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ABSTRACT The gastrointestinal microbiota members produce a-L-fucosidases that
play key roles in mucosal, human milk, and dietary oligosaccharide assimilation.
Here, 36 open reading frames (ORFs) coding for putative a-L-fucosidases belonging
to glycosyl hydrolase family 29 (GH29) were identified through metagenome analysis
of breast-fed infant fecal microbiome. Twenty-two of those ORFs showed a complete
coding sequence with deduced amino acid sequences displaying the highest degree
of identity with a-L-fucosidases from Bacteroides thetaiotaomicron, Bacteroides caccae,
Phocaeicola vulgatus, Phocaeicola dorei, Ruminococcus gnavus, and Streptococcus par-
asanguinis. Based on sequence homology, 10 a-.-fucosidase genes were selected for
substrate specificity characterization. The a-L-fucosidases Fuc18, Fuc19A, Fuc35B,
Fuc39, and Fuc1584 showed hydrolytic activity on «1,3/4-linked fucose present in
Lewis blood antigens and the human milk oligosaccharide (HMO) 3-fucosyllactose. In
addition, Fuc1584 also hydrolyzed fucosyl-a-1,6-N-acetylglucosamine (6FN), a compo-
nent of the core fucosylation of N-glycans. Fuc35A and Fuc193 showed activity on
a1,2/3/4/6 linkages from H type-2, Lewis blood antigens, HMOs and 6FN. Fuc30 dis-
played activity only on a1,6-linked (-fucose, and Fuc5372 showed a preference for
a1,2 linkages. Fuc2358 exhibited a broad substrate specificity releasing L-fucose from
all the tested free histo-blood group antigens, HMOs, and 6FN. This latest enzyme
also displayed activity in glycoconjugates carrying lacto-N-fucopentaose Il (Le?) and
lacto-N-fucopentaose Il (LeX) and in the glycoprotein mucin. Fuc18, Fuc19A, and
Fuc39 also removed L-fucose from neoglycoproteins and human «-1 acid glycopro-
tein. These results give insight into the great diversity of a-L-fucosidases from the
infant gut microbiota, thus supporting the hypothesis that fucosylated glycans are
crucial for shaping the newborn microbiota composition.

IMPORTANCE  a-L-Fucosyl residues are frequently present in many relevant glycans,
such as human milk oligosaccharides (HMOs), histo-blood group antigens (HBGAs),
and epitopes on cell surface glycoconjugate receptors. These fucosylated glycans are
involved in a number of mammalian physiological processes, including adhesion of
pathogens and immune responses. The modulation of (-fucose content in such proc-
esses may provide new insights and knowledge regarding molecular interactions and
may help to devise new therapeutic strategies. Microbial a-L-fucosidases are exoglycosi-
dases that remove a-L-fucosyl residues from free oligosaccharides and glycoconjugates
and can be also used in transglycosylation reactions to synthesize oligosaccharides. In
this work, a-L-fucosidases from the GH29 family were identified and characterized from
the metagenome of fecal samples of breastfed infants. These enzymes showed different
substrate specificities toward HMOs, HBGAs, naturally occurring glycoproteins, and
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neoglycoproteins. These novel glycosidase enzymes from the breast-fed infant gut
microbiota, which resulted in a good source of a-L-fucosidases, have great biotechno-
logical potential.

KEYWORDS a-L-fucosidase, metagenome, microbiota, infant gut, human milk
oligosaccharides, histo-blood group antigens, glycoproteins

-Fucose (6-deoxy-L-galactose) is a monosaccharide commonly found in soluble

glycans such as human milk oligosaccharides (HMOs) and in glycans conjugated to
proteins and lipids (1, 2). Fucosyl residues are either a1,2-linked to galactose or «1,3/4/
6-linked to N-acetylglucosamine (GIcNAc) at the nonreducing end of mammalian
glycans (3). All fucosyl linkages with the exception of the «1,6 are present in the histo-
blood group antigens (HBGAs), which include the ABO and Lewis antigens. These anti-
gens are displayed as terminal motifs in N- and O-glycans present in a great variety of
tissues, including intestinal mucosa (4). In addition, a1,6-linked L-fucose can be also
added to the innermost GIcNAc residue in N-glycans constituting the so-called core
fucosylation (5). Fucosylated glycoconjugates play fundamental roles in a wide range
of physiological processes, including immune responses, receptor signaling, fertiliza-
tion, tumor metastasis, and host-microbiome interactions (2, 5-8). The L-fucose residue
is essential in the molecular interactions occurring in many of these processes. Thus,
the fucosyl residues present on the HBGAs mediate contact with many bacterial and vi-
ral pathogens (7, 9). As an example, the capsid proteins of important enteric viruses,
such as rotaviruses and noroviruses, interact with terminal L-fucose of mucosal HBGAs
(10-14). The core L-fucose at the Fc region of IgG antibodies significantly affects its
binding to the Fcyreceptor llIA present on the surface of natural killer cells and macro-
phages. The removal of the L-fucose residue from the Fc N-glycans increases the affinity
between IgG and the receptor. As a consequence, the antibody-dependent cellular cyto-
toxicity activity is enhanced, which is very relevant in cancer immunotherapy (15).

The removal of terminal a-L-fucosyl residues from glycoconjugates and HMOs is catalyzed
by a-L-fucosidases, which are classified into two major families, GH29 and GHO95, of the
Carbohydrate Active Enzymes (CAZy) database (www.cazy.org). GH29 «--fucosidases are
retaining glycosidases that utilize a double-displacement mechanism, resulting in retention of
the anomeric configuration (16, 17), whereas the GH95 family comprise enzymes that follow
an inversion mechanism for catalysis (18). GH29 family has been divided into two subfamilies,
GH29A and GH29B, according to substrate specificity and phylogenetic relationships (19). The
members of the subfamily GH29A (EC 3.2.1.51) have been described to have relatively relaxed
substrate specificities, and they can hydrolyze the artificial substrate p-nitrophenyl-a--fuco-
pyranoside (pNP-Fuc), whereas GH29B (EC 3.2.1.111) members are more specific for «1,3/4
fucosyl linkages and basically do not act on pNP-Fuc (19).

