, although marginally it could utilize simpler xylans
from Beechwood and Birchwood (Tauzin et al., 2016b).

In the present study, we investigated how the SusD protein from this XOS targeting PUL
contributes to the utilization of its cognate substrate. Using complementation experiments,
various in vitro and in cellulo techniques to investigate the binding ability of SusD, and
analysis of its crystallographic structure, we provided new mechanistic insights into the XOS

uptake by Bacteroides strains.

Results

SusD cannot bind to XOS

Determination of the binding abilities by AGE and ITC

Previously we demonstrated that a locus from an uncultured Bacteroides conferred the ability
to E. coli to utilize xylo-oligosaccharides (XOS). The locus encodes a SusD-like protein
(hereafter named F5_SusD) sharing 99.4% identity with the SusD protein (BVU_0037) from
Bacteroides vulgatus ATCC 8482 (with four differences in positions N249, D444, A446, and
A516 which correspond to D, G, P and V residues in BVU_0037, respectively). The
recombinant protein was expressed in E. coli without the predicted signal peptide and N-
terminal lipidation site. The binding ability of F5 SusD towards soluble xylan and
arabinoxylan was proved by affinity gel electrophoresis (AGE) (Figure 1). The two bands
observed correspond to the dimer and monomer forms of the F5_SusD. The dimer did not
show any difference of migration in presence and in absence of glycan. In contrast, the
migration of the monomer was weakly delayed, by around 12 %, in the gel containing xylan.
The obtained smear suggests that the binding of the monomer to xylan could be unstable due
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to a really weak affinity. The retention of F5_SusD in the gel containing xylan is much less
than the one observed for all the other characterized SusD proteins which efficiently bind
polysaccharides (Tamura et al., 2019; Tauzin et al., 2016a). No migration delay was observed
with wheat arabinoxylan. These results indicate a weak affinity of F5_SusD for the xylan
backbone, further impaired by the presence of side-chains. Isothermal titration calorimetry

(ITC) was attempted using XOS as ligand, but no binding could be detected (data not shown).
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Figure 1. Affinity gel electrophoresis of the F5 SusD on a gel containing no
polysaccharide (negative control) and on gels with 0.1% (w/v) beechwood xylan and

wheat arabinoxylan, respectively.

Determination of the binding ability by NMR

The interest of saturation transfer difference (STD) NMR to analyze directly protein-ligand
interactions even with weak affinities was previously shown (Mayer and Meyer, 1999).
However, to our knowledge, this approach has only rarely been used to analyze the binding
ability of carbohydrate-binding proteins associated to CAZymes or to carbohydrate
transporters (Bell et al., 2019). We first confirmed by 1D NMR that the protein was correctly
folded in solution (Figure S1). The STD experiments with xylobiose, xylotriose or 3%q-L-
arabinofuranosyl-xylobiose (AX2) against this F5_SusD protein were negative (Figure 2A, B
and C), thereby confirming that small xylo-oligosaccharides do not binding to the protein. A
beechwood xylan sample was then prepared, but its white shine indicated that even at 500uM,
the xylan chains do associate into macroscopic structures. The NMR experiment in the
presence of the F5_SusD protein gave a robust STD signal, but such was equally the case

when we probed the same xylan sample in the absence of the protein (Figure S2). We hence
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could not distinguish if binding occurred between xylan and the transporter or between the
macroscopic Xylan superstructures. To reduce signal saturation due to these macroscopic
xylan structures, we saturated the protein at the level of its indole protons (at 10.1ppm), where
xylan signals should be reduced. The STD effect with the xylan alone was indeed reduced
(Figure S3), and was not only more important in the presence of F5_SusD, but also increased
when we added more protein (Figure 2D). We thus concluded that F5_SusD does not bind

short xylo-oligosaccharides, but weakly binds to the macroscopic xylan chains.

-
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Figure 2. Characterization of the ligand binding abilities of F5-SusD using STD-NMR.
(A.) Zoom on the 1D xylobiose proton spectrum centered on the signals at 3.7ppm (black) and
STD signal of the ligand upon saturation of the protein signals at Oppm (red). (B.) Idem for
the xylotriose. (C.) Idem for the branched arabino-xylo-oligosaccharides (AX2, 3%*a-L-
arabinofuranosyl-xylobiose). (D.) Zoom on the 1D xylan spectrum (black), STD signal upon
saturation at 10.1ppm of the isolated xylan (blue) or the xylan in presence of F5_SusD (pink).
The increased STD effect in the presence of F5_SusD indicates a molecular interaction.
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SusD is essential for an efficient transport of XOS

Previously, we demonstrated that the growth on XOS was completely abolished when the
SusD encoding gene was deleted (clone FSmin SUSASusD) (Tauzin et al., 2016b). This
finding was in agreement with the results obtained after deletion of SusD of the loci involved
in the uptake of starch from Bacteroides thetaiotaomicron VPI-5482 (Cameron et al., 2014),
of xyloglucan from Bacteroides ovatus ATCC 8483 (Tauzin et al., 2016a) and of mixed
linkage B-glucans from B. ovatus ATCC 8483 (Tamura et al., 2019). In all the cases, the
addition of the recombinant protein in the growth medium restored the growth of the deleted
strain on the cognate substrate. Similarly, we performed preliminary complementation
experiments by adding the recombinant F5_SusD in the growth medium of the F5min_SUS
strain at different concentrations (Figure 3). We observed that between a range of 0.001 to
0.1 nM of recombinant F5_SusD present in the growth medium, the transport system was
efficiently complemented, resulting in the uptake of XOS by the SusC transporter. Thus, the

presence of F5_SusD is essential for functionality of the XOS locus.
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Figure 3. Complementation of XOS locus with recombinant F5_SusD.

(A.) Representation of the XOS loci from the metagenomics clone F5 and its variants used in
the present study. (B.) Growth test of F5 and its variants on XOS with or without addition of
recombinant SusD at different concentrations (0.001 to 0.1 nM). The data represent the
average of at least three biological replicates.

Crystallographic structure of F5_SusD

In order to better understand why the F5_SusD does not bound the XOS substrate targeted by
the PUL, its three-dimensional structure has been solved by X-ray crystallography. The most
similar sequence listed in the Protein Data Bank (PDB, https://www.rcsb.org/ (Berman et al.,
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2000)), is that of a SusD protein (PDB-ID: 30TN) from Parabacteroides distasonis ATCC
8503, with which the F5 SusD only shares 34% identity on a short stretch of sequence (128
length). Thus, the F5_SusD structure, which could not be solved by molecular replacement,
has been solved by a MR-SAD approach (Skubak et al., 2018) and refined at a 2.6A
resolution. Data collection and refinement statistics are shown in Table 1. Despite the very
low sequence similarity with the structurally characterized SusD proteins, the F5_SusD
protein displays a canonical ‘RagB/SusD’ fold which includes the conserved tetratricopeptide
repeat (TPR) units. Overall, the F5_SusD structure is similar to that of the other SusD proteins,
with the presence of a convex surface, made by the alpha helical bundle and a flat surface on
the other side, where the putative sugar binding platform should be localized. The closest
structural homolog identified with the Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/
(Holm, 2019)) is the Laminarin Binding protein GM_SusD (PDB-1D:6GCZ), with an RMSD
of about 2.9A (Mystkowska et al., 2018). The presence of a large variable domain (D292-
P480) inserted between the two conserved B-strands in the core of the helical bundle, and
essentially made of random coils and some B-sheets (Figure 4A), is one of the particular
features of F5 SusD. This domain does not have any homologs in the PDB. Another
interesting feature is the presence of several loops (e.g. K225-A246, R552-S538 and M622-
Q631) that are inserted between the conserved secondary structural elements. In particular,
the loop 292-315 that is protruding away from the folded domain and which is partly
stabilized by interactions with glycine and serine residues of one of the neighboring SusD
molecules, is probably completely disordered in solution (Figure S4). Overall, these features
make the F5_SusD slightly bigger than the other structurally characterized members of the
SusD family (Figure 4B).
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Table 1. Data collection and refinement statistics for the crystal structure of F5_SusD
Data collection Native S-SAD
Wavelength (A) 0.979 2.066
Space group 14,22 14,22
Molecules per asymmetric unit 1 1

