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Analysis of the diversity of the glycoside hydrolase family
130 in mammal gut microbiomes reveals a novel mannoside-
phosphorylase function

Ao Li", Elisabeth Laville', Laurence Tarquis', Vincent Lombard?3, David Ropartz*®, Nicolas Terrapon?3,
Bernard Henrissat?3¢, David Guieysse', Jeremy Esque’, Julien Durand’, Diego P. Morgavi’” and Gabrielle Potocki-

Veronese™*

Abstract

Mannoside phosphorylases are involved in the intracellular metabolization of mannooligosaccharides, and are also useful
enzymes for the in vitro synthesis of oligosaccharides. They are found in glycoside hydrolase family GH130. Here we report on an
analysis of 6308 GH130 sequences, including 4714 from the human, bovine, porcine and murine microbiomes. Using sequence
similarity networks, we divided the diversity of sequences into 15 mostly isofunctional meta-nodes; of these, 9 contained no
experimentally characterized member. By examining the multiple sequence alignments in each meta-node, we predicted the
determinants of the phosphorolytic mechanism and linkage specificity. We thus hypothesized that eight uncharacterized meta-
nodes would be phosphorylases. These sequences are characterized by the absence of signal peptides and of the catalytic
base. Those sequences with the conserved E/K, E/R and Y/R pairs of residues involved in substrate binding would target -1,2-,
£-1,3- and p-1,4-linked mannosyl residues, respectively. These predictions were tested by characterizing members of three of
the uncharacterized meta-nodes from gut bacteria. We discovered the first known f-1,4-mannosyl-glucuronic acid phosphory-
lase, which targets a motif of the Shigella lipopolysaccharide O-antigen. This work uncovers a reliable strategy for the discovery
of novel mannoside-phosphorylases, reveals possible interactions between gut bacteria, and identifies a biotechnological tool
for the synthesis of antigenic oligosaccharides.

DATA SUMMARY this study are listed in Table S1 (available in the online version

The GH130 amino acid sequences were collected from the of this article).

manually curated CAZy database and from four public gut

microbial gene datasets from the human gut (GigaDB [1]),

mouse gut (GigaDB [2]), pig gut (EBI, PRJEB11755 [3]) and INTRODUCTION

bovine rumen (Giga DB [4]) automatically annotated with Mannosides occur in many living organisms, from
human supervision. The sequence accession numbers used in microbes to plants and animals, in the form of homo- or
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heteropolymers or glycoconjugates. They play a critical role
in several cellular processes, such as cell wall structuring in
plants [5], cell signalling, as key components of proteogly-
cans [6], lipopolysaccharides and capsular polysaccharides
in bacteria, yeasts, mammals and plants [7], and also as a
carbohydrate storage polymer in certain parasites [8].
Mannoside synthesis is mostly carried out by glycoside
transferases (GTs) from mannose diphosphonucleotides,
whereas mannoside degradation is carried out by glycoside
hydrolases (GHs). These enzymes are very diverse in terms of
structures, mechanisms and specificities, as indicated by their
respective membership of 13 and 15 different GT and GH
families, respectively, in the classification of carbohydrate-
active enzymes (CAZy database, http://www.cazy.org/ [9]).
In addition, mannoside synthesis and degradation can also
be performed by mannoside phosphorylases (GPs). The latter
enzymes, which are classified in the related CAZy families
GH130 [10] and GT108 [11], breakdown f-mannosides in the
presence of inorganic phosphate to generate o.-mannose-1-
phosphate (Man1P) through an inverting phosphorolytic
mechanism. They can also act as f-mannoside-synthases
from oManlP and glycosyl acceptors, in the so-called
reverse phosphorolysis reaction. The newly created GT108
family only contains six characterized members, all acting
on mannogen, a linear f-1,2-polymannoside. In contrast,
the GH130 family is much more polyspecific, with 18
characterized members, of which 3 are f-1,2-mannosidases
[12,13] and 14 are glycoside phosphorylases acting on a large
variety of substrates, such asf-1,4-mannooligosaccharides
[14-18], f-1,4-mannosyl-N-acetyl-glucosamine [19],5-1,4-
mannosyl-N,N’-diacetylchitobiose [20],5-1,2-mannobiose
[21, 22],6-1,2-oligomannans [21] andf-1,3-mannobiose
[23]. Their large diversity of specificities, the tolerance of
some enzymes towards acceptors, and their ability to generate
oManlP through phosphorolysis of cheap substrates for
the synthesis of various heteromannosides, makes GH130
glycoside phosphorylases attractive enzymes for the in vitro
synthesis of f-mannosidic linkages, which are considered
to be some of the most challenging glycosidic linkages in
synthetic carbohydrate chemistry [24]. However, the func-
tional and sequence diversity of GH130 enzymes, and their
role in the functioning of ecosystems, are underinvestigated.
Less than 1% of the 2142 GH130 enzymes listed in the CAZy
database (release 8 January 2020) have been biochemically
characterized. In order to predict the specificity of enzymes in
this family that are still uncharacterized, in 2013 we proposed
a classification into two subfamilies, namely GH130_1, strictly
acting on f-1,4-mannosyl-glucose, and GH130_2, targeting
p-1,4-mannosyl-N,N'-diacetylchitobiose (the core oligosac-
charide of N-glycans), or -1,4-mannooligosaccharides [20].
This subfamily analysis also revealed one heterogeneous
GH130_NC sequence cluster, which was later shown to
include enzymes of various specificities and mechanisms,
such as f-1,2-mannosidases [12, 13], f-1,2-mannobiose-
and f-1,2-oligomannan-phosphorylases [21, 22], and a
f-1,3-mannobiose-phosphorylase [23]. Even though these
early subfamilies are still used [17], we wished to perform a
new analysis based on the greater sequence diversity available

Impact Statement

In recent years, several studies have revealed the ability
of bacterial mannoside-phosphorylases classified in the
glycoside hydrolase family 130 to degrade mannosides
from plants, yeasts and mammals. In 2013, we proposed
a classification of this family into subfamilies, which is
still used today. Nevertheless, this previous study also
revealed one heterogeneous sequence cluster, which was
later shown to include both mannoside-phosphorylases
and mannosidases, of various specificities. In this paper,
we present a more accurate analysis of the GH130
family, using the greater sequence diversity available
today, including that of metagenomes. We established a
generic strategy based on the analysis of sequence simi-
larity networks and conservation of active site residues
to identify glycoside-phosphorylases from thousands
of sequences and predict their specificity. We validated
this predictive approach by biochemically character-
izing members of yet uncharacterized sequence groups.
This strategy allowed us to discover novel mannoside-
phosphorylases from the human gut microbiome, which
are able to degrade and synthesize glycosidic motifs
found in pathogenic bacteria. This work opens up new
perspectives for the synthesis of antigenic oligosaccha-
rides and for the study of interactions between bacteria.

today. Indeed the number of GH130 sequences listed in the
CAZy database alone is now almost six times larger than in
2013. Because the CAZy database only lists sequences from
daily releases from GenBank, we also wished to include a
number of metagenomic GH130 sequences not present in
CAZy in our novel analysis, as these may reveal a diversity
not yet present in GenBank.