A specific characteristic of human milk is the high level of fucosylated glycans.
Depending on host genetics, between 50 and 80% of the HMOs (20) and 75% of the
N-glycans on milk proteins contain L-fucose (21). These fucosylated HMOs and glyco-
proteins are crucial for shaping the infant gut microbiota (22). Bacterial species isolated
from the gastrointestinal tract are especially adapted to utilize those carbohydrates as
fermentable substrate for growth, and they carry in their genomes a complete array of
enzymes for their catabolism, including a-L-fucosidases (23, 24). These enzymes have
been characterized from several intestinal bacteria, including species belonging to the
genera Bacteroides, Bifidobacterium, Clostridium, Lacticaseibacillus, Ruminococcus, and
Streptococcus (1, 19, 25-28), but information on the functionality (e.g., substrate specif-
icities) of the many a-L-fucosidases identified by sequence analyses is still scarce. We
have previously isolated and characterized three a-L-fucosidases (29), a B-galactosi-
dase (30), and a B-N-acetylglucosaminidase (31) from Lacticaseibacillus casei, a species
frequently found in infant feces. Recently, our group has also studied two B-galactosi-
dases from an infant gut-associated Bifidobacterium dentium (32).

Since only a small fraction of the total gut microbiota is cultivable, approaches such
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as metagenomic analyses provide access to greater diversity in protein sequences. In a
previous study, we taxonomically analyzed the microbiota composition of fecal sam-
ples from breastfed infants (33). The results demonstrated the presence of bacterial
genera known to contain putative a-L-fucosidases in their genomes. In the present
work, a search of a gut metagenome from those fecal samples has been performed in
order to identify and characterize novel a-L-fucosidases. The results revealed a remark-
ably high number of GH29 a-L-fucosidases present in the infant intestinal environment.
In order to get a clearer picture on the capacity of the intestinal microbiota to catabo-
lize fucosylated glycans, the substrate specificity toward naturally occurring free fuco-
sylated oligosaccharides, glycoproteins, and neoglycoproteins was determined for
several of these enzymes.

RESULTS

Identification of glycosyl hydrolases from infant fecal microbial metagenome.
In order to identify putative glycosidases from the infant intestinal microbiota involved in
mucosal and human milk oligosaccharides assimilation, a metagenomic analysis of DNA
isolated from fecal samples of breast-fed infants was performed. The RAST-MGRAST server
(34, 35) was used for functional annotation of the sequenced metagenome, resulting in
the identification of 60,354 sequences that contained predicted proteins with known func-
tions. Using the Cluster of Orthologous Genes (COG) database (36), glycosidases involved
in degradation of HMOs such as [B-galactosidases, B-N-acetylhexosaminidases, a-siali-
dases, and a-L-fucosidases were identified. Putative B-galactosidases (COG1874, COG2723,
and COG3250) were the most abundant glycosidases, with 224 identified enzymes from
the GH35, GH42, GH2, and GH1 glycosyl hydrolase families of the CAZy database. They
were followed by B-N-acetylhexosaminidases (COG3525), which comprised 42 enzymes,
all of them members of the GH20 family. Seven sialidases (COG4692 and COG4409) from
the GH33 family and 36 putative a-L-fucosidases (COG3669) were also identified. All of the
latest enzymes belong to the glycosyl hydrolase family GH29. Members of the other major
family of a-L-fucosidases (GH95) were identified using the dbCAN2 server (37), with a total
of 27 putative a-L-fucosidases found.

Sequence analysis and biochemical characterization of GH29 a-L-fucosidases.
We focused on GH29 a-1-fucosidases, where 22 of the 36 open reading frames (ORFs) cod-
ing for these putative enzymes showed a complete coding sequence (Table 1). The
deduced amino acid sequences of those 22 genes were used in BLAST searches against
the nr database (https://blast.ncbi.nlm.nih.gov), and they displayed the best hits (above
98% identity) with a-L-fucosidases annotated in the genomes from the bacterial species
Bacteroides thetaiotaomicron, Bacteroides caccae, Ruminococcus gnavus, Phocaeicola vulga-
tus (formerly Bacteroides vulgatus), Phocaeicola dorei (formerly Bacteroides dorei), and
Streptococcus parasanguinis (Table 1). An amino acid percentage of identity matrix (Table
S1 in the supplemental material) of the 22 a-1-fucosidases sequences revealed that four
groups of enzymes (Fuc1584/Fuc1821, Fuc144/Fuc584/Fuc1327, Fuc11/Fuc19B/Fuc47, and
Fuc18/Fuc59/Fuc289/Fuc499) showed sequence identity greater than 69%, which would
suggest that the enzymes within a group may have similar substrate specificities.
Additionally, pairwise alignments with already-characterized a-L-fucosidases revealed that
Fuc11 and Fuc21 showed 99% identity with BT_2970 and BT_2192, respectively, from B.
thetaiotaomicron (19). Furthermore, Fuc29 and Fuc144 exhibited 99 and 87% identity with
the a-L-fucosidase ATCC_03833 from R. gnavus (27) and BF3242 from Bacteroides fragilis
(38), respectively. Considering the homology of these sequences within the predicted a-L-
fucosidases listed in Table 1, Fuc18, Fuc19A, Fuc30, Fuc35A, Fuc35B, Fuc39, Fuc193,
Fuc1584, Fuc2358, and Fuc5372 were selected for further analysis, since to the best of our
knowledge, no proteins homologous to these a-L-fucosidases have yet been characterized.