179.08 179.84
Cell constants a, b, ¢ (A) 179.08 179.84
182.23 183.10
Resolution (A) 50.00-2.65 50.00-3.30
Measured reflections 307172 2114678
Unique reflections 43113 22897
Data completeness % 100.0 100.0
Multiplicity 7.1 924
Rmerge 0.062 (0.736) | 0.10(0.41)
<I/e (I) > 8.4 (1.0) 52 (1.5)
CCip 0.99 (0.86) 1.00 (0.99)
Wilson B-factor (A3 65.3 73.7
Refinement
Rwork/Rfree 0.187/0.219
RMSD bonds (A) 0.070
RMSD angles (9 1.191
Ramachandran’s
Favored/Allowed/Outliers (%0) 96/4/0
Number of atoms
Protein 4829
Water 6
Other 6
Average B-factor (AZF 84.6
CCaII / CCfree 0.96/0.95
Clashscore (percentile) 4 (100™)

We attempted to co-crystallize and also soak F5_SusD crystals with XOS ranging from DP2
to DP4, but no complex structure was obtained, confirming the lack of binding to xylo-
oligosaccharides. Comparison with other SusD structures with demonstrated sugar binding

ability, showed that two of the three essential aromatic residues involved in substrate binding
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are present in similar positions in F5_SusD, such as W75 (equivalent to W82 in the
XyG_SusD used as positive control in this study, PDB ID: 5E76) and W349 (equivalent to
W306 in 5E76 and to W323 in 6GCZ) (Figure 5). However, while these residues are well
exposed and perfectly oriented to bind oligosaccharides in the canonical binding SusD
proteins, their localization in F5_SusD seems either to set back in the structure in a way that
makes them less accessible for ligand binding (W349) or the orientation of their side chain is
radically different (W75). Other residues that play a role in binding long oligosaccharides (DP
higher than 5) in the SusD, such as W353 in the B-glucan SusD (PDB-ID: 6E61) in B. ovatus
ATCC 8483 (Tamura et al., 2019) or the W283 in the xyloglucan SusD (PDB-ID: 5E76) in B.
ovatus ATCC 8483 (Tauzin et al., 2016a), lack in F5_SusD. In addition, the highly flexible
loop 292-315 seems to further restrict the surface area for substrate binding in F5_SusD.
Importantly, the four residues N249, D444, A446, and A516 corresponding to D, G, P and V
residues in BVU_0037, respectively, are not located in the region around W75 and W349.

variable domain

| IR loop (292-315)
< -’
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U w287 {
- L Waa9 LB 77’,
NP ?wszs wﬁ_iﬁ; 3 W, e
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S w350 O 3
2 : 3 <
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F5_SusD 6CGZ 5E76 w/ xyloglucan 6DMF w/ cellohexaose 6E61 w/ MLG7

Figure 4. F5_SusD crystal structure.

(A.) Overall structure of F5 SusD. (B.) Comparison of F5 _SusD with other SusD from
Gramella sp. MAR_2010_102 specific of laminarin (6GCZ), B. ovatus specific of xyloglucan
(5E76) and mixed linkage glucan (6DMF and 6E61). The stacking platforms identified in
6GCZ, 5E76, 6DMF and 6E61 are showed, with the corresponding residues in F5_SusD,
which are non-effective to bind XOS.
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6GCZ 5E76

Figure 5. Comparison between F5 SusD putative binding area and the homologous
structures (same as Figure 4).

In each panel, F5_SusD is in cyan, the homologous structure is purple and the ligand is green.

Discussion

Despite the low sequence identity shared between SusD-like proteins, the SusD/C pair is used
as a reference for PULSs identification in genomes (Martens et al., 2008; Terrapon et al., 2018).
Indeed, substrate recognition and capture is a key step for glycoside utilization and
colonization of their habitat by bacteria. So far, most of the SusD-like proteins that have been
biochemically characterized are all able to bind the polysaccharide targeted by the PUL, but
also to some extent oligosaccharides resulting from the hydrolysis of polysaccharide by cell-
exposed enzymes. Only rare examples of SusD-like proteins have been demonstrated as non-
binding proteins but their function has been investigated only using AGE or ITC (D&ean et
al., 2020; Luis et al., 2018). Here, we fully characterized a SusD (F5_SusD) from a XOS PUL
isolated from an uncultured bacteria, which shares 99.4 % sequence identity with the B.
vulgatus SusD protein BVU_0037. Previously, we demonstrated that the PUL containing
BVU_0037 was involved in the ability of B. vulgatus to grow on XOS, and to a lesser extent,
on branched arabino-xylo-oligosaccharides, while it poorly utilizes xylans (Tauzin et al.,

2016b). In the present study, we used a multidisciplinary approach to investigate the binding
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ability of the F5_SusD. Surprisingly, F5_SusD was not able to bind XOS or AXOS but
exhibited a very low affinity for xylan. In contrast, the glycan-binding SusD-like proteins
characterized to date display a strong binding affinity, in the millimolar to micromolar range,
depending on the length of the tested substrate. In most cases, the values obtained for complex
polysaccharides are in the same range than the values obtained with the oligosaccharides
resulting from the polysaccharide hydrolysis (Tauzin et al., 2016a; Temple et al., 2017).
Rogowski et al. characterized two SusD-like proteins involved in two distinct xylan PULSs
from B. ovatus (BACOVA _ 04392 and BACOVA _03427). Contrary to the F5_SusD which
belongs to a PUL specific for XOS, these SusD-like proteins showed a strong binding ability
against xylan, measurable by ITC, but only BACOVA _04392 binds xylo-oligosaccharides no
smaller than DP6 (Kp=8.0 X 10°> M* for xylohexaose) (Rogowski et al., 2015).

Several previous studies showed that SusD-like proteins are essential for the uptake of
substrate via the SusC transporter (Koropatkin et al., 2008; Tamura et al., 2019; Tauzin et al.,
2016a, 2016b). It is also the case for the F5 SusC/D system, since when F5_SusD is deleted,
the clone FSmin_ SUSASusD cannot grow on XOS anymore. Interestingly, complementation
with the F5_SusD recombinant protein restored the growth, as previously observed for the
starch and the xyloglucan systems from B. thetaiotaomicron and B. ovatus, respectively
(Koropatkin et al., 2008; Tauzin et al., 2016a). The F5_SusC/D pair is thus able to transport
XOS, but not to bind them significantly. If the presence of the SusD-like proteins is crucial
for glycoside transport, in Bacteroidetes their binding ability is not always required, for the
reasons explained hereafter. Indeed, both the presence and binding ability of the SusD
homolog from the B. ovatus transport system are essential for growth on mixed-linkage B-
glucans (Tamura et al., 2019). In contrast, the complementation using non-binding SusD-like
mutants is enough to restore the functionality of the starch transport system in B.
thetaiotaomicron and the xyloglucan one in B. ovatus (Koropatkin et al., 2008; Tauzin et al.,
2016a). As explained by the authors, it is probably because in Bacteroidetes, the cell surface
glycan-binding proteins (such as the SusD-like SGBP_A protein, and the SusE-like SGBP_B
protein, from B. ovatus) functionally complement each other in the capture of the
polysaccharide. Indeed, for the rare examples of non-binding SusD-like proteins that have
been identified so far from loci involved in pectin and B-1,3-glycan utilization, there are
additional SGBP or SusD-like proteins in the same locus, suggesting that they ensured
complementation of the system for glycan binding (D&ean et al., 2020; Luis et al., 2018). By

using truncated forms of the F5 PUL in E. coli, we demonstrated here, for the first time, that
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a SusC/D transport system can be functional to uptake the substrate targeted by the XOS PUL
without any binding ability of SusD or any other SGBP.