The Enzyme Function Initiative-Enzyme Similarity Tool (EFI-
EST) was developed in 2015 (http://efi.igb.illinois.edu/efi-est/
[25]) to rationalize the search for sequences of interest in large
datasets. This web tool automatically generates sequence simi-
larity networks (SSNs) to visualize sequence relationships in
protein families [26]. SSNs have recently been used to search
for new functions in the glycyl radical enzyme superfamily,
a class of prominent enzymes in the human gut microbiome
[27], and to subdivide the multispecific GH16 family into 23
robust subfamilies [28].

In the present study, we used SSNs to analyse the diversity
of GH130 sequences listed in the CAZy database, and in
four metagenome datasets selected from mammalian guts,
as ecosystems that are rich in mannosides of various origins
and structures [29]. By segregating the GH130 sequences into
iso-functional meta-nodes and analysing the conservation
of the active site residues involved in catalysis and substrate
accommodation, we uncovered a strategy to distinguish GPs
from GHs and to predict their linkage specificity. We tested
our predictions by biochemically characterizing members of
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the unexplored meta-nodes. This study allowed us to reveal a
new function of heteromannoside degradation and synthesis.

METHODS

GH130 sequence mining in mammal gut
metagenomes

The GH130 sequences were identified from the metagen-
omic sequence datasets following a procedure previously
described for other metagenomics analyses [30]. The proce-
dure consisted of a BLAST [31] search of the protein sequences
against the full-length GH130 sequences included in the
CAZy database (http://www.cazy.org) in November 2018,
using a cut-oft E-value of 107°. Sequences that aligned over
their entire length with a GH130 sequence in the database
with >50% identity were assigned directly to the GH130
family. The remaining sequences were subjected to a sequence
similarity search using the hidden Markov models (HMMER
v3) built for each CAZy family, allowing identification of the
CAZy family they belong to [9].

Sequence similarity networks

The web-based EFI-EST (http://efi.igb.illinois.edu/efi-est)
[25] was used to construct SSNs from the GH130 sequences
retrieved from the CAZy database in November 2018 (1592
sequences) and from the 4 metagenomes (4714 sequences),
plus 2 sequences of recently characterized GPs (VCV21229.1
and VCV21228.1), with E-value thresholds between 107*° and
10~*°. The node networks were visualized using Cytoscape 3.2
(https://cytoscape.org/ [32]).

Analysis of sequence similarity

The CD-HIT program was used to analyse sequence redun-
dancy within and between the datasets (http://weizhong-lab.
ucsd.edu/cdhit-web-server/cgi-bin/index.cgi) [33]. For each
GH130 sequence selected for biochemical characterization, the
most similar sequence was identified from the CAZy database
using BLAST, with the NIH BLASTP default search parameters
(https://blast.ncbi.nlm.nih.gov). The conservation of active
site residues was analysed using multiple sequence alignments
performed using cLusTAL Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/). The alignments were corrected in the region
containing residue K199 (reference sequence AAO78885.1),
according to available structural information [22].

Phylogenetic analysis

First, a multiple structural alignment using mustang 3.2.2 [34]
was performed with the 11 GH130 sequences associated to a
PDB code (1VKD, 3QC2, 3R67, 3TAW, 3WAS [35], 4ONZ,
4UDG [36], 5A7V [12], 5AYC [16], 5AYE [16] and 5BOR
[22]). Then, 10 sequences for each of the 15 meta-nodes (150
sequences in total) were chosen, including the 18 characterized
sequences and 132 randomly chosen sequences. The multiple
structural alignment was used to guide the multiple sequence
alignment of the whole dataset (150 sequences) using MAFFT
and the G-INS-i strategy (iterative refinement, using WSP
and consistency scores, of pairwise Needleman-Wunsch

global alignments) [37]. Finally, a phylogenetic tree was
constructed by setting 1000 bootstrap replicates using the
default neighbour-joining method [37, 38] and was visualized
with iTOL [39].

Signal peptide detection

Signal peptides were predicted using the SignalP 4.1 server
(http://www.cbs.dtu.dk/services/SignalP/) [40].

Analysis of sequence prevalence and abundance in
the human gut metagenome

The prevalence and abundance of the GH130 genes in the
human gut microbiome were calculated from the abundance
table of 9.9 million genes from the human gut metagenomes
of 1267 subjects (http://meta.genomics.cn/meta/dataTools [1]).

Chemicals

The reverse phosphorolysis reaction was tested using different
acceptors and donors, as follows.

(i)  Acceptors: p-glucose (Glc) and p-fructose (Fru) (VWR
Chemicals BDH); p-mannose (Man), D-galactose
(Gal), N-acetyl-p-glucosamine (GlcNAc), N-acetyl-D-
galactosamine (GalNAc), L-arabinose (Ara), L-rhamnose
(Rha), p-xylose (Xyl), p-glucouronic acid (GlcA)
(Sigma-Aldrich), p-glucosamine (GIcN), N-acetyl-
p-mannosamine (ManNAc) and p-galacturonic acid
(GalA) (Carbosynth).

(ii) Donors: o-D-glucose-1-phosphate (aGlc1P),
o-D-mannose-1-phosphate (aManlP), O-D-
galactose-1-phosphate (a0GallP) and o-D-N-acetyl-
glucosamine-1-phosphate  (atGIcNAc1P)  (Sigma
Aldrich); p-p-glucose-1-phosphate (fGlcl1P) (Car-
bosynth).  f-1,4-mannobiose, f-1,4-mannotriose
(Megazyme), f-1,3-mannobiose and -1,2-mannobiose
(Carbosynth) were used as standards. The sodium
molybdate reagent and L-ascorbic acid were purchased
from Sigma Aldrich.