SignalP 4.1 (39) predicted the presence of signal peptides in all the selected
a-L-fucosidases with the exception of Fuc2358 (Table 1). The 10 putative a-L-fucosi-
dases were expressed in Escherichia coli without signal peptide and purified as His-
tagged proteins (calculated molecular weights ranging from 49.62 to 76.09 kDa; Fig. 1).
The activity of the purified enzymes was first analyzed against the synthetic substrate
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TABLE 1 Putative GH29 a-L-fucosidases found in infant gut microbial metagenome

a--Fucosidase  Length (amino acids) Molecular mass (Da)  Signal peptide  Bacterial species® Identity (%)°®
Fuc11 484 55,850 + (1-29) Bacteroides thetaiotaomicron (AAO78076) 100
Fuc18 627 71,205 + (1-21) Bacteroides thetaiotaomicron (KAB4264829) 100
Fuc19A 471 54,588 + (1-21) Bacteroides caccae (MBD9101880) 100
Fuc19B 476 54,780 + (1-21) Bacteroides caccae (RHH92811) 100
Fuc21 484 54,563 + (1-21) Bacteroides thetaiotaomicron (MCB7009967) 99
Fuc29 435 50,452 — Ruminococcus gnavus (CCZ67559) 100
Fuc30 464 53,098 + (1-21) Bacteroides thetaiotaomicron (KXT30126) 100
Fuc35A 460 53,035 + (1-20) Bacteroides caccae (CCZ72424) 100
Fuc35B 452 50,728 + (1-22) Bacteroides caccae (CCZ72432) 100
Fuc39 606 68,638 + (1-19) Bacteroides thetaiotaomicron (ALJ41003) 100
Fuc47 480 55,826 + (1-23) Bacteroides caccae (CCZ72772) 100
Fuc59 625 70,934 + (1-19) Bacteroides caccae (RHD46245) 99
Fuc144 438 49,702 + (1-24) Bacteroides thetaiotaomicron (AAO76949) 100
Fuc193 461 54,232 + (1-21) Bacteroides caccae (KAA5447435) 99
Fuc289 627 70,495 +(1-19) Phocaeicola vulgatus (MBV4064515) 100
Fuc499 627 70,655 + (1-19) Phocaeicola dorei (MBT1293905) 99
Fuc584 441 50,341 + (1-25) Phocaeicola dorei (WP_217775024) 929
Fuc1327 441 50,329 + (1-25) Phocaeicola vulgatus (ABR39421) 100
Fuc1584 679 76,692 + (1-19) Phocaeicola vulgatus (KAB5455136) 100
Fuc1821 679 76,709 + (1-19) Phocaeicola dorei (WP_007839786) 100
Fuc2358 487 56,405 - Streptococcus parasanguinis (WP_049515056) 98
Fuc5372 449 51,872 + (1-22) Phocaeicola dorei (AND21567) 100

aBest hit of BLAST against the nr database of GenBank. The GenBank accession numbers are shown in parentheses.

bidentity to the closest homologue in the nr database of GenBank. The identity percentages correspond to the comparison with the full length of the protein sequence
present in the database.

+/—, presence/absence of signal peptide predicted by SignalP 4.1. The numbers in parentheses indicate the amino acid positions that comprise the signal peptide.

p-nitrophenyl-a-L-fucopyranoside (pNP-fuc). All the enzymes were able to hydrolyze
this substrate with the exception of Fuc18 and Fuc39 (Table 2). In agreement with this,
both a-L-fucosidases were shown to be phylogenetically close to BT_2192 (Fig. 2), a
member of the GH29 subfamily B (19), a subgroup within GH29 previously character-
ized as unable to cleave pNP-fuc. In contrast, Fuc30 and Fuc35B, which are in the same
cluster as those three GH29B enzymes, were able to hydrolyze pNP-fuc although with
low specific activity. Among the tested enzymes, Fuc2358 exhibited the highest spe-
cific activity against pNP-fuc (Table 2).

Substrate specificity of the a-L-fucosidases from the infant gut microbial meta-
genome. To test the substrate specificity of the purified a--fucosidases, their hydrolase ac-
tivity was tested on type-1 (containing lacto-N-biose; B-p-Gal-(1— 3)-3-p-GIcNAc) and type-2
(containing N-acetyl lactosamine; B-p-Gal-(1—4)-B3-p-GIcNAc) blood antigens, the HMOs 2'-
fucosyllactose (2'FL) and 3-fucosyllactose (3FL), and fucosyl-a-1,6-N-acetylglucosamine (6FN)
that forms part of the core fucosylation of N-glycans (Table 3). The a-L-fucosidase Fuc30 dis-
played activity only on «1,6-linked fucosyl residues, and Fuc5372 showed preference for
a1,2 linkages, although low activity for 3FL and 6FN was also observed. Fuc18, Fuc19A,
Fuc35B, and Fuc39 showed substrate specificity toward «1,3/4-linked fucosyl residues, and
Fuc1584 hydrolyzed «1,3/4/6 linkages. Fuc35A and Fuc193 showed activity on «1,2/3/4/6
linkages, but «1,2-linked residues are hydrolyzed on H type-2 and 2'FL but not on H type-1
glycans. Fuc2358 exhibited a broad substrate specificity releasing fucosyl residues from all
the tested glycans. Interestingly, this last enzyme simultaneously hydrolyzed both fucosyl
residues from the Lewis b (Le) antigen, since neither H type-1 nor Lewis a (Le?) were
detected as reaction products (Fig. 3). However, the rest of the a-L-fucosidases acting on this
tetrasaccharide removed only the «1,4-linked t-fucose producing H type-1 antigen (Fig. 3).
Regarding the activity on Lewis y (LeY) antigen, the a-L-fucosidases Fuc2358 and Fuc35A pro-
duced N-acetyl-p-lactosamine, indicating that these enzymes hydrolyze both «1,2 and «1,3
fucosyl linkages on that tetrasaccharide (Fig. 4). H type-2 antigen was detected as a result of
the activity of Fuc18, Fuc19A, Fuc35B, Fuc39, Fuc193, and Fuc1584 on LeY, indicating that
these enzymes released terminal 1,3 but not «1,2 fucosyl residues from this substrate
(Fig. 4).
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¢ a-L-fucosidase Estimated mass of the
6xHis-tagged proteins (Da)
Fuc18 70,360
Fuc19A 53,651
Fuc30 52,149
Fuc35A 52,141
Fuc35B 49,625
Fuc39 68,030
Fuc193 53,189
Fuc1584 76,098
Fuc2358 57,976
Fuc5372 50,876