In order to better understand the molecular basis of the non-binding ability of the F5_SusD,
we determined its crystal structure. By comparison with the solved SusD-like structures, we
hypothesized that the low binding affinity could be due to unfolded binding surface and the
absence or not appropriate orientation of several key residues. Indeed, recognition of
oligosaccharides might require more than the two conserved tryptophan residues W75 and
W349 that we have identified in the F5_SusD, although not in a configuration which would
allow them to bind XOS. This is not surprising, since SusD affinity is driven by the surface
complementation between the protein and the substrate, rather than by affinity for individual
chemical groups towards the substrate, as proposed in the description of the very first
structure of SusD (Koropatkin et al., 2008) and further confirmed by the later crystal
structures (Glenwright et al., 2017; Koropatkin et al., 2009; Larsbrink et al., 2016;
Mystkowska et al., 2018; Phansopa et al., 2014; Tamura et al., 2019; Tauzin et al., 2016a).
Interestingly, in the putative binding area of F5_SusD, we can identify several arginines
(R339, R347, R351) that form a positively charged patch surrounding the W349, which might
serve to bind negatively charged carbohydrates, such as glucuronic acids (Figure S5). Maybe,
the F5_SusD would thus have some affinity to particular regions of the xylan polymer that are
rich in negatively charged sugars or which present a very particular arrangement of the
branching points. These regions are very rare in beechwood xylan so this would explain why
the protein has so low affinity. However, in the absence of further binding experiments with
glucouronic acids, we don’t know whether this would have some biological significance.
Finally, the fact that complementation with F5_SusD restores the growth on XOS shows that
despite the F5_SusD shows no detectable affinity for XOS, it is nevertheless an essential
protein for the nutrient uptake machinery. Thus, the role of the “non-binding” F5 SusD would
be to effectively complement the SusC transporter and activate its functionality. This has been
proposed for the first time by Glenwright et al. (Glenwright et al., 2017), who solved the
crystal structure of a quaternary complex from B. thetaiotamicron BT2261-BT2264 which
includes the SusD (BT2263) and the SusC transporter (BT2264) (Figure S6A). Using a
variety of techniques, the authors proposed a “pedal bin” mechanism in which the SusD
moves away from SusC in a hinge-like fashion in the absence of ligand to expose the
substrate binding site to the extracellular milieu. According to this model, SusC carryies out
its function only when it is in complex with SusD. To investigate whether this could be the

case for the F5 SusC/D, we have constructed an homology model for the F5 SusC/D
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interaction and compared it to the crystallized complex (Figure S6B). Overall the well-
defined surface complementarity between the SusD and SusC supports the fact that the SusD
is indeed the structural partner of the SusC, and it could therefore provide the same capping
function. As already mentioned in the results section, one interesting feature of the F5_SusD
protein without any carbohydrate or protein ligand is the conformation of its N-terminal loop,
which is folded back on the protein, with the M21 inserted in a small hydrophobic pocket.
Conversely, in the crystal structure of the BT2261-BT2263 complex, the N-term of SusD is
pointing towards the membrane. This region is called the “hinge” and is a central region for
the interaction SusC-SusD as we can see from the crystal structure of the complex where a
small helix from SusC perfectly fills the cavity creating a high complementary interaction. In
the F5_SusD structure, this interaction would not be possible, as it would create an important
steric clash. It is probable that, when bound to SusC, the N-terminal loop of F5_SusD will
displace and adopt another conformation, flanking the SusC and pointing towards the
membrane. Nevertheless, only the resolution of the crystallographic structure of the SusC/D
complex would allow us to demonstrate this hypothesis.

Herein, non-binding SusDs can befound in PULs including i) a SusC/D pair and additional
SGBPs, ii) two SusC/D pairs and a SGBP, or iii) only one SusC/D pair (Luis et al., 2018;
D@gean et al., 2020; Present work). The presence of an additional SGBP or a SusC/D pair in
the same locus as a non-binding SusD suggests a complementation of the binding function
lacking in the related SusD. In contrast, we hypothesize that the PULs containing only a
SusC/D pair for which SusD is a non-binding protein, and no other SGBP, might be involved
in oligosaccharide utilization relying only on the SusC ability to recognize and transport its
cognate substrate, although SusD is required to confer SusC its full functionality.

Materials and methods

Heterologous protein expression and purification

The gene fragment encoding SusD protein was amplified from metagenomic DNA of clone
F5 (Genbank accession number HE717017) from metagenomic library issued of human fecal
sample by PCR with forward primer, including Ndel restriction site (F5_SusD_Cloning_F),
and reverse primer, including Xhol (F5_SusD_Cloning_R) listed in Table S1. The first thirty
amino acids of SusD corresponding to signal peptide/lipotag as predicted by SignalP 4.1 and
LipoP 1.0 servers were not included in the PCR amplicon (Juncker and Willenbrock, 2003;
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Petersen et al., 2011). The gene product was cloned into the Ndel and Xhol restriction sites of
pET-28a(+) (Novagen, Darmstadt, Germany) preceding an N-terminal 6-His tag for affinity
purification and transformed into E. coli DHS5a (Invitrogen). The pET-28a(+) expressing
SusD was fully sequenced and transformed into E. coli BL21(DE3) for expression. A single
bacterial colony was inoculated in 5 ml of LB medium containing kanamycin (50 pg/ml) at
37<C. Overnight preculture was used to inoculate 200 ml of LB containing 50 pg/ml
kanamycin with an initial optical density at 600 nm (ODggo nm) 0f 0.05. The culture was
induced by the addition of 0.5 mM isopropy B-D-1-thiogalactopyranoside (IPTG) in the mid-
exponential phase (ODgoo nm Of =~0.6), and then incubated for 4 h at 37°C. XyG_SusD was
produced as decribed by Tauzin et al. (Tauzin et al., 2016a).

For purification of the recombinant F5_SusD protein, cells were harvested by centrifugation
(15 min, 6,000 g), and sonicated in Tris buffer (20 mM Tris-HCI, 300 mM NaCl, pH 8.0).
Bacterial debries were cleared by centrifugation at 11,000 g for 30 min at 4<C, then lysates
were passed through a column of 2 ml of Talon metal affinity resin (Clontech, USA).
F5_SusD protein was eluted using a gradient of 50 to 200 mM imidazole and then was
resuspend in Tris buffer (20 mM Tris-HCI, 150 mM NaCl, pH 7.5) using an Amicon Ultra
Filters (Sigma-Aldrich) to eliminate the imidazole. The purity of protein was confirmed by
SDS-PAGE and the concentration was determined by the absorbance at 280 nm using Thermo
Scientific™ Nanodrop 2000 with an extinction coefficient of 153,350 M™cm™. F5_SusD
protein was kept at 4<C for later analysis. Protein used for crystallization experiments was
purified using an AKTAXxpress system (GE Healthcare) with an affinity step (Talon Crude
1ml, GE Healthcare) using the same loading buffer (20 mM Tris-HCI, 300 mM NacCl, pH 8.0),
eluted with a 250mM step of imidazole followed by a gel filtration step (HiPrep 16/60
Sephacryl S-200 HR) in 20mM TRIS-HCI, 0.15M NaCl, pH 7.5. The fractions containing the

monomeric F5_SusD protein were pooled, concentrated and stored at 4 <C.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) of glycan binding by F5 SusD was tested using the
ITC200 (Malvern) calorimeter calibrated to 25<C. Proteins (40 piM) were prepared in 20 mM
HEPES-100 mM NaCl (pH 7.0), and oligosaccharides were prepared using the same buffer.
The F5_SusD was placed in the sample cell and the syringe was loaded with 2-10 mM XOS.

The resulting heat of reaction was recorded.
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Affinity gel electrophoresis

The ability of F5_SusD to bind polysaccharides was assayed by affinity gel electrophoresis.
Continuous native polyacrylamide gels were prepared consisting of 10% (w/v) acrylamide in
25 mM Tris, 250 mM glycine buffer, pH 8.3. Polysaccharides of interest were added prior to
polymerization at final concentration of 0.1% (w/v). Two and half g of purified F5_SusD
were loaded on the gels. Electrophoresis was carried out for 90 min at room temperature. BSA

was used as non-interacting negative control protein.