The hydrolysis reaction was assessed using various
PpNP-substrates:  4-nitrophenyl o.-L-arabinopyranoside;
4-nitrophenyl f-L-arabinopyranoside; 4-nitrophenyl o.-b-
mannopyranoside; 4-nitrophenyl /-p-mannopyranoside;
4-nitrophenyl o-D-glucopyranoside; 4-nitrophenyl f-p-
glucopyranoside; 4-nitrophenyl o-D-galactopyranoside;
4-nitrophenyl S-p-galactopyranoside; 4-nitrophenyl f-p-
galactofuranoside;  4-nitrophenyl o-L-fucopyranoside;
4-nitrophenyl f-L-fucopyranoside; 4-nitrophenyl f-p-
fucopyranoside; 4-nitrophenyl-$-p-glucopyranosiduronic
acid; 4-nitrophenyl f-p-xylopyranoside; and 4-nitrophenyl
o-L-rhamnopyranoside (Megazyme).

Enzyme production

The genes encoding U3, U6 and U7 were synthesized by
Biomatik Limited (Cambridge, ON, Canada), with opti-
mization of codon usage for expression in Escherichia coli,
and cloned in the pET-23a(+) vector, in fusion with N- and
C-terminal (His), tags, and expressed in the E. coli BL21-DE3
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star strain. The E. coli BL21-DE3 star cells transformed
with the recombinant plasmids were cultured overnight at
37°C in 400ml of the auto-inducible medium ZYM5052
supplemented with 100 pg ml™ ampicillin. The cells were
harvested by centrifugation for 5min at 5000 r.p.m., before
being resuspended and concentrated in 20 mM Tris/HCI, pH
7.0, to obtain a final OD_, _ of 80. They were then lysed by
sonication. The cell debris were centrifuged at 13000 r.p.m.
for 10 min and the cytoplasmic extracts were filtered using a
0.20 um Minisart RC4 syringe filter.

The U1 and U4 enzymes were produced with an N-terminal
(His), tag by Prozomix (Haltwhistle, Northumberland, UK),
and provided in the form of cell-free extract powder.

Enzyme purification

The recombinant E. coli BL21-DE3 star cells were harvested,
resuspended in the TALON buffer (20mM Tris/HCI, pH 7.0,
300mM NaCl) at OD,, 80 and lysed by sonication. The
supernatant was collected after centrifugation at 13000 r.p.m.
for 10min and the cytoplasmic extracts were filtered using a
0.20 um Minisart RC4 syringe filter. For U1 and U4, the cell-free
extract powder was solubilized in the TALON buffer at 10 mg
ml™.

The cytoplasmic extracts in the TALON buffer were subse-
quently applied to a TALON resin loaded with cobalt (GE
Healthcare), washed with 20mM Tris/HCI, pH 7.0, and
300mM NaCl, and then eluted with 20mM Tris/HCI, pH
7.0, 300 mM NaCl and 20 mM imidazole. The purified protein
was eluted with 20 mM Tris/HCI, pH 7.0, 300 mM NaCl and
200mM imidazole. Lastly, the purified protein was desalted
using a PD-10 column (GE Healthcare) and recovered in
20mM Tris/HCI, pH 7.0. The protein concentration was
determined by spectrometry using a NanoDrop (Thermo
Fisher Scientific, Waltham, MA, USA).

Acceptor and donor specificity screening

All enzymatic reactions were carried out at 37 °C. The molyb-
denum blue activity assay was used to assess the release of
inorganic phosphate during reverse phosphorolysis [41-43].
The reaction mixture was composed of 45l of purified
enzyme (final concentration 0.03 mg ml™ for Ul and U3,
and 0.0025 mg ml™! for U7) in 255 pl of a solution containing
20mM Tris/HCI (pH 7.0), 200mM sodium molybdate,
10mM sugar-1-phosphate and 10mM monosaccharide
(final concentrations). At sampling times, 50 ul of the reac-
tion mixture was transferred to a 96-well plate containing
150 pl of a L-ascorbic acid solution 0.24% (w/v) in 0.1 N HCI
per well. After incubation at room temperature for 5min,
150 ul of stop solution [2% (v/v) acetic acid and 2% (w/v)
sodium citrate tribasic dihydrate] was added to stop the
reaction. The absorbance was measured at 655nm using a
microplate reader (InfiniteM200pro, TECAN). One unit of
activity corresponds to the amount of enzyme that catalyzes
the production of 1 pmol of inorganic phosphate min' in
the assay conditions.

Hydrolysis assays

The hydrolytic activity of the purified enzymes was quantified
by monitoring the hydrolysis of pNP-glycosides (list above).
Assays were performed for 1 h at 37°C in 96-well microtitre
plates. The reaction mixture was composed of 1 mM (final
concentration) pNP-glycosides in 140 pl of 20 mM Tris/
HCI buffer, pH 7.0, and 40 ul of 1 mg ml™ purified enzyme.
Para-nitrophenol (0 to 1 mM) was used as standard. The reac-
tion was stopped by adding 180 pul of 200mM Na,CO,. At
the initial and final reaction times, the OD was measured at
405 nm with a microplate reader (InfiniteM200pro TECAN).

Mannoside synthesis

The synthesis of manno-oligosaccharides by reverse phospho-
rolysis was performed over 24h at 37°C in a total reaction
volume of 100 ul, with 0.1 mg ml™ purified protein, 10 mM
oManlP and 10mM acceptor in 20 mM Tris/HCI buffer,
pH 7.0. The variation of substrate and product amounts was
assessed by high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD).

HPAEC-PAD analysis

Carbohydrates and oMan1P were separated on a 4x250 mm
DionexCarboPack PA100 column. A gradient of sodium
acetate (from 0 to 150 mM in 15 min) and an isocratic step
of 300 mM sodium acetate in 150 mM NaOH were applied
at a flow rate of 1 ml min™". Detection was performed by
using a Dionex ED40 module with a gold working electrode
and an Ag/AgCl pH reference.

NMR spectroscopy

All spectra were acquired using a Bruker Advance 500 MHz
spectrometer with a 5mm z-gradient TBI probe at 298 K,
and an acquisition frequency of 500.13 MHz for 'H and
125.75 MHz for C NMR. The data were processed using
TopSpin 3.0 software. The freeze-dried reaction media and
standards were resuspended in deuterated water. Deute-
rium oxide was used as the solvent and the chemical shift
scales were internally referenced to sodium 2,2,3,3-tetrad
euterio-3-trimethylsilylpropanoate (d4-TSP) for 'H and to
the non-deuterated acetone (singlet at 30.89 ppm) for “C
NMR. The various signals were assigned by comparison
with signals obtained from D-mannose, D-glucose, cMan1P,
f-1,4-mannobiose (Megazyme, Republic of Ireland), and
f-1,3-mannobiose (Carbosynth, UK). The usual 2D tech-
niques, such as TOCSY, HSQC and HMBC, were used.