FIG 1 Purified a--fucosidases from infant gut metagenome. (A, B) Coomassie brilliant blue-stained
10% SDS-polyacrylamide gel showing the His-tagged proteins a-L-fucosidases GH29 subfamily A (A)
and subfamily B (B). (C) Estimated mass of the His,-tagged a-L-fucosidases. Lane P, protein standards.
The numbers on the left are molecular masses.

Activity of the a-L-fucosidases on glycoproteins. The a-L-fucosidases characterized
here were further analyzed for activity toward specific glycoconjugates, including lacto-
N-fucopentaose | (LNFI; a-L-Fuc(1—2)-B-p-Gal-(1—3)-B-d-GIcNAc-(1— 3)- B-p-Gal-(1—4)-0-
Glc), lacto-N-fucopentaose Il (LNFP II; Le>lactose; B-p-Gal-(1—3)-[a-L-Fuc-(1—4)]-B-0-
GlcNAc-(1—3)-B-0-Gal-(1—4)-d-Glc), lacto-N-difucohexaose | (LNDI; Leb-lactose; a-i-Fuc-
(1—2)- B-p-Gal-(1—3)[a-L-Fuc-(1—4)]- B-b-GIcNAc-(1— 3)- B-p-Gal-(1—4)-0-Glc), lacto-N-fuco-
pentaose Il (LNFII; Le*lactose; B-p-Gal-(1—4)-[a-L-Fuc-(1—3)]-B-0-GlcNAc-(1—3)- B-0-Gal-
(1—4)0-Glc), and Le-tetrasaccharide (a-Fuc-(1—2)-B-Gal-(1—4)-[a-Fuc-(1—3)]-GIcNAC)
bound to human serum albumin (HSA). The products of each enzymatic reaction were ana-
lyzed by Western blotting (Fig. 5). The results showed that none of the a-L-fucosidases were
able to hydrolyze the «1,2-linked 1-fucose from LNFI-HSA (H type-1), including Fuc2358,

TABLE 2 Activity and characterization of GH29 a-L-fucosidases from infant gut microbial

metagenome

a-1-Fucosidase sp act (nmol min~" mg protein—")? Optimal pH Optimal temp (°C)
Fuc18 ND

Fuc19A 2.90 £ 0.21 6.0 60
Fuc30 0.83 £0.14 7.0 40
Fuc35A 1.80 = 0.29 6.5 60
Fuc35B 0.99 £0.17 6.5 55
Fuc39 ND

Fuc193 2.33 £ 0.21 8.0 30
Fuc1584 0.89 £ 0.20 6.0 65
Fuc2358 2,501.39 = 52.83 6.5 60
Fuc5372 68.47 £ 16.77 6.5 40

9The a-L-fucosidases specific activity was determined with p-nitrophenyl-a-L-fucopyranoside as the substrate.
Each value represents the mean of three different measurements *+ standard deviation. ND, activity not
detected.
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FIG 2 Phylogenetic analysis of a-.-fucosidases studied in this work. The tree shows the metagenome-
derived a-L-fucosidases and the previously characterized a-L-fucosidases BT_2970 (GH29 subfamily A)
and BT_2192 (GH29 subfamily B) from Bacteroides thetaiotaomicron. Cluster analysis were performed
using the unweight pair group method with arithmetic mean (UPGMA). The numbers in the
dendrogram provide a measure of sequence distances values between proteins.

which acts on soluble H type-1 antigen as described above. The a-L-fucosidase AfcA from
Bifidobacterium bifidum (18) was used as a positive control. All the glycoconjugates contain-
ing a1,2 fucosyl linkages and treated with this enzyme lost their signals in the Western blots,
confirming its specificity on this linkage (18). Fuc2358 showed activity on the glycoconju-
gates carrying LNFII (Le?) and LNFIII (Le¥) but not on LNDI (Le®) and Lev. These results indicate
that this a-L-fucosidase is able to hydrolyze a1,3- and a1,4-linked -fucoses from glycoconju-
gates and suggest that the presence of the 1,2 fucosyl linkages on the Leb and LeY glyco-
conjugates prevent their hydrolysis. On the contrary, Fuc18 and Fuc39 were able to remove
a1,3- and a14-linked 1-fucoses from all the tested glycoconjugates. The signal patterns of
these two enzymes were similar to those obtained with AfcB from B. bifidum, which was
used as a positive control for a1,3/4-linkage specificity (40). Fuc19A was also able to hydro-
lyze the glycoconjugate LNFIIl (Le¥) and Fuc35B hydrolyzed LNFII (Le?), indicating that these
enzymes have a high specificity for @1,3 and 1,4 fucosyl linkages, respectively, when they
are present in glycoconjugates.

The a-L-fucosidases were also assayed for activity toward naturally occurring glyco-
proteins such as human «-1 acid glycoprotein (AGP), bovine lactoferrin, and porcine
mucin by measuring the ability of the enzymes to release L-fucose from these glycosyl-
ated proteins (Fig. S1 in the supplemental material). Fuc18, Fuc19A, and Fuc39 were
able to release L-fucose from AGP. In agreement with this, the AGP contains sialyl-Lex
antigen at the N-glycosylation sites (41), and as shown above, these enzymes also
showed high hydrolytic activity on the «1,3 fucosyl linkages present on Le* antigen.
Fuc2358 acted on porcine mucin removing L-fucose residues. This glycoprotein con-
tains «1,2 fucosyl residues linked to p-galactose (42), and Fuc2358 showed hydrolytic
activity on this linkage present in HBGAs and HMOs.