NMR spectroscopy

All experiments were done on a Bruker Avance |1 800MHz NMR spectrometer equipped with
a QCPI cryogenically cooled probe head. Spectra were recorded at 298K, and all samples
were in a Tris buffer (Tris 20 mM and NaCl 150 mM at pH 7.5). 1D proton spectra were
acquired with a Watergate water suppression (Piotto et al., 1992), with 16 scans for XG_SusD
(at 327M) and 256 scans for P5_SusD (at 54juM). STD experiments were performed with
saturation of the protein resonances at 0 ppm through a train of 5ms Gaussian 180 pulses
(Ley et al., 2014; Mayer and Meyer, 1999). Typical experiments were run with 256 scans,
2048 acquisition points and a 5s relaxation delay (including the 3 second presaturation train).
STD experiments were run with 256 or 512 scans. Spectra were transformed after one level of

zero filling and apodization with a n/3 shifted square sine bell.

E. coli growth experiments

All the E. coli cells were grown in M9 medium (Na2HPO4 12H20 17.4 g/l, KH2PO4 3.03 g/I,
NaCl 0.51 g/l, NH4CI 2.04 g/l, MgS04 0.49 g/I, CaCl2 4.38 mg/l, Na2EDTA 2H20 15 mg/I,
ZnS04 ¥H20 4.5 mg/l, CoCI2 6H20 0.3 mg/l, MnCI2 4H20 1 mg/l, H3BO3 1mg/I,
Na2Mo0O4 2H20 0.4 mg/l, FeSO4 ¥H20 3 mg/l, CuSO4 5H20 0.3 mg/l, thiamine 0.1 g/l
and leucine 0.02 g/l) supplemented with 12.5 mg/l chloramphenicol. The carbohydrates were
diluted in M9 medium at 0.5% (w/v). The cultures were inoculated at an initial optical density
at 600 nm (ODggo nm) of 0.05 from precultures in LB.

Glycosides

The mixture of XOS are with DP from 2 to 7 (WAKO and IOR- TAIHE,). Simple xylans,
with sparsely decorated structures, were purchased from Sigma for beechwood xylan and

from Megazyme for wheat arabinoxylan. Xylobiose, xylotriose, 3-a-L-arabinofuranosyl-
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xylobiose (AX2), xyloglucan (DP 7-9) and higher DP xyloglucan oligosaccharides (XGHDP)
were purchased from Megazyme.

Crystallization and data collection

Purified F5_SusD was concentrated to 20mg/ml and initial crystallization conditions were
screened using a Mosquito robot (TPP Labtech) and the JCSG I-IV commercial screens
(Qiagen) from which one starting condition was identified (1.26M Sodium Citrate, 0.09M
HEPES-HCI, 10% Glycerol, pH 7.5). After manual condition optimization, F5_SusD crystals
were grown using the hanging drop method by mixing 1uL of protein solution with 1uL of
precipitant solution (1.7M Na3Citrate, 10% Glycerol, 0.1M HEPES pH 7.5) and incubated on
a 24 well crystallization plate at 12<C. After harvesting, the crystals were soaked in cryo-
protectant buffer (1.7M Na3Citrate, 15% Glycerol, 0.1M HEPES pH 7.5) with or without the
presence of 100mM Xylotriose and flash-freezed in liquid N,. Data collection was performed
at XALOC beamline of the ALBA synchrotron (Barcelona, Spain). A long wavelength dataset
has also been collected with a wavelength of 2.0A, by using a special setup of the XAL
OC in which the crystal is continuously flowed in Helium atmosphere during the data

collection to reduce absorption from air.

Structure Solution and refinement

First using the native dataset only, the structure has been solved using the webserver Morda
(Hungler et al., 2016) from which a low homology molecular replacement solution was
identified. However, the very low sequence homology resulted in poor electron density maps
that were very difficult to interpret. The starting MR model has been combined with the long
wavelength dataset as implemented in the program Phaser and used to calculate improved
phases, also allowing to correctly position all the sulphur atoms in the sequence. The structure
has been traced by several rounds of Arp/Warp webserver (Perrakis et al., 1997) alternated to
manual rebuilding using Coot (Emsley et al., 2010) and refined by restrained refinement using
Refmac (Murshudov et al., 2011).
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Supplemental data

Table S1. List of primers for F5 used in this study.

Name Sequence 5°—>3’

F5 variants construction

Pcclfos F GTGGGATCCTCTAGAGTCGACC

Pccifos R GTGGGATCCCCGGGTACCGAGC

F5min_SusC/D_F ACCCGGGGATCCCACCGATAAGTTTATCAGGAGGAAGCCAC
F5min_SusC F ACCCGGGGATCCCACAATGTCTGAACAGGATGCTGTCAGG
F5min_SusC/D_R TCTAGAGGATCCCACACAAGCCTGAATACAGCGGACATC

SusD cloning

F5_SusD_Cloning_F CCGCGCGGCAGCCATATGGACGAGCAGCCGCGCAGCAGTTATG
F5_SusD_Cloning_ R GTGGTGGTGGTGCTCGAGTCAATCTCTGTATCCCGGATTCTG
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Figure S1. 1D proton spectrum at 298K of 5004 of P5_SusD protein ~3.8mg/ml (=54 M)

in Tris buffer.
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Figure S2. (left) 1D proton spectrum at 298K of 5001 of xylan@500M with P5-SusD at
0 (blue), 15 (red) or 27M (magenta) in Tris buffer. (right) STD spectra of the different
samples with saturation at Oppm for the isolated xylan (blue), in presence of 15 (red) or
27 UM (magenta) of P5-SusD. The reference xylan spectrum is shown in black.
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Figure S3. (left) 1D proton spectrum of 500 of xylan@500pM with P5-SusD at 0 (blue),
15 (red) or 27puM (magenta) in Tris buffer Te= 298K (right) STD spectra of the different

samples with saturation at 10.1ppm for the isolated xylan (blue), in presence of 15 (red)

or 27 pM (magenta) of P5-SusD. The reference xylan spectrum is shown in black.
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Figure S4. Close-up view of the interaction between the loop 292-315 and a symmetry

related molecule.
Tyr307 is bound in a small amphipathic cavity and stabilized by hydrogen bonds with Asp30,

Arg26 and GIn24.
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Figure S5. Overall structure of the F5_SusD with the charged area colored according to
a gradient from positive red to negative blue.

The amino acids of the highly positively charged area are shown in sticks.
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Figure S6. Study of the possible interaction between SusC and SusD.

(A) Crystal structure of the BT2261-BT2264 complex (PDBID: 5FQ8). (B) Homology model
of the F5_SusD_SuC complex. The F5_SusC model has been constructed using Phyre2 server.
(C) Close view of the N-terminal region of F5_Sud (green) to show the steric clash with the

SusC (purple). In cyan, the N-terminal region in the crystallized complex BT2261-BT2264
(PDBID: 5FQ8).
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Conclusion and perspectives
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In the framework of the work presented in this thesis manuscript, we developed novel, highly
generic methods to fasten the identification of transporters, and to profile their specificities.
We applied these techniques to the discovery of oligosaccharide transporters involved in the
utilization of dietary fibers by uncultured human gut bacteria, and to the deciphering of their

binding and translocation mechanisms.