Mass spectrometry

The reverse phosphorolysis reaction performed with Ul
was analysed by mass spectrometry (MS) on a Synapt G2
Si HDMS (Waters Corp., Manchester, UK) equipped with
a LockSpray Exact Mass Ionization Source (electrospray
ion source, ESI). The instrument was operated in posi-
tive polarity in the sensitivity mode. The parameters used
for electrospray were as follows: capillary voltage: 2.1
kV; sampling cone: 70; desolvation temperature: 120 °C;
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Table 1. Diversity of metagenomic GH130 sequences in mammal gut metagenomes

Metagenome No. of genes N50 average ~ No.of GH130 % of GH130 No.of full-  No.of multi-  No. of redundant GH130 sequences
contig length (kb)  sequences sequences  length GH130 modular with those of the
sequences GH130 CAZy database
sequences

100% identity >90% identity
Human 9878647 5.0 1205 12x107 676 (56%) 3 22 210
Mouse 7685872 6.6 467 6x107° 324 (69%) 0 7 53
Pig 2572074 1.87 681 26x107° 298 (44%) 0 1 62
Bovine 13825880 0.91 2361 17%x107? 800 (34%) 16 1 180
Total 33962473 - 4714 - 2098 19 31 505
Redundancy between metagenomes 24 2426

desolvation gas: 3501 h™!. The tandem MS (MS/MS) meas-
urement was performed in the transfer cell of the triwave
setting using an energy of 22. After drying, the sample was
solubilized in H,O/MeOH and infused at a flow rate of
5pl min™. MS and MS/MS measurements were recorded
for 30s. Data were acquired using MassLynx 4.1 and
processed using Mmass 5.5.0 [44]. The MS/MS spectrum
was annotated according to the nomenclature of Domon
and Costello [45].

RESULTS

GH130 sequence mining in mammal gut
microbiomes

In order to extend the GH130 diversity from the genomic to
the metagenomic sequence space, 4 mammal gut metagen-
omes, totaling 33962473 genes, were searched for sequences
containing at least 1 GH130 module. In total, 4714 GH130
sequences were retrieved from the human, mouse, pig and
bovine gut metagenomes (1205, 467, 681 and 2361 sequences,
respectively) (Table 1). The relative numbers of GH130 genes
in these four datasets are of the same order of magnitude,
varying from 6x107to 26x107°% of the genes in each
metagenome. The proportion of sequences that lack N- and/
or C-terminal ends varies between 31-66%. Logically, the
larger is the N50 assembled contig length in the metagen-
omic dataset and the smaller is the percentage of fragmentary
sequences. Most of the metagenomic sequences contain a
single catalytic module. Only 19 combine a GH130 module
with a GH2, GH43, GH92, GH127 or a GH142 module (Table
S2). This very low number of multi-modular sequences is
probably not due to gene fragmentation in the metagenomic
datasets, since only 6 of the 1592 sequences listed in the CAZy
database as of November 2018 are multi-modular (GH130-
GT81 and GH130-GH130 modular combinations). None
of the CAZy or metagenomic sequences contains a CBM
domain. Of the 4714 metagenomic sequences, only 0.7%
(31 sequences) are fully identical to sequences already listed
in the CAZy database. Among the metagenomic sequences,
only 0.5% (24 sequences) are identical. With a threshold of
90% sequence identity, sequence redundancy between each
metagenome and the CAZy database does not exceed 10.7%.

Between the metagenomes, it reaches 51.5%, highlighting
the similarities between mammal gut microbiomes regarding
these mannoside-metabolizing enzymes (Table 1).

Sequence diversity in the GH130 family

To analyse sequence diversity in the GH130 family, we
constructed SSNs with the 1592 sequences from the CAZy
database, plus 2 sequences corresponding to recently
characterized GPs, and the 4714 metagenomic sequences.
The low number of identical sequences does not affect
clusterization, since they appear in the same nodes. We
also checked that the presence of the four multi-modular
GH130-GH130 sequences in our dataset (Table S2) did not
create erroneous edges between otherwise distinct meta-
nodes. Taken independently, the sequences of each of the
modules do indeed gather in the same meta-node. Different
E-value thresholds (1073 and 10-°°) were tested to construct
the SSNs (Figs 1 and S1). For each SSN, we mapped the
known functions of the 18 characterized GH130 sequences
on the meta-nodes obtained. We defined isofunctional
clusters as meta-nodes containing characterized members
with the same osidic linkage and acceptor specificities.
The optimal E-value threshold was defined as the highest
threshold leading to the separation of the sequences into the
maximum number of isofunctional meta-nodes. Optimal
clusterization was obtained by setting an E-value threshold
of 1077, corresponding to 63% sequence identity (Fig. 1).

In this optimal configuration, we obtained five isofunc-
tional meta-nodes (meta-nodes C1 and C3 to C6, Fig. 2).
The characterized GPs targeting f-1,2-mannosides appear
in two different meta-nodes (C4 and C6). This result cannot
be explained by differences of specificity towards f-1,2-
mannosides of various chain lengths, since meta-node C6
contains both a f-1,2-mannobiose phosphorylase and a
f-1,2-oligomannan phosphorylase. Conversely, the GPs
acting on Man-f-1,4-GlcNAc and on f-1,4-mannosides
(sequences belonging to the former GH130_2 subfamily)
are grouped in the same meta-node (C2), apart from the
those of the meta-node C1 targeting Man-f-1,4-Glc (former
GH130_1 subfamily). It was not possible to obtain an SSN
representation grouping GPs that act on f-1,2-mannosides
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Fig. 1. Protein SSN of the 6308 GH130 sequences from the CAZy database and from gut metagenomes, with an E-value threshold of 1077°.
Each of the 3637 nodes contains sequences with more than 70% identity. Nodes are connected by an edge when the pairwise sequence
identity is over 63%. In this figure, the 694 sequences appearing in 641 singletons have been omitted. Red nodes contain biochemically
characterized members, belonging to meta-nodes C1 to Cé6. The meta-nodes containing at least 20 sequences and with no characterized
members are labelled as UC1 to UC9. (a) Nodes coloured according to the origin of the sequences: sky blue, CAZy database; pink, human
gut metagenome; green, mouse gut metagenome; black, pig gut metagenome; orange, bovine rumen metagenome. (b) Nodes coloured

according to the meta-node they belong to.

into one single meta-node while splitting them out from
those acting on f-1,3-mannosides (meta-node C5, Figs 2
and S1). In addition, even at the lowest E-value tested
(107%), the characterized sequences targeting Man-$-1,4-
GlcNAc and f-1,4-mannosides are still grouped in the
same meta-node. This may be due to the high promiscuity
towards acceptors of these enzymes, as demonstrated for
the RaMP2, BT1033 and UhgbMP enzymes [14, 19, 20].