DISCUSSION

Fucosylated glycans present in human milk contribute to shaping the structure of the
breast-fed infant gut microbiota, which can have an important effect on health in the
early stages of life but also all through life (43, 44). The ability to utilize those substrates
relies on the expression of a wide range of a-L-fucosidases with different linkages specific-
ity by the gut bacteria (1). In addition, the free L-fucose released by bacterial enzymes in
the gut lumen may activate L-fucose sensors regulating bacterial intestinal colonization
(45). This work reports the analysis of new genes coding GH29 a-L-fucosidases identified
through a metagenome analysis of fecal samples of breastfed infants. The detected
a-L-fucosidases are probably derived from the bacterial genera Bacteroides, Ruminococcus,
Phocaeicola, and Streptococcus. Two a-L-fucosidases, BT_2970 and BT_2192, have been
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TABLE 3 Percentage of hydrolysis of natural fucosyloligosaccharides with the GH29 a-L-fucosidases from infant gut microbial
metagenome?

Substrate® Structure Fucl8 Fucl9A Fuc30 Fuc35A Fuc35B Fuc39 Fucl93 Fucl584 Fuc2358 Fuc5372

p13

H type-1 0_1_%_. 0 0 0 0 0 0 0 0 81 2
p13

Le? 0_541.4 100 74 0 66 100 100 14 84 100 0
p1-3

Leb m-%_:(xm 100 14 0 8 72 100 0 27 32 0

o1-3

BGA D_gﬂ-z 0 0 0 0 0 0 0 0 3 40
al-3

BGB < im-z 0 0 0 0 0 0 0 0 3 43
B1-4

H type-2 L11_23_. 0 0 0 74 0 0 8 0 100 77
pi-4

Le* O_=0.1-3 100 100 0 100 82 100 36 100 100 0
p1-4

LeY 0'1-%_51-3 100 100 0 73 62 100 22 94 100 0
p1-4

2’FL M_zi 8 2 0 0 96 0 0 8 0 100 100
p1-4

3FL ' 013 100 79 0 54 98 100 8 85 90 10

6FN =a1.e 0 0 100 73 0 0 15 100 100 11

aThe hydrolysis reactions were performed with 2 mM oligosaccharide at 37°C for 16 h.

bH type-1, blood group H type-1 antigen; Le?, blood group Lewis a antigen; Le®, blood group Lewis b antigen; BG A, blood group A trisaccharide, BG B, blood
group B trisaccharide; H type-2, blood group H type-2 antigen; Le*, blood group Lewis x antigen; Le?, blood group Lewis y antigen; 2'FL, 2'-fucosyllactose;
3FL, 3-fucosyllactose; 6FN, 6-fucosyl-N-acetylglucosamine; blue circle, glucose; yellow circle, galactose; blue square, N-acetylglucosamine; yellow square,
N-acetylgalactosamine; red triangle, fucose.

previously characterized in B. thetaiotaomicron (19). Here, three additional novel enzymes
from this bacterium (Fuc18, Fuc30, and Fuc39) have been studied, expanding the knowl-
edge on the enzyme repertory for fucosylated compounds catabolism from this human
gut symbiont. Fuc18 and Fuc39 have substrate specificities similar to BT_2192; they effi-
ciently hydrolyzed the Lewis antigen trisaccharides and the HMO 3FL. In agreement with
these results, it has been recently described that B. thetaiotaomicron is able to ferment
low-molecular-weight HMOs, including 3FL (46). Interestingly, Fuc30 showed activity on
a1,6-linked fucosyl residues, a characteristic that might utilize B. thetaiotaomicron to scav-
enge core L-fucose commonly present in mammalian N-glycans (47, 48). The variety of
a-L-fucosidases may provide B. thetaiotaomicron species with an advantage in colonizing
the gut of infants and adults (49, 50). Other species belonging to the Bacteroidaceae fam-
ily, such as B. caccae, P. vulgatus, and P. dorei, are also consistently present in the gut of
newborns (50) and have been described as good consumers of dietary and host-derived
glycans (51, 52). However, until now, no a-L-fucosidase enzymes have been characterized
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FIG 3 Hydrolysis of Le® by a--fucosidases. The figure shows high-performance liquid chromatography (HPLC) chromatograms (Dionex system) of the
standard compounds H type-1 (chromatogram 1), Le* (chromatogram 2), .-fucose (chromatogram 3), and control reaction mixture with Le® and without
enzyme (chromatogram 4). The reactions with a-L-fucosidases Fuc18, Fuc30, Fuc39, Fuc19A, Fuc35B, Fuc35A, Fuc1584, Fuc5372, Fuc2358, and Fuc193 are
shown in chromatograms 5 to 14. H type-1, blood group H type-1 antigen; Le?, blood group Lewis a antigen.

from these species. The a-L-fucosidases Fuc19A, Fuc35A, Fuc35B, and Fuc193 present in
B. caccae, Fuc1584 in P. vulgatus, and Fuc5372 in P. dorei displayed different substrate
specificities. They confirmed the presence of specialized enzymes that would allow these
species to utilize fucosylated glycans at the intestinal niche, such as HMOs and epithelial
glycans, as sources of energy in this highly competitive environment.