Identification of glycoside transporters from uncultured bacteria was one of the main
objectives of this project. The first part of this PhD work was dedicated to the evaluation of
the efficiency and genericity of positive selection to screen E. coli metagenomic libraries for
functional transporters. To establish the proof of concept of this approach, we scrutinized the
sequences of 102 metagenomic clones issued from the human intestinal and bovine rumen
microbiomes, which were previously identified by screening four libraries totalizing 216,320
clones for CAZyme activity. We selected 45 clones which contain metagenomic loci encoding
at least one putative glycoside transporter and one CAZyme. Then, 129 growth tests were
performed in micro-plates on minimal medium containing oligosaccharides which could be
hydrolyzed by the CAZymes identified in each clone. Finally, 13 hit clones showed growth
ability on FOS, XOS, aldouronic acids, cello-oligosaccharides, mixed-linkage type B-
glucooligosaccharides, laminatriose, mannooligosaccharides, galactomannooligosaccharides,
and lactulose, thanks to the co-expression of genes encodingtransporters and CAZymes.
These assays provided direct evidence of the functionality of transporters from various
families, despite their differences in specificity, taxonomical origin and mechanism. Thanks
to these results, we evidenced a novel function for MFS transporter that is the uptake of
galacto-mannooligosaccharides. We also proved that it is possible to produce functional
transporters by expressing PULs’ genes from Gram-positive bacteria in the Gram-negative
bacterium Escherichia coli, highlighting the genericity of this strategy, although the precise
location of each of the transporter domains in the E. coli cell is still not determined. We
calculated that the probability to find functional glycoside-transporters from large-insert
metagenomic libraries using the E.coli host is only 0.7%., and the probability to produce both
a functional glycosidase and a functional transporter from a (meta)genomic PUL cloned into a
fosmid is only 1.8%. This highlights the importance of automated screening to identify
functional transporters from metagenomes, and more generally, from bacterial genomes, using
PUL cloning in fosmids and expression in E. coli. The use of other bacterial hosts and of other
vectors to control the expression of each of the PUL genes might allow us to increase these hit

yields. The throughput and sensitivity of this screening method could also be increased using
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microfluidics, with which each assay could be miniaturized in pico-liter droplets. Such a
miniaturization by several orders of magnitude will allow screening for the metabolization of
highly costly substrates, such as human glycosides for instance. Finally, by using the
approach presented here, we cannot definitively prove that a transporter is responsible for the
uptake of a target glycoside nor describe its mechanism. This indeed requires rational
truncation of the PUL, in order to eliminate any potential bias due to the presence in the
metagenomic DNA fragment of several transporter encoding genes. Because this cannot be
done at high-throughput, we had to select the targets for in-depth biochemical characterization.
We thus chose some of the most original glycoside transporters systems, in particular those of

which the function could be important for human health.

This is the reason why, in the frame of this thesis, we were particularly interested in two
fructooligosaccharide utilization loci, identified in the clones 19 and F1, both issued from
uncultured Clostridiales strains. Indeed, FOS are increasingly being used as prebiotics in
human alimentation and livestock feeding. The F1 and 19 FOS utilization loci present almost
perfect synthenies with parts of the genomes of Subdoligranulum sp. APC924/74 and Dorea
longicatena DSM 13814, respectively. Several isolates from Subdoligranulum species are
short-chain fatty acid producers, and thus, could be considered as rather beneficial to the
human host. On the contrary, Dorea longicatena was previously described as non-beneficial,
which correlates to the fact that we found the 19 locus overabundant and over prevalent in the
metagenome of patients suffering from inflammatory bowel diseases. The F1 locus contains
only one transporter from the PTS family, but which lacks the IIA domain compared with the
19 PTS and other canonical PTSs, which include the three domains specific for glycosides (the
ElIB, C and A domains). The 19 locus contains both a PTS transporter and an ABC
transporter. After the screening step, it was thus impossible to determine which one of the two
transporters was responsible for the substrate internalization in the growth assays. First, the 19
PUL truncation revealed that the ABC transporter, which lacks a solute binding protein,
confers a weak but significant ability to E. coli to use sucrose. How this transporter could
uptake this glycoside without solute binding protein is still an open question. Then, by
combining locus engineering, growth dynamic analyses and mass spectrometry, we
demonstrated that both PTS are responsible for the binding, transport and phosphorylation of
kestose. The F1 and 19 PTSs are the first FOS PTSs of which the precise molecular
mechanism and the exact specificity towards oligosaccharides of precise lengths have been

determined. To do so, we developed a highly generic method to quantify the binding and
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uptake rates of transporters, based on the use of crude cell debris and intact cells, and of non-
labelled substrates of which very weak concentration variations (less than one nanomole) are
monitored by HPAEC-PAD. This method will allow one to circumvent the use of radio-
labelled substrates, of which the use requires dedicated facilities, which are less and less
current in biochemistry and microbiology labs. Furthermore, specific mutations in the E.coli
genome revealed that the F1 and 19 recombinant PTSs are functional in E.coli thanks to the
complementarity of several non-specific and specific components of the glucose and fructose
E. coli PTSs, highlighting the promiscuity of the PTS components of Gram-positive and
negative bacteria. How could the EI1A-lacking F1 PTS properly function in the native strains
from which it is issued is still an open question, that could be answered to by examining the
transcriptome of Subdoligranulum sp. APC924/74 during growth on FOS (if this strain could
grow on this substrate). Besides, in this study focused on PTSs, we used a sequence similarity
network to analyze the functional, structural and taxonomical diversity of PTS glycoside
transporters. We revisited the classification of the TCDB, and recommend one to be cautious
with respect to the level of classification. The last three TCID components which are, in most
cases, related to substrates, should indeed not be used to predict the substrate specificity of

PTSs, and more generally, of glycoside transporters.

Another part of this thesis project was dedicated to the characterization of a SusD protein of a
polysaccharide utilization locus (PUL) specific for xylooligosaccharides (XOS), identified in
the metagenomic clone F5. This XOS PUL, issued from an uncultured gut Bacteroides strain,
and which is quasi-identical to that of Bacteroides vulgatus ATCC 8482, was previously
characterized in E. coli and in the native strain by the DiscOmics group, in collaboration with
that of Eric Martens. Here, using a large variety of methods, we revealed that very
surprisingly, the F5_SusD protein cannot bind XOS, which are however efficiently uptaken
by the SusCD system. These methods include those usually used to characterize surface
glycan binding proteins, such as isothermal titration calorimetry and affinity gel
electrophoresis. In addition, we used STD-NMR, which has never been used for the SusD-like
proteins. Once again, these techniques are generic, extending the panel of techniques that can
be used, from now, to characterize the specificity of glycoside-transporters. In addition,
complementation experiments confirmed that the presence of the F5_SusD is essential for
XOS uptake. Moreover, the crystallographic structure of the F5_SusD was solved at a 2.6A
resolution in apo form, which represents the first crystal structure of SusD protein of a XOS

PUL. Compared with other solved structures of SusD-like proteins, the F5_SusD revealed an
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unfolded binding surface and the absence or inappropriate orientation of several key residues
such as tryptophan residues known to be involved in binding. These results highlight that the
binding specificity of SusD does not necessarily reflect the uptake specificity of the
transporter. They also constitute the first evidence that SusCD transporters can uptake
oligosaccharides without any functional surface glycan binding protein produced in the cell to
capture the uptaken oligosaccharides. The term ‘surface glycan binding protein’ used for
SusD-like proteins is thus not generic, being not adequate to describe some of these proteins.
Given that most PUL systems that have been characterized up to now target polysaccharides
and not oligosaccharides, contrary to the XOS PUL characterized here, we still do not know if
non-binding SusDs are a specific trait of oligosaccharide SusCD transporters. We also
wondered if this protein could bind other oligo-or polysaccharides, especially since we
noticed a positively charged surface that could, hypothetically, accommodate negatively
charges oligosaccharides like glucouronic acids. Although we still have to test this hypothesis
with binding assays, it is very improbable, since this PUL (with a quasi-identical SusCD pair)
has previously been shown in Bacteroidetes vulgatus to target linear XOS, but much less
efficiently, or not at all, ramified oligosaccharides and xylans. Furthermore, we showed, with
E. coli cells harboring the SusCD pair, that once assembled, the SusC and SusD components
do not bind XOS. This indicates that no structural reorganization of SusD inducing binding
occurred, once assembled to the SusC component. Rational engineering of the F5_SusD will
be required i) to definitively prove that the B. vulgatus SusD (with four different residues)
does not bind XOS; ii) to identify the molecular determinants of the SusD/SusC interaction
which induces the functionality of the transporter. Crystallization of the SusCD tandem could
also be attempted to highlight putative structural rearrangements of SusD when bound to its
cognate proteic ligand, in presence and in absence of XOS. Finally, the binding ability of the
other SusD identified in this work (in clones 5 and 4101), which are involved in
oligosaccharide uptake, will have to be assessed. Using our strategy, we could indeed have
selected several Bacteroidetes PULs preferentially targeting oligosaccharides rather than
polysaccharides, to provide the native strain a competitive advantage to feed on the short
dietary fibers which are naturally present in some dietary compounds, or on the leftovers of

other microbes.