The optimal SSN contains 15 meta-nodes containing more
than 20 sequences each; this is 1 of the criteria used to

define subfamilies in the CAZy database [28]. Six meta-
nodes contained characterized enzymes (meta-nodes C1
to C6). The other nine meta-nodes (UC1 to UC9) did
not contain characterized sequences and were therefore
investigated for their functions. In addition to these meta-
nodes, the SSN also contains 20 meta-nodes with fewer
than 20 sequences, and 641 singletons sharing less than
63% identity with the sequences in meta-nodes. These
small meta-nodes and singletons contain 798 sequences,
which correspond to 12.7% of the 6308 sequences used to
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Fig. 2. Determination of the acceptor specificity of the purified enzymes
U1 (a), U3 (b) and U7 (c). The reactions were performed using 10 mM
of aMan1P (glycosyl donor) and 10mM of acceptor. The release of
inorganic phosphate was followed using the molybdenum blue activity
assay. Reactions were performed in triplicate. When no reverse
phosphorolysis activity was detected (similar inorganic phosphate
release rate to that in the presence of aMan1P as sole substrate), the
data do not appear in this figure.

construct the SSN. They correspond to small sequences of
less than 292 amino acids in size, which is the length of the
shortest full-length GH130 sequence indexed in the CAZy
database (CEP78012.1). These short sequences appearing as
singletons represent the majority (94%) of the incomplete
metagenomic sequences. The longest sequences correspond
to the few multi-modular proteins, which are distributed
in different meta-nodes, in particular C3 and UC4 (Tables
S1 and S2).

Prediction of mechanism

In order to support the functional assignment of meta-nodes
containing characterized proteins, and to predict the function
of the members of the uncharacterized SSN meta-nodes, we
predicted the mechanism of osidic linkage breakdown (phos-
phorolysis or hydrolysis) for all the meta-nodes, based on three
criteria. The first one was the presence or absence of a signal
peptide in the sequences. Because GPs need intracellular phos-
phate to perform phosphorolysis, we assumed that they were
all cytoplasmic enzymes. To test this hypothesis, we predicted
the presence or absence of a signal peptide in all the sequences
of characterized GPs from the GH3, GH13_18, GH65, GH9%4,
GH112, GH130, GH149, GH161, GT4, GT35 and GT108
families, using the SignalP 4.1 server. No signal peptide was
detected. In addition, none of the sequences from the GH130
SSN meta-nodes containing characterized GPs was predicted
to have a signal peptide (Table 2). Conversely, the meta-node
containing the characterized GHs (f-1,2-mannosidases)
contained sequences with signal peptides (for example, two of
the three characterized members). Based on this finding, we
considered that the meta-nodes containing sequences with a
predicted signal peptide do not include GPs.

The second criterion was the conservation of the catalytic
machinery. As previously shown for GH130 enzymes
[12, 20], inverting GPs indeed require a single catalytic
amino acid to perform the catalytic event, with phosphate
playing the role of a base. Conversely, inverting GHs require
the presence of an additional carboxylic amino acid in their
catalytic site acting as a base to catalyze the hydrolytic reac-
tion. We thus examined the conservation of the catalytic
proton donor aspartate (D), and searched for D or gluta-
mate (E) residues that may act as a base by aligning the
non-truncated sequences of each meta-node with those of
the 18 phosphorylases and hydrolases characterized previ-
ously. The sequences ADD61463.1 and AAO78885.1 were
chosen as references for amino acid numbering (Table 2).
We assigned the GP activity to the meta-nodes where more
than 95% (to take into account the rare shifts in the auto-
matic multiple sequence alignments) of sequences included
the putative catalytic proton donor but lacking the base, and
the GH activity to those where more than 95% of sequences
contained the two putative catalytic residues.

The final criterion was the conservation of the phosphate-
binding residues in GP-encoding sequences. By examining
the multiple alignments in each meta-node, we assigned
the GP activity to the meta-nodes where more than 90%
of sequences included the arginine/histidine (R/H) pair
described as being involved in Pi binding [36]. Conversely,
all the sequences clustering with the characterized GHs
lack the phosphate-binding residues. An overview of this
analysis is given in Fig. S2, highlighting key regions in the
multiple sequence alignment, such as proton donor, puta-
tive base,+1 subsite and Pi-binding site.

Based on the three criteria, we assigned all UC meta-nodes
except UC4 to GPs. It is noted that meta-node UC3 has 15
sequences (<10%), where the phosphate-binding residue
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Table 2. Conservation of key residues in the sequences of each SSN meta-node. The proven activities are rendered in bold type. The presence of
sequences with a signal peptide in each meta-node is also indicated. The reference sequences for mannoside-phosphorylases and mannosidases
are ADD61463.1 [-1,4-mannosyl-N,N’-diacetylchitobiose-phosphorylase (20)] and AA078885.1 [#-1,2-mannosidase (12)], respectively. Both enzymes
are functionally and structurally characterized. In meta-node C3, a signal peptide was detected for the characterized members ALJ48509.1 and

ACT94389.1, but not for AAO78885.1

Meta-node Number of full-length seq es Seq es Catalytic residues Phosphate- +1 subsite Predicted
CAZy/metagenomes/total with signal binding residues mechanism
peptide Proton Putative and linkage
donor base specificity
Cl1 221/836/1057 No D _ R H R Y R D GPs-f-1-4
c2 268/757/1025 No D _ R H R Y R D GPs-f-1-4
ADD61463.1 D104 R168 H231 R59 Y103 R150 D304
C3 113/152/265 Yes D D/E _ _ R E K D GHs-f-1-2
AAO78885.1 D142 E227 R89 E141 K199 D363
C4 290/76/366 295/366 No D _ R H R E K D GPs-f-1-2
70/366 R E R D GPs-f-1-3
C5 42/70/112 No D _ R H R E R D GPs-f-1-3
Cé 85/0/85 No D _ R H R E K D GPs-f-1-2
UC1 31/66/97 No D _ R H R Y R D GPs-f-1-4
uc2 199/0/199 No D _ R H R E K D GPs-f-1-2
uc3 135/18/153 124/153 No D _ R H R/D E K D GPs-f-1-2
7/153 R/D E R D GPs-$-1-3
14/153 R/D Y R GPs-f-1-4
UcC4 0/53/53 Yes _ _ _ _ S M N _ GHs
UcCs 61/0/61 No D _ R H R E K D GPs-$-1-2
UCeé 0/11/11 No D _ R H R 1 R D GPs
ucr7 9/10/19 No D _ R H R E R D GPs-f-1-3
ucs 26/7/33 No D _ R H R E K D GPs-$-1-2
uco 29/0/29 No D _ R H R E K D GPs-f-1-2

H is replaced by tyrosine (Y). This variation in phosphate-
binding residues has already been described in other
GP-containing families, such as members of the family
GH13_18 [46]. In the sequences belonging to the meta-
node UC4, the catalytic and phosphate-binding residues are
not conserved, but the presence of a signal peptide in some
of these sequences suggests that they could be hydrolases.