Enzymes belonging to the GH95 family of glycosyl hydrolases, the other major fam-
ily of a-L-fucosidases, were also identified in the infant fecal microbiome studied here.
The deduced amino acid sequences of the 27 genes coding for those glycosidases
showed the highest degree of identity with a-L-fucosidases from Bifidobacterium lon-
gum subsp. infantis, B. thetaiotaomicron, B. caccae, R. gnavus, P. vulgatus, and P. dorei.
Bifidobacterium is one of the main bacterial genera present in the gut of breast-fed
infants (53). We have identified here one putative a-L-fucosidase from this genus,
which displayed 99% identity with the previously characterized a-L-fucosidase
Blon_2335 from B. longum subsp. infantis ATCC 15697 (54). This is in agreement with
the presence of the species Bifidobacterium adolescentis, Bifidobacterium longum, and
Bifidobacterium pseudolongum in the infant fecal samples analyzed here (33). Most of
the sequenced genomes of B. longum subsp. infantis strains contain genes encoding
putative a-L-fucosidases (www.cazy.org). However, the sequenced genomes of B. ado-
lescentis strains do not carry genes encoding this type of enzymes, and only one of the
six sequenced genomes of B. pseudolongum strains have a putative a-L-fucosidase-
encoding gene (wWww.cazy.org).

An expanded repertory of characterized microbial a-L-fucosidases would not only con-
tribute to understand how gut microbes exploit mucosal carbohydrate resources but
could also be a source for important biotechnological applications. The great significance
of many fucosylated glycoconjugates in different molecular interactions in mammalians
opens the possibility to modulate their levels and specificity of fucosylation for both
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FIG 4 Hydrolysis of blood group Lewis y antigen (Le¥) by a-L-fucosidases. The figure shows HPLC chromatograms (Dionex system) of the standard
compounds H type-2 (chromatogram 1), Le* (chromatogram 2), and -fucose (chromatogram 3). The control reaction mixture with Le” and without enzyme
is represented by chromatogram 4. Reactions with the a-L-fucosidases Fuc18, Fuc30, Fuc39, Fuc19A, Fuc35B, Fuc35A, Fuc1584, Fuc5372, Fuc2358, and
Fuc193 are shown in chromatograms 5 to 14. The red arrows indicate the peak of N-acetyllactosamine. H type-2, blood group H type-2 antigen; Le*, blood

group Lewis x antigen.

fundamental and applied research. Thus, a possible approach to determine the function of
fucosylation is the enzymatic removal of L-fucose by using specific a-L-fucosidases. The
Fuc18, Fuc19A, and Fuc39 enzymes studied here were able to release L-fucose from neo-
glycoproteins, as well as from AGP, and Fuc2358 removed L-fucose from mucin. Given the
substrate specificities toward naturally occurring glycoproteins, those enzymes could con-
stitute tools for research and biotechnological use in defucosylation processes. We showed
that Fuc18 and Fuc39 a-L-fucosidases were able to remove «1,3-linked L-fucose from LeY
glycoconjugates. As an example, the suppression of the expression of fucosyltransferases
FUT1 and FUT4 reduces the synthesis of LeY, which is expressed at the cell surface and
involved in several physiological and pathological processes, and it results in inhibition of
tumor development (55). Also, the a1,6-fucosyl residues present at the human core fucosy-
lation significantly affect the function of glycoproteins such as antibodies (15). IgG without
core
L-fucose has higher affinity for Fcy receptor IlIA than core-fucosylated IgG, which is an im-
portant feature of therapeutic antibodies (56). The a-L-fucosidases AIfC from L. casei, BfFuc
from B. fragilis, and Blon_0248 and Blon_0426 from Bifidobacterium infantis showed high
specificity for a1,6-linked L-fucose (29, 57-59). These enzymes are able to act on core fuco-
sylation from antibodies only if the rest of the complex glycan bound to the N-linked
GlcNAc is removed by endoglycosidases (58-61). No bacterial a-L-fucosidases have been
described with the capability to remove the core (-fucose from intact glycosylated IgG.
Four additional enzymes, Fuc30, Fuc35A, Fuc1584, and Fuc2358, have been characterized
here showing high capacity to hydrolyze «1,6-linked L-fucose from the disaccharide 6FN.
These a-L-fucosidases might have applications in the development of therapeutic proteins
with modified core fucosylation, although whether or not they are able to act on core
fucosylation in glycosylated antibodies needs further analysis.

a--Fucosidases from the GH29 family have a retaining double-displacement
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FIG 5 Activity of a-L-fucosidases on fucosylated glycoconjugates. The Western blot shows glycoconjugates
(oligosaccharide-human serum albumin [HSA] conjugates) treated with the a-L-fucosidases Fuc18, Fuc19A,
Fuc30, Fuc35A, Fuc35B, Fuc39, Fuc193, Fuc1584, Fuc2358, and Fuc5372 studied in this work, as well as the
previously characterized AfcA and AfcB. The control included glycoconjugates not treated with enzyme.
LNFI, lacto-N-fucopentaose I-APD-HSA; LNFII, lacto-N-fucopentaose Il-APD-HSA; LNDI, lacto-N-difucohexaose
I-APD-HSA; LNFIIl, lacto-N-fucopentaose Ill-APD-HSA; LeY, Lewis y-tetrasaccharide-APE-HSA; anti-H, anti-H
antibody; anti-Le?, anti-Lewis® antibody, anti-Le®, anti-Lewis® antibody, anti-Le*, anti-Lewis* antibody; anti-
Le’, anti-Lewis® antibody; Lectin, Ulex europaeus agglutinin (UEA 1); APD, acetylphenylenediamine; HSA,
human serum albumin. # Fucosyl linkages recognized by the antibody used in the same row.

mechanism that keeps the anomeric configuration (16, 17), and they may catalyze trans-
glycosylation reactions leading to the synthesis of oligosaccharides, such as fucosylated
HMOs. The a--fucosidases AlfB and AIfC from L. casei were used to synthesize fucosyl-
a-1,3-N-GIcNAc, 6FN, the glycoaminoacid fucosyl-a1,6-N-GIcNAc-Asn, and several 6’-fuco-
syl-glycans (57, 62). Fucosyl-N-GIcNAc disaccharides have also been recently produced
using the tranglycosylation activity of a-L-fucosidases isolated from B. fragilis (38). The
HMOs 2'FL, 3FL, and lacto-N-fucopentaose Il have been synthetized in low amounts using
the transfucosylation activity of a-L-fucosidases isolated from Thermotoga maritima,
Clostridium perfringens, and a soil-derived metagenome library (63, 64). The 10 new GH29
a--fucosidases showing different substrate specificities studied in this work might be
exploited as biotechnological tools in the synthesis of oligosaccharides.