To sum up, in this PhD work we performed several technological improvements to unlock the
identification of glycoside transporters and the characterization of their specificity towards

oligosaccharides of defined structures. The analysis of the mechanism of some of them has
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expanded our vision of how dietary fibers, in particular prebiotics, are selectively metabolized
by uncultured and cultured species of the two dominant phyla in the human gut microbiome.
Nevertheless, the work required to characterize as many glycoside transporters as CAZymes
is huge. This domain can still be considered almost unexplored, given the great diversity of

glycoside transporter sequences which is revealed in genomes and metagenomes.
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R&umeéde la these

Les glycosides sont des molé&ules tres abondantes et de structures trés diverses. Ils sont
préents dans toutes sortes d'organismes vivants dans lesquels ils assurent des rdes importants
tels que le stockage d'énergie, la structuration cellulaire, la signalisation et la diffé&enciation.
IIs représentent le plus grand ré&ervoir de carbone méaboliquement accessible, et donc, une
source d'éergie importante pour la plupart des bacté&ies dans de nombreux environnements.
En particulier, dans l'intestin des mammiféres, les glycosides d'origines vé&yéale, mammifée
et bacté&ienne sont tres abondants. Leur utilisation par les bact&ies implique de multiples
effets sur I'nGe influen@nt positivement le confort digestif, mais éjalement la progression de
diverses maladies intestinales chroniques, et potentiellement, d'infections bact&iennes. En
outre, le contrde de l'utilisation des glycosides est important pour développer des usines
cellulaires et des consortiums microbiens capables de convertir efficacement la biomasse non
raffiné en produits de haute valeur ajouté& pour des applications biotechnologiques.
Pour se nourrir de glycosides préentant des structures complexes, les bact&ies ont déseloppeé
des stratégies originales faisant intervenir des loci speifiques de [l'utilisation des
polysaccharides (Polysaccharide Utilization Loci, PUL), qui codent ala fois les transporteurs
et les enzymes actives sur les glucides (Carbohydrate Active Enzymes, CAZymes) qui sont
nécessaires pour importer les substrats d’intérét dans les cellules et les dégrader en
monosaccharides. Le transport est donc une éape cruciale dans le méabolisme des glycosides,
qui est lui-méme un éément clédu fonctionnement et de I'&uilibre du microbiote. Cependant,
I'identification et la caracté&isation des transporteurs se heurtent & plusieurs verrous
technologiques. Malgréles avanceées majeures r&lisées pour la culture de certaines bacté&ies
au cours de la derniée dé&ennie, les difficulté&s de manipulation généique, souvent associ€es
aune redondance fonctionnelle, et le fait que les proté&nes transmembranaires ne peuvent pas
é@re éudiés aussi facilement que les proté@nes solubles, rendent en effet difficile la
caracté&isation fonctionnelle des systé@mes de transport. Cela est mé&ne impossible dans le cas
des micro-organismes non cultives, qui dominent les eéosystanes microbiens. Afin d'explorer
directement la diversité taxonomique et fonctionnelle des microbes non cultives, la
méagénomique a &é développé& ala fin des années 1980. Selon la définition de Jo
Handelsman, la méagéomique (&alement appelé& géomique des communautés,
génomique environnementale ou geévomique des populations) est «¢'analyse géomique d'une

population de micro-organismes>»
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Au cours de la derniere deéennie, une approche de mé&agenomique fonctionnelle ahaut-débit,
basée sur la recherche d’activité, a été développée au sein du groupe «DiscOmicsy de I'équipe
de Catalyse et d'Ingénierie Molé&ulaire Enzymatique de I'Institut de Biotechnologie de
Toulouse (Toulouse Biotechnology Institute, TBI). Cette approche, appliqué al'exploration
fonctionnelle des microbiomes intestinaux humain et bovin, a permis d'identifier plusieurs
centaines de clones d'Escherichia coli qui comprennent de grands fragments d'ADN
méageénomique (30 &40 kpb) contenant des clusters entiers de génes bact&iens de type
opé&on codant pour des CAZymes ciblant de fag@n synergique les glycosides complexes.
Dans ces loci mé&ageénomiques, les genes codant pour les CAZymes sont trés souvent
regroupé& avec ceux codant pour les transporteurs. En outre, il a &é& démontré que les
transporteurs de glycosides de certaines bactéries spécialistes de I'utilisation de glycosides
peuvent &re produits sous forme fonctionnelle, apartir d'un PUL clonédans un fosmide et

exprimédans E. coli.

Dans ce contexte, mon travail de thése, initi€en 2017, a @é€axésur le déseloppement de
nouvelles mé&hodes trés géné&iques pour permettre I'identification rapide de transporteurs et
déerminer leurs speificités. Nous avons appliqué ces techniques & la deéouverte de
transporteurs d'oligosaccharides impliqué dans I'utilisation des fibres alimentaires par des
bact&ies non cultivées du tube digestif humain et du rumen bovin, et au dé&hiffrement de
leurs méanismes de liaison et de translocation. L'identification de transporteurs de glycosides
apartir de bacté&ies non cultivées &ait I'un des principaux objectifs de ce projet. La premiee
partie de ce travail de thése a &éconsacré al'évaluation de I'efficacitéet de la géné&icitéde
la séection positive pour cribler les banques mé&agéromiques d'E. coli pour les transporteurs
fonctionnels. Pour éablir la preuve de concept de cette approche, nous avons examineéles
séjuences de 102 clones méagéomiques issus des microbiomes intestinaux humains et du
rumen bovin, qui ont é&é& pré&é&emment identifiés lors du criblage pour des activité&s
CAZymes de quatre banques méageénomiques totalisant 216 320 clones. Nous avons
sé@ectionné 45 clones qui contiennent des loci mé&agéromiques codant pour au moins un
transporteur de glycosides putatif et une CAZyme. Ensuite, 129 tests de croissance ont &&
effectué&s dans des microplaques en milieu minimal contenant des oligosaccharides qui
pouvaient &re hydrolysé& par les CAZymes pré&&emment identifiées dans chaque clone.
Enfin, 13 ‘hit’ clones ont montré une capacité de croissance sur les FOS, les XOS, les acides
aldouroniques, les cello-oligosaccharides, les B-glucooligosaccharides, le laminatriose, les