Prediction of linkage specificity

In order to predict the linkage specificity of the enzymes
assigned to uncharacterized meta-nodes, we studied the
conservation of the residues involved in the recognition and
accommodation of the acceptor at the +1 subsite (R59, Y103,
R150, D304 residues, ADD61463.1 numbering, Table 2), based
on the functional and structural knowledge of the previously
characterized GH130 enzymes [12, 16, 22, 35, 36]. Firstly,
the UC4 sequences do not contain any of these conserved
residues. As they also lack the GH130 catalytic residues, we
consider these sequences to be very distant from the other
GH130 enzymes, which correlates with the fact that this meta-
node was the first to separate from the other large meta-nodes

in the SSN constructed with an E-value threshold of 107,
corresponding to 32% sequence identity (Fig. S1). This was
confirmed by constructing a phylogenetic tree representing
the distances between 10 sequences of each meta-node (Fig.
S3).

In all the characterized meta-nodes and in UC1, UC3, UC?
and UCS, residue R59 is more than 98% conserved, regardless
of the linkage specificity of the enzymes. The Y103 residue
is also conserved in more than 98% of the sequences of the
two meta-nodes containing characterized members targeting
f-1,4-mannosides (C1 and C2), but is replaced by an E in
more than 99% of sequences of the three meta-nodes with
members targeting -1,2-mannosides (with a gap at this posi-
tion for two sequences). An E is also observed in more than
80% of the sequences of the C5 meta-node, otherwise it is
a glutamine (Q). These isosteric Q and E residues thus may
have the same function, although it is not yet proven. The
residue at position Y103 thus seems to be involved in linkage
specificity, although it is not its only determinant. Residue
R150 is conserved in 99% of the sequences of the meta-nodes
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targeting f-1,4 and $-1,3-mannosides. This residue is also
strictly conserved in uncharacterized meta-nodes UC1, UC6
and UC7, and in 18% of the UC3 sequences. It is replaced by
a lysine (K) in 90% of sequences of the meta-nodes targeting
f-1,2-mannosides, with the remaining 10%, which belong to
C4, having an R. A Kis also present in meta-nodes UC2, UCS5,
UC8 and UCY, and in 82% of UC3. It was previously proposed
that this K residue confers $-1,2 linkage specificity to GH130
enzymes [12]. Lastly, D304 is conserved in more than 99% of
the sequences of all meta-nodes except UC4, and is thus not
involved in linkage specificity.

Based on these results, we identified the pairs of residues corre-
sponding to the residues Y103 and R150 in ADD61463.1 as the
determinants of linkage specificity. The Y/R pair is conserved
in all characterized GH130s that target $-1,4-mannosides,
the E/K pair in all those that target f-1,2-mannosides, and
the E/R pair in all those that target $-1,3-mannosides (+1
subsite region in Fig. S2). The conservation of this pair of
residues was then used to predict the linkage specificity of
the uncharacterized meta-nodes. Meta-node UC1 would
thus target f-1,4-linkages, meta-node UC7 $-1,3 linkages
and meta-nodes UC2, UC5, UC8 and UC9 the f-1,2 linkages.
In meta-node UC3, again, 81% of the sequences contain the
E/K pair, and would thus target $-1,2 linkages, while those
containing the E/R pair would target f-1,3 linkages and
those containing the Y/R pair would target 5-1,4 linkages.
The prediction of linkage specificity for the UC6 sequences is
not possible, since they have the conserved R150, but lack the
Y103 or E, which is replaced by an isoleucine (I) in 10 of the
11 sequences and by a methionine (M) in the remaining 1. We
thus propose that they may feature a new linkage specificity
in the GH130 family.

Biochemical characterization of sequences from
uncharacterized SSN meta-nodes

In order to experimentally validate our predictions regarding
the mechanism and linkage specificity of the enzymes of the
uncharacterized meta-nodes, and to discover potential new
functions in the GH130 family, we selected one sequence
to characterize in each meta-node containing at least 20
metagenomic sequences.

We thus selected five human gut metagenomic sequences (the
most prevalent and abundant ones in the human gut micro-
biome) from meta-nodes UCI1, UC3, UC4, UC6 and UC7,
and named them U1, U3, U4, U6 and U7, respectively (Table
S4). The remaining meta-nodes UC2, UC5, UC8 and UC9
contain no or only a few metagenomic sequences. The chosen
sequences are very different from those of the 18 GH130
enzymes already characterized, with less than 40% identity
(Table S3). The target genes were synthesized and expressed
in E. coli. Unfortunately, U6 was insoluble, and could not
be characterized. The Ul, U3, U4 and U7 enzymes were
produced in soluble form and were further characterized.

Based on our mechanistic prediction, the members of meta-
nodes UCI1, UC3 and UC7 are probably phosphorylases,
while the members of meta-node UC4 are expected to be