The a-L-fucosidases characterized here from the gut metagenome of breastfed
infants enable the acquisition of basic knowledge about the mechanisms that bacteria
utilize to metabolize host-associated glycans and hence adapt to the infant gut envi-
ronment. The studied enzymes hydrolyze HMOs, terminal blood group antigens that
are commonly present in the glycans of glycoproteins and glycolipids, and «1,6-fucosyl
residues found in the core of N-glycans. These enzymes could have great potential for
use in various biotechnological applications. Future work, including metatranscrip-
tomic analysis of the infant gut microbiota, should provide additional understanding
of the role of a-L-fucosidase enzymes in the degradation of human milk oligosaccha-
rides and intestinal glycoconjugates.

MATERIALS AND METHODS

Fecal samples and microbial DNA extraction. Stool samples from four infants exclusively breast-
fed and between the ages of 1 and 3 months were collected. They were immediately stored at 4°C and
then kept at —80°C within the next 12 h. A pooled fecal sample (one sample from each infant) was used
to isolate total DNA using the MasterPure Complete DNA and RNA purification kit (Epicentre). The manu-
facturer’s instructions were followed with some modifications, including incubation with lysozyme
(40 wg) and mutanolysin (10 U) at 37°C for 60 min and a cell disruption step using 0.1-mm-diameter
glass beads (FastPrep 24-5 G Homogenizer, MP Biomedicals, CA, USA). DNA concentration was measured
using a Qubit 2.0 fluorometer (Life Technology).

The use of human samples was approved by the Ethical Committee for Human Research of the
University of Valencia, with registration number H1544010468380. Written informed consent was
obtained from a parent of each of the subjects.
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TABLE 4 Strains and plasmids used in this study

Strain or plasmid Relevant genotype or properties Source

E. coli strains
DH10B F-endAT recA1 galE15 galK16 nupG rpsL AlacX74 ®80lacZAM15 Invitrogen

araD139 A(ara, leu)7697 mcrA A(mrr-hsdRMS-mcrBC) A

PE179 DH10B containing pQEfuc18 This work
PE180 DH10B containing pQEfuc19A This work
PE181 DH10B containing pQEfuc30 This work
PE182 DH10B containing pQEfuc35A This work
PE183 DH10B containing pQEfuc35B This work
PE184 DH10B containing pQEfuc39 This work
PE185 DH10B containing pQEfuc193 This work
PE186 DH10B containing pQEfuc1584 This work
PE187 DH10B containing pQEfuc2358 This work
PE188 DH10B containing pQEfuc5372 This work

Plasmids
pQE80 E. coli expression vector; AmpF Qiagen
pQEfuc18 PQE8O containing fuc18-coding region This work
pQEfuc19A PQEB8O0 containing fuc19A-coding region This work
pQEfuc30 PQEB8O containing fuc30-coding region This work
pQEfuc35A PQE8O containing fuc35A-coding region This work
pQEfuc35B PQEB8O0 containing fuc35B-coding region This work
pQEfuc39 PQEB8O containing fuc39-coding region This work
pQEfuc193 PQE8O containing fuc193-coding region This work
pQEfuc1584 PQEB8O0 containing fuc1584-coding region This work
pQEfuc2358 PQEB8O containing fuc2358-coding region This work
pQEfuc5372 pPQE8O containing fuc5372-coding region This work

Metagenomic analysis of the pooled fecal sample. A genomic DNA library was constructed using
a TruSeq DNA library kit. A Bioanalyzer DNA 1000 chip (Agilent Technologies) was used to verify the
amplicons’ size. The library was sequenced using a 2 x 300 bp paired-end run (MiSeq reagent kit v3) on
a MiSeq Sequencer according to the manufacturer’s instructions (lllumina) by the Central Service of
Research Support of the University of Valencia (Spain). Raw reads generated from the MiSeq Sequencer
were checked for quality, adapter-trimmed, and filtered using the AfterQC (65) and FastQC version
0.11.8 (http://www.bioinformatics.babraham.ac.uk) tools. Metagenomic assembling was carried out
using metaSPAdes (66). The RAST-MGRAST web server was used for functional profiling of the
sequenced metagenome (34, 35). ORFs were annotated using the Cluster of Orthologous Genes (COG)
database (36). The dbCAN2 meta server (37) was used to predict the genes encoding glycosyl hydrolases
of the family GH95 defined by the CAZy database.

The percentage of amino acid identity matrix of the putative a-L-fucosidases was calculated with the
CLUSTAL Omega sequence alignment program from the EMBL-EBI (67). The sequences of the a-L-fucosi-
dases were subjected to the multiple alignments by the ClustalW and ClustalX version 2 (68) and the
analysis tool web services from the EMBL-EBI (67). Cluster analyses were performed using the unweight
pair group method with arithmetic mean (UPGMA).