mannooligosaccharides, les galactomannooligosaccharides et le lactulose, gr&e ala co-
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expression de genes codant pour les transporteurs et les CAZymes. Ces tests ont fourni des
preuves directes de la fonctionnalité des transporteurs de diverses familles, malgré leurs
diffé&ences de spe&ificité d'origine taxonomique et de méanisme. Gr&e aces réultats, nous
avons mis en &idence une nouvelle fonction pour les transporteurs MFS qui est le transport
de galacto-mannooligosaccharides. Nous avons également prouveé qu'il est possible de
produire des transporteurs fonctionnels en exprimant les génes des PULs provenant de
bacté&ies Gram-positives dans la bacté&ie Gram-néative Escherichia coli, mettant en
&idence la généicité de cette strategie, bien que l'emplacement preeis de chacun des
domaines de transport chez E. coli reste encore indéerminé Nous avons calculé que la
probabilité de trouver des transporteurs de glycosides fonctionnels a partir de banques
méageénomiques fosmidiques en utilisant I'h&e E. coli n'est que de 0,7 %o, et la probabilité de
produire &la fois une glycosidase fonctionnelle et un transporteur fonctionnel apartir d'un
PUL (méa)géomique cloné dans un fosmide n'est que de 1,8%. Cela met en &idence
Iimportance du criblage automatis€ pour identifier les transporteurs fonctionnels des
méagénomes, et plus géné&alement, des géomes bacté&iens, en utilisant le clonage de PULs
dans les fosmides et I'expression dans E. coli. L'utilisation d'autres h&es bacté&iens et d'autres
vecteurs pour contrder I'expression de chacun des génes des PULSs pourrait nous permettre
d'augmenter ces rendements. Le débit et la sensibilitéde cette mé&hode de criblage pourraient
&alement &re augmentés en utilisant la microfluidique, avec laquelle chaque essai pourrait
étre miniaturisé en gouttelettes d’un volume de 1’ordre du pico-litre. Une telle miniaturisation
de plusieurs ordres de grandeur permettra de cribler la méabolisation de substrats tres
coQeux, comme les glycosides humains par exemple. Enfin, en utilisant I'approche préentée
ici, nous ne pouvons pas prouver définitivement qu'un transporteur est responsable de
I'absorption d'un glycoside cible ni dé&rire son méanisme. Cela né&essite en effet une
troncature rationnelle du PUL, afin d'@iminer tout biais potentiel dO ala pré&ence dans le
fragment d'/ADN mé&agéomique de plusieurs genes codant pour des transporteurs. Parce que
cela ne peut pas ére fait &haut dévit, nous avons da séectionner les cibles pour une
caracté&isation biochimique approfondie. Nous avons ainsi choisi certains des systémes de
transport de glycosides les plus originaux, en particulier ceux dont la fonction pourrait &re

importante pour la santéhumaine.

C'est la raison pour laquelle, dans le cadre de cette thése, nous nous sommes particuliéement
int&essé& adeux loci d'utilisation des fructooligosaccharides, identifiés dans les clones 19 et

F1, tous deux issus de souches non cultivéss de Clostridiales. En effet, les FOS sont de plus
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en plus utilisés comme préviotiques dans I'alimentation humaine et I'alimentation du béail.
Les loci impliqué dans [l'utilisation des FOS F1 et 19 présentent des synténies presque
parfaites avec des parties des géomes de Subdoligranulum sp. APC924 / 74 et Dorea
longicatena DSM 13814, respectivement. Plusieurs isolats d'especes de Subdoligranulum sont
des producteurs d'acide gras achame courte et pourraient donc &re considéé& comme plut&
béndiques pour I'h@e humain. Au contraire, Dorea longicatena a éépré&élemment déerite
comme non bénéfique, ce qui correspond au fait que nous avons trouveéque le locus 19 &ait
surabondant et plus répandu dans le méageénome des patients souffrant de maladies
inflammatoires de l'intestin. Le locus F1 ne contient qu'un seul transporteur de la famille PTS,
mais qui n'a pas le domaine I1A par rapport au PTS du locus 19, qui inclue les trois domaines
spe&ifiques aux glycosides (les domaines EIIB, C et A). Le locus 19 contient &ala fois un
transporteur PTS et un transporteur ABC. Apres I'éape de criblage, il a donc &&impossible
de déerminer lequel des deux transporteurs éait responsable de I'internalisation du substrat
dans les tests de croissance. Premi&ement, la troncature du PUL 19 a ré&dé que le
transporteur ABC, pour lequel il manque la proténe de liaison au substrat, conf&e aE. coli
une capacité faible mais significative d'utiliser le saccharose. Ensuite, en combinant
I'ingénierie des locus, les analyses des dynamiques de croissance et la spectromérie de masse,
nous avons démontréque les deux PTS sont responsables de la liaison, du transport et de la
phosphorylation du kestose. Les PTS des clones F1 et 19 sont les premiers PTS spé&ifiques de
I’utilisation des FOS dont le mécanisme moléculaire précis et la spécificité exacte vis-avis
des oligosaccharides de longueurs pre&eises ont &é déerminé. Pour ce faire, nous avons
développ€une méhode trés géné&ique pour quantifier les taux de liaison et d'absorption des
transporteurs, basé sur I'utilisation de débris cellulaires bruts et de cellules intactes, et de
substrats non marqué dont les variations de concentration sont trés faibles (moins d'une
nanomole) et ont &é contrdé&s par HPAEC-PAD. Cette mé&hode permet de contourner
I'utilisation de substrats radiomarqués, dont I'utilisation néeessite des installations dé&lié&s, de
moins en moins courantes dans les laboratoires de biochimie et de microbiologie. De plus, des
mutations spe&ifiques dans le géome d'E. coli ont ré&éé& que les PTS recombinants des
clones F1 et 19 sont fonctionnels dans E. coli gr&e ala complémentarité de plusieurs
composants non spécifiques et spécifiques des PTS de glucose et de fructose d’E. coli,
soulignant la promiscuitédes composants des PTS des bacté&ies Gram-positives et negatives.
En outre, dans cette éude axé sur les PTS, nous avons utiliséun ré&eau de similaritéde
séuence pour analyser la diversité fonctionnelle, structurelle et taxonomique des

transporteurs de PTS spécifiques de 1’utilisation des glycosides. Nous avons revu la
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classification de la TCDB et nous recommandons d'&@re prudent lors de son utilisation en ce
qui concerne le niveau de classification des transporteurs. Les trois derniers composants TCID
qui sont, dans la plupart des cas, liés aux substrats, ne doivent en effet pas &re utilisés pour

prélire la spe&ificitéde substrat des PTS, et plus géné&alement des transporteurs de glycosides.

Une autre partie de ce projet de these a &éconsacré ala caract&isation d'une prot@ne SusD
d'un PUL spécifique de I’utilisation des xylooligosaccharides (XOS), identifiédans le clone
métagénomique F5. Ce PUL spécifique de I’utilisation des XOS, issue d'une souche
intestinale Bacteroides non cultivés, et quasi-identique acelle de Bacteroides vulgatus ATCC
8482, a éépr&alemment caract&isee chez E. coli et dans la souche native par le groupe
DiscOmics, en collaboration avec 1’équipe d'Eric Martens (University of Michigan, USA). Ici,
en utilisant une grande variéé de mehodes, nous avons ré&véé que de maniee trés
surprenante, la proté&ne F5_SusD ne peut pas se lier aux XOS, qui sont pourtant efficacement
internalisés par le systéme SusC/D. Ces mé&hodes comprennent celles habituellement utilisés
pour caractéiser les proté@nes de liaison aux glycanes, telles que la titration calorimérique
isotherme (Isothermal Titration Calorimetry, ITC) et I'@ectrophorése sur gel daffinité
(Affinity Gel Electrophoresis, AGE). De plus, nous avons utilisé la méhode que jai
développé dans ce travail de doctorat, basé sur la quantification par HPAEC-PAD des
oligosaccharides non liés, et &alement la STD-RMN, dont nous avons prouvé pour les deux,
ére suffisamment sensible pour déecter une interaction entre la proté@ne et son ligand de
I’ordre du micromolaire. Encore une fois, ces techniques sont genéiques, dargissant le panel
de techniques qui peuvent déormais &re utilisés pour caract&iser la spe&ificité des
transporteurs de glycosides. Des exp€&iences de complé@nentation ont &alement confirméque
la pré&ence du F5 SusD est essentielle pour I'absorption des XOS. De plus, la structure
cristallographique du F5_SusD a é&éréolue aune réolution de 2,6 A sous forme apo, ce qui
représente la premiere structure cristalline d’une protéine SusD impliquée dans un PUL
spécifique de I'utilisation des XOS. Comparéad'autres structures réolues de prot@nes de
type SusD, le F5 SusD a ré&v@éune surface de liaison dépliés et I'absence ou I'orientation
inappropriee de plusieurs résidus clés tels que les residus de tryptophane connus pour &re
impliqués dans la liaison. Ces réultats mettent en évidence que la speificitéde liaison de
SusD ne reflée pas né&essairement la sp&ificitéde transport du transporteur. Ils constituent
&alement la premiée preuve que les transporteurs SusCD peuvent absorber les
oligosaccharides sans proténe de liaison au glycane fonctionnelle. Etant donnéque la plupart
des syst@mes PUL qui ont é&écaract&ises jusqu'aprésent ciblent des polysaccharides et non
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des oligosaccharides, contrairement au PUL spécifique de I’utilisation des XOS caract&iséici,
nous ne savons toujours pas si les proté@nes de type SusD qui ne lient pas de substrat sont une
caracté&istique speeifique des transporteurs d'oligosaccharides SusC/D. Nous nous sommes
&jalement demandé si cette proté@ne pouvait se lier & d'autres oligosaccharides ou
polysaccharides, d'autant plus que nous avons remarquéune surface chargé positivement qui
pourrait, hypothé&iquement, accueillir des charges néyatives d'oligosaccharides comme les
acides glucuroniques. Bien que nous devions encore tester cette hypothése avec des tests
appropriés, elle est tres improbable, car ce PUL (avec une paire SusC/D quasi-identique) a
dga&émis en éidence chez Bacteroidetes vulgatus et il cible spe&ifiqguement les XOS
lin&ires, mais beaucoup moins efficacement, ou pas du tout, les oligosaccharides ramifiés et
les xylanes complexes. Une ingénierie rationnelle du F5_SusD sera nécessaire pour d’une part
prouver définitivement que la proté@ne SusD de chez B. vulgatus (qui diffée par quatre amino
acides au niveau de sa séquence) ne lie pas les XOS, et d’autre part, identifier les
déerminants molé&ulaires de l'interaction SusD/SusC qui induit la fonctionnalité du
transporteur. Enfin, la capacitéde liaison des autres SusD identifié&s dans ce travail (dans les