hydrolases (although no signal peptide was predicted in
the U4 sequence). In order to test these hypotheses, we
screened for GP activity by means of an assay based on
the measurement of released inorganic phosphate [42] in
the direction of glycoside synthesis, using purified enzymes
(Fig. 2). We first tested oMan1P as donor, and 11 different
monosaccharides as acceptors, to detect phosphate release
and identify the best acceptor for the validated GPs. Then,
using the best acceptor, we assessed promiscuity towards
glycosyl donors by comparing the phosphate release rates
from ooManl1P, aGlc1P, 0oGallP, aGlcNAc1P and fSGIcl1P.
The release of phosphate from aoManlP was proven for
the Ul, U3 and U7 enzymes (Fig. 2) in the presence of
different acceptors. No other donor was identified for
the synthesis reaction, indicating that these enzymes are
strict mannoside-phosphorylases. In the assay conditions,
UT1’s best acceptor was GlcA (specific activity 1300+40 U
g™'). A slight reverse phosphorolysis activity was also
detected with GalA (specific activity 270+80U g'). U3’s
best acceptor was Man (specific activity 3700£130U g').
It also reacted, very weakly, with GlcA (specific activity
130+20U g™'). In contrast, U7 is a promiscuous enzyme,
which is able to efficiently accommodate Glc (specific
activity 46,480+4030 U g™*), but also, to a lesser extent, Man
(specific activity 26700+860 U g') and GlcNAc (specific
activity 18620+100U g'). Without acceptor, U1, U3 and
U7 also displayed a slight activity ofeMan1P hydrolysis
(specific activities 80+60, 100+50 and 440+80 U g!, respec-
tively), a side reaction already described for mannoside-
phosphorylases [20]. No reverse phosphorolysis activity
was detected with the U4 target, regardless of the acceptor
tested. In case this enzyme might accommodate another
sugar phosphate, we also tested it in the presence of various
donors and Man, with this monosaccharide being the best
acceptor for most characterized GH130 GPs. No reverse
phosphorolysis activity was detected, indicating that U4 is
probably not a GP, but rather, as hypothesized, a glycosidase.
We further tested the ability of U4 to hydrolyzef-1,2/1,3
and 1,4-mannobiose and various pNP-glycosides, but no
substrate consumption was observed by HPAEC-PAD
analysis of the reaction media, or by the chromogenic assays
performed with pNP-glycosides (data not shown).

To confirm the acceptor and donor specificity of U1, U3
and U7, and to determine the degree of polymerization of
their products and their linkage specificity, the enzymes
were purified and the glycoside synthesis reaction media
were analysed by HPAEC-PAD, and 'H / *C NMR or MS,
as appropriate.

For Ul in the presence of aManlP and GlcA, a 30%
decrease in substrates concentrations was observed on the
HPAEC-PAD chromatograms after reaction, confirming
that reverse-phosphorolysis occurred (Fig. 3a). MS analysis
was then performed in order to elucidate the structure of
the glycoside produced from oManl1P and GlcA. The ESI
MS measurement in positive ionization mode highlighted
a species at m/z 379.09 (Fig. 4, red spectrum). This ion
corresponds to the [M+Na]* of a disaccharide composed of
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Fig. 3. HPAEC-PAD analysis of the reverse phosphorolysis reactional mixtures after incubation for 0min (in black) and 24h (in colour)
with U1 (a), U3 (b) and U7 (c, d). The reactions were performed in the presence of 10 mM of aMan1P (glycosyl donor) and 10 mM of GlcA,
Glc or Man (acceptors). Only the peaks at the retention times corresponding to commercial standards are labelled.
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Fig. 4. Mass spectrometry measurements of the U1 reverse phosphorolysis reactional mixture (substrates: 10 mM aMan1P and 10 mM
glucuronic acid) in positive ionization mode. The upper spectrum in red corresponds to the ESI MS measurement. The lower spectrum
in black corresponds to the ESI MS/MS of the precursor ion isolated as a [M+Na]* at m/z 379.1. The detailed structure is shown with
the specific fragments. Details of the annotation: red, unambiguous fragments; grey, ambiguous fragments (not reported on the

corresponding structure); blue, water losses.

a hexose and a uronic acid. The structural characterization
of this disaccharide was performed by MS/MS. The intra-
cyclic fragments **A  and X confirmed that the uronic
acid is at the reducing end of the disaccharide and the *°A,
fragment proves that, as predicted, the linkage between the
two subunits is of type 1,4 (Fig. 4). Since all the character-
ized GH130 enzymes share an inverting mechanism, we
deduced from these results that the compound produced by
Ul from aManl1P and GlcA is Man-f-1,4-GIcA.

The HPAEC-PAD chromatogram of the U3 reaction in the
presence of aMan1P and Man indicated that a disaccharide
and a trisaccharide were produced from these substrates
(Fig. 3b). Their retention times correspond to those of the
f-1,4-mannobiose and f-1,4-mannotriose standards. The
f-1,4 linkage specificity of U3 was confirmed by '"H NMR
(Fig. S4). The signals of the anomeric protons (Hlo, H1f,
H1') were assigned by comparison with signals obtained
from f-1,4-mannobiose standard. This validates our predic-
tion that U3 harbours the Y/R pair responsible for f-1,4
linkage specificity.

The U7 synthesis reactions were performed with oMan1P
and Man or Glc acceptors. In both cases, a single product
was observed on the HPAEC-PAD chromatograms (Fig. 3c,
d), and its retention times did not correspond to that of
f-1,4-mannobiose. By comparing the anomeric region in
'"H NMR with standards, we proved that f-1,3-mannobiose
was produced from Man as an acceptor. For the reaction
performed in the presence of Glc as an acceptor, for which
there is no available commercial standard, the '"H and *C
NMR (1D and 2D) analyses of the reaction medium proved
that U7 produced the Man-f-1,3-Glc disaccharide (Fig. $4).
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This linkage specificity confirms our prediction for meta-
node UC7’ sequences. The traces of free Man detected by
'H NMR in this reaction medium result from aManlP
hydrolysis.

DISCUSSION

Use of SSNs to analyse the functional diversity
of mono-modular CAZymes, and to predict GP
functions

The efficiency of SSNs for rapid clustering of a large number
of sequences has already been shown [27], and was recently
applied to the creation of subfamilies within the large multi-
functional CAZy family GH16 [28]. In the present paper,
we describe the use of SSNs to: (i) analyse the functional
diversity of CAZyme encoding metagenomic sequences,
whose role in microbial ecosystems had never been inves-
tigated; (ii) identify new CAZyme functions.

Here, we have targeted a family that mainly contains
putative glycoside phosphorylases in order to extend our
knowledge of their structure-function relationships, to
investigate their physiological functions, and because they
are biotechnological tools of interest for glycoside synthesis.
Mannoside-phosphorylases of the family GH130 are intra-
cellular enzymes described as targeting, in cellulo, only
di- or trisaccharides [36]. The breakdown of such simple
carbohydrate structures does not require complementary
catalytic modules or carbohydrate-binding modules, which
are found to bind and depolymerize complex glycans in
numerous cell surface-associated GHs. Thus, more than
99% of the sequences proven or predicted in this study
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to encode mannoside-phosphorylases are monomodular.
This specific feature means that GH130 sequences can
be analysed directly with the EFI-EST web tool, without
isolating the target catalytic domain, contrary to what has
been done in respect of the often multi-modular GH16
sequences [28].