clones 5 et 4101), qui sont impliqués dans la capture des oligosaccharides, devra &re éaluée.

Pour ré&umer, dans ce travail de these nous avons effectué plusieurs am@iorations
technologiques pour permettre d’accroitre 1'identification de transporteurs de glycosides et de
perfectionner la caracté&isation de leur sp&ificitévis-avis des oligosaccharides de structures
définies. L'analyse du mé&anisme de certains d'entre eux a argi notre vision de la fagn dont
les fibres alimentaires, en particulier les préviotiques, sont méabolisés de maniee séective
par les especes non cultivees et cultivées des deux phyla dominants dans le microbiome
intestinal humain. Né&nmoins, le travail requis pour caracté&iser autant de transporteurs de
glycosides que de CAZymes est énorme. Ce domaine peut encore &re consid&e comme
presque inexploré compte tenu de la grande diversité des sé&juences de transporteurs de

glycosides rév@é& dans les génomes et méageénomes.
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Summary:

Glycoside metabolization is a crucial function for bacteria, in particular those residing in the gut of mammals. To
feed on the dietary fibers of plant origin, they have developed very diverse proteic machineries to recognize,
transport and degrade glycosides of complex structures. Despite the crucial role of transporters, their
identification and characterization remain limited due to the fact that these membrane proteins are difficult to
study in recombinant form, and that the majority of them belong to uncultured bacteria. In this thesis work, we
screened a library of Escherichia coli fosmid clones, containing metagenomic loci involved in the metabolization
of oligo- and polysaccharides, for transport functions. Thirteen metagenomic clones issued from the human and
the bovine gut microbiomes were identified as being able to utilize oligosaccharides as sole carbon sources,
thanks to the co-expression of genes encoding carbohydrate active enzymes and transporters from different
families. Then, we developed a generic strategy to analyze, in vitro and in cellulo, the specificity of recombinant
transporters in Escherichia coli, combining carbohydrate utilization locus and host genome engineering,
screening and quantification of the binding, translocation, and growth rates, based on the use of unlabeled
glycosides. Thanks to these technological developments, we characterized two loci identified after the screening
step to be involved in the metabolization of fructooligosaccharides by uncultured Clostridiales, of which one
constitutes a dietary and pathology biomarker in the human gut microbiome. We deciphered the mechanism of
two phosphotransferase systems (PTS) of different structures, that we proved to be specific for kestose, and
highlighted the promiscuity of the PTS components of Gram-positive and negative bacteria. Furthermore,
integration of biochemical and (meta)genomic data allowed us to revisit the classification and taxonomical
distribution of bacterial PTS and to better understand the interaction between prebiotics and human gut bacteria.
Finally, the binding ability of a surface glycan binding protein, SusD, involved in xylooligosaccharide uptake by
Bacteroidetes, was investigated with a large panel of techniques, and its crystallographic structure solved. These
results demonstrate the efficiency of our strategy to rapidly identify glycoside transporters from various families
and taxonomical origins, and to characterize the relationships between their structure and their binding and
translocation specificities.

Ré&umeé

La méabolisation des oligosaccharides et polysaccharides est une fonction capitale pour les bacté&ies, en
particulier celles des microbiotes digestifs des mammiféres. Pour s’en nourrir, elles ont développé une
machinerie proté&que trés diversifiée pour reconnaitre, transporter et déyrader les sucres de structures complexes,
notamment ceux composant les fibres alimentaires d’origine vétégale. Malgré le réle crucial des transporteurs,
leur identification et leur caracté&isation restent limitées du fait de plusieurs verrous techniques, lié au fait que
ces protéines membranaires sont difficiles a étudier sous forme recombinante, et que la majorité d’entre elles
appartiennent &des bacté&ies non-cultivées. Dans le cadre de cette thése, nous avons cribléune banque de clones
fosmidiques d’Escherichia coli, contenant des loci métagenomiques impliqués dans la métabolisation d’oligo- et
polysaccharides, pour des fonctions de transports. Treize clones mé&agénomiques issus des microbiomes
digestifs humain et bovin ont &é&identifi& comme pouvant utiliser des oligosaccharides comme seules sources
de carbone, gr&e ala co-expression de génes codant pour des enzymes actives sur les hydrates de carbone et
pour des transporteurs de difféentes familles. Nous avons ensuite développé une stratégie géné&ique pour
analyser, in vitro et in cellulo, la spécificité de transporteurs recombinants chez Escherichia coli, combinant
ingénierie de loci et du génome de I’hdte, criblage et quantification de 1’efficacité de liaison, de translocation et
de croissance, a partir d’oligosaccharides non marqués. Grace a ces développements technologiques, nous avons
caract&isé deux loci identifié aprés I'éape de criblage comme éant impliqué dans la mé&abolisation des
fructooligosaccharides par des Clostridiales non cultivées, dont l'un constitue un biomarqueur du réjime
alimentaire et de pathologies. Nous avons dé&ryptéle mé&anisme de deux systé@mes phosphotransfé&ases (PTS)
de compositions diffé&entes, spe&ifiques du kestose, et avons mis en ésidence la promiscuitédes constituants des
PTS des bacté&ies Gram-positives et neégatives. De plus, l'intégration de données biochimiques et
(méa)génomiques nous a permis de revisiter la classification et la distribution taxonomique des PTS bacté&iens,
et de mieux comprendre l'interaction entre les prébiotiques et les bact&ies intestinales. Enfin, la capacitéde
liaison d’une protéine de liaison aux glycanes, SusD, impliquée dans le transport de xylooligosaccharides par des
bact&ies du phylum Bacteroidetes, a &€& éudi& avec un large panel de techniques, et sa structure
cristallographique résolue. L’ensemble de ces résultats démontre l'efficacité de notre stratégie pour identifier
rapidement des transporteurs d’oligosaccharides de familles et d’origines taxonomiques variées, et pour
caracté&iser les relations entre leur structure et leurs speeificités de liaison et de translocation.
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