Despite these advantages, the SSN analysis presents two
limitations. Firstly, as explained by Viborg et al. in 2019
[28], it cannot be used to establish evolutionary relation-
ships between functional meta-nodes. The formation of
stable subfamilies, whose boundaries will not evolve at the
rate of the rapid increase of the number of genomic and
metagenomic sequences, requires the use of complemen-
tary approaches, such as phylogenetic and hidden Markov
model analyses. Secondly, as previously shown for the
GH16 family and confirmed here with GH130s, SSNs do
not sufficiently differentiate sequences with local structural
differences, which can, however, have major implications in
terms of enzyme specificity and mechanism. Regardless of
the E-value threshold (107*° to 10°) used, it was impossible
to cluster GH130 sequences according to linkage specificity
(B-1,2,1,3 or 1,4) or acceptor specificity (Figs 2 and S1). We
thus had to devise another strategy to identify potential GPs
and predict their specificity. This generic approach could be
used regardless of CAZy family. The first stage is to elimi-
nate hydrolases by excluding the meta-nodes that contain
sequences with (i) signal peptides and (ii) conserved
carboxylic acid residues that could act as bases in inverting
hydrolases. This second criterion can only be used for
inverting families (representing 7 of the 11 GP-containing
families), because, like GHs, most of the retaining GPs
involve a catalytic machinery that contains both an acid/
base and a nucleophile. Another criterion that could be
used for easy discrimination of hydrolases from phosphory-
lases could be to eliminate sequences containing CBMs, as
it is indeed unlikely that intracellular enzymes acting on
oligosaccharides possess CBMs. This hypothesis was not
tested here, as none of the GH130 sequences contains a
CBM. The second stage aims to predict linkage specificity.
For the first time, thanks to the increasing number of crys-
tallographic structures available in the GH130 family, we
found that the linkage specificity of GH130 members, be
they phosphorylases or hydrolases, is linked to the presence
of a specific pair of amino acids located in the +1 subsite.
These predictions were biochemically validated with
sequences belonging to three meta-nodes, and allowed us
to isolate, from thousands of GH130 sequences, GPs that
catalyse a reaction never described before, namely the
synthesis and degradation of Man-$-1,4-GlcA by the Ul
enzyme. The reliability of these predictions remains to be
validated for the members of the five meta-nodes that do
not yet include any characterized GP member. Sequences
of meta-node UC6 are of particular interest, since multiple
sequence alignments show that the amino acids conferring
specificity towards 5-1,2/1,3/1,4 linkages are not conserved.
These enzymes may target f-1,6-linked mannosyl residues,
since heteromannoside structures containing this motif do
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exist in fungal polysaccharides, such as in Lentinus edodes
[47] and in bacterial exopolysaccharides, in particular those
of the enterobacterium Edwardsiella tarda [48] (Fig. S5).

GH130 enzymes ensure diverse ecological
functions, targeting mammal, plant, mould, yeast
and bacterial mannosides

The SSN analysis presented here allowed us to represent the
diversity of GH130 enzymes in mammalian gut microbi-
omes. A large number of metagenomic sequences within a
SSN meta-node indicates their dissemination in numerous
bacteria, and thus, that the function might play a role in
habitat colonization by these species. The largest meta-nodes
by far are C1 and C2, with 36 and 31% of the metagenomic
sequences, respectively. These meta-nodes contain the
enzymes that target plant cell wall mannans and N-glycans.
This is not surprising, given the abundance of plant-derived
fibres in the human, bovine, pig and mouse diet, and the fact
that the gut microbes are in close contact with mammal cells
harbouring N-glycans.

The meta-nodes containing the sequences shown or predicted
to be involved in the degradation of f-1,2-mannosides, by
either phosphorolysis or hydrolysis, are much more restricted,
amounting to 8% of the metagenomic sequences. In these
meta-nodes, the only characterized member from a mammal
gut bacterium has been shown to target Candida albicans
mannan [12]. However, fungal mannosides are probably not
the only targets of the enzymes from these eight meta-nodes,
since several other yeast [49, 50], mould [47] and bacterial
heteromannosides [51, 52] harbour f-1,2-linked mannosyl
residues (Fig. S5). Furthermore, a fungal GH130 sequence is
contained in meta-node UC9 (Fig. S6). These fungal enzymes
may be involved in mannoside recycling, via the release of
oMan1P, which in turn could be transformed by pyrophos-
phorylases into GDP-mannose, which would further be used
as a GT substrate for heteromannan biosynthesis.

The UC1, UC7 and C5 meta-nodes are the final SSN meta-
nodes for which we inferred a function from the analyses
described here. Together, they only represent a few hundred
of the sequences in mammal gut microbiomes. These meta-
nodes also contain a few dozen genomic sequences from
various bacterial phyla, including Firmicutes, Bacteroidetes and
Actinobacteria, which are highly abundant in the gut micro-
biota (Fig. S6, Table S1). The UCI meta-node, the Ul member
of which was shown in this study to target the Man-f-1,4-
GlcA disaccharide, only represents 4% of our metagenomic
dataset. The Man-$-1,4-GlcA motif is described in Nicotiana
plumbaginifolia [53], but this tobacco plant species is not a
dietary constituent for mammals. This motif also exists in
bacterial lipopolysaccharides (Fig. S5), in particular the
O-antigen polysaccharide of Shigella boydii [54], one of the
four Shigella species considered to be major enteropathogens
causing childhood diarrhoea worldwide [55]. The UC7 and
the C5 meta-nodes, which target -1,3-linked mannosides,
together represent just 3% of the metagenomic dataset. These
two meta-nodes each contain promiscuous GPs (the U7 and
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zobellia_231 enzymes [23]), of which the substrates are the
Man-f-1,3-Glc and Man-f-1,3-Man disaccharides. These
motifs are found in some moulds [47, 56], and also in the
lipopolysaccharides of certain pathogenic bacterial species,
such as Pseudomonas aeruginosa (Fig. S5) [57]. Thanks to
their ability to produce these particular oligosaccharides
through reverse phosphorolysis, the Ul and U7 GPs charac-
terized in this study are tools of interest for the synthesis of
antigenic oligosaccharides.

In this study, we thus revisited the functional diversity of the
GH130 CAZy family by integrating that from mammalian gut
microbiomes. By combining a series of in silico and in vitro
approaches, we predicted that the vast majority of the GH130
enzymes are glycoside-phosphorylases and not hydrolases.
We identified that some of them are specific for oligosac-
charidic motifs found in bacterial lipopolysaccharides, in
particular those of certain pathogenic species. Co-culture
and transcriptomic studies targeting the commensals that
produce these enzymes will be needed to confirm the role of
mannoside-phosphorylases in bacterial interactions.
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