Expression and purification of His-tagged a-L-fucosidases. Ten putative a-t-fucosidase genes
were amplified by PCR with the Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific) using
total DNA isolated from the pooled fecal sample and specific primers (Table S2 in the supplemental ma-
terial). The PCR fragments were digested with specific restriction enzymes and cloned into pQE80 vector
(Qiagen) cleaved with the same enzymes. The resulting plasmids pQEfuc18, pQEfuc19A, pQEfuc30,
pQEfuc35A, pQEfuc35B, pQEfuc39, pQEfuc193, pQEfuc1584, pQEfuc2358, and pQEfuc5372 (Table 4)
were used to transform E. coli DH10B by electroporation with a Gene Pulser apparatus (Bio-Rad) as rec-
ommended by the manufacturer. E. coli transformants were selected on Luria-Bertani (LB) agar plates at
37°C with ampicillin (100 g mL™"). DNA sequencing was performed by Eurofins Genomics (http://www
.eurofinsgenomics.com) to confirm the correct sequence of the inserts. One clone of each, PE179
(pQEfuc18), PE180 (pQEfuc19A), PE181 (pQEfuc30), PE182 (pQEfuc35A), PE183 (pQEfuc35B), PE184
(pQEfuc39), PE185 (pQEfuc193), PE186 (pQEfuc1584), PE187 (pQEfuc2358), and PE188 (pQEfuc5372)
(Table 4), was cultured overnight in 250 mL of LB at 25°C under agitation. When the cultures reached an
optical density at 595 nm (OD.,;) of 0.7, isopropyl-3-p-thiogalactopyranoside was added at 0.2 mM for
protein induction, and incubation was continued for 5 h. The cell extracts were prepared as previously
described (30), and they were loaded onto Ni-Sepharose 6 Fast Flow columns (HisTrap FF crude columns, GE
Healthcare). The recombinant proteins were purified using an Akta Prime FPLC system (GE Healthcare) as
previously described (30) and kept at —80°C in 100 mM Tris-HCl buffer, pH 7.5, containing 20% glycerol.
Protein assay dye reagent concentrate (Bio-Rad) was used to determine the protein concentration.

Biochemical characterization of a-L-fucosidases. Reaction mixtures (100 uL) in 96-well plates con-
taining p-NP-a-L-fucopyranoside (pNP-fuc) 5 mM in 100 mM Tris-HCl buffer, pH 7.0, were initiated by adding
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10 ng of enzyme. The activity was assayed at 37°C, and the p-nitrophenol released was measured by follow-
ing continuous changes in absorbance at 404 nm using a POLARstar Omega microplate reader (BMG
Labtech, Offenburg, Germany). The optimal pH was determined using 100 mM phosphate-citrate buffer (pH
3.0 to 8.5), and the optimal temperature reaction was analyzed in a range from 25 to 70°C at the optimal pH.

Evaluation of hydrolytic activity on natural fucosyloligosaccharides. The ability of the a-L-fucosi-
dases to hydrolyze natural fucosyloligosaccharides (Biosynth Carbosynth) was assayed using several substrates
listed in Table 3. The reaction mixtures (10 ulL) were performed at 37°C during 16 h using 2 mM substrate in
phosphate-buffered saline (PBS) (Sigma) and 2 ng of enzyme. After incubation, the reaction mixtures were
diluted 10 times with deionized water and analyzed by high-performance liquid chromatography using an
ICS3000 chromatographic system (Dionex) and a CarboPac PA100 column with pulsed amperometric detec-
tion. A gradient of 10 to 100 mM NaOH for 30 min was used at 27°C and at a flow rate of 1 mL/min. Reaction
products were confirmed by comparing their retention times with those of standard carbohydrates.

Evaluation of hydrolytic activity on neoglycoproteins. The ability of the a-L.-fucosidases to hydro-
lyze glycoconjugates was assayed using several neoglycoproteins (IsoSep) listed in Fig. 5. The reaction mix-
tures (25 ul) containing 5 g of a-L-fucosidase and 1 g of substrate in PBS were incubated at 37°C for
20 h. After incubation, 5-uL samples of each reaction were run in 12% SDS-PAGE and transferred to nitro-
cellulose membranes for Western blot analysis. The membranes were washed with PBS and blocked with
PBS containing 0.05% Tween 20 (PBS-T) and 5% skim milk for 1 h at room temperature with gentle agita-
tion. After blocking, the membranes were washed two times with PBS-T and incubated with the appropri-
ate antibody (anti-H antibody [catalog no. 922102, BioLegend]; anti-Lewis® antibody [catalog no. 922202,
BioLegend]; anti-Lewis® antibody [catalog no. SAB4700761, Sigma]; anti-Lewis* antibody [catalog no.
912901, BioLegend]; and anti-Lewis” antibody [catalog no. 912501, BioLegend]; anti-HAS antibody conju-
gated to horseradish peroxidase [HRP] [catalog no. ab8941, Abcam] or lectin [Ulex europaeus agglutinin
conjugated to HRP; catalog no. L8146; Sigmal) (Fig. 5) in PBS-T overnight at 4°C. The membranes were
washed three times with PBS-T and incubated with HRP-anti mouse antibody diluted 1:10,000 (Millipore)
in PBS-T for 1 h at room temperature when needed. Finally, the membranes were washed three times with
PBS-T, and the immunoblots were developed with the Immobilon Western reagent (Millipore).

Evaluation of hydrolytic activity on natural glycoproteins. The a-L-fucosidases were assayed for
activity toward human a-1 acid glycoprotein (AGP) (Sigma-Aldrich), bovine lactoferrin (Friesland
Campina Domo), and porcine mucin (Sigma-Aldrich). The reaction mixtures (10 ulL) were performed at
37°C for 16 h using 0.5 ug uL ™" substrate in PBS (Sigma) and 2 ug of enzyme. After incubation, the reac-
tion mixtures were diluted 10 times with deionized water and analyzed by chromatography using the
Dionex system and column described above.

Data availability. Raw Sequence data files are available in the NCBI (http://www.ncbi.nlm.nih.gov/
sra) Sequence Read Archive (SRA) under Bioproject number PRINA814838. The sequences of the genes
encoding the a-L-fucosidases characterized here have been deposited at the GenBank database under
the accession numbers ON170361 to ON170370.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

This work was supported by grant PID2020-115403RB (C21 and C22) from the
Spanish Ministry of Science and Innovation (MICIN)/Spanish State Research Agency
(AEI) (10.13039/501100011033). E.M.M.-G. was supported by grant PRE2018-085768
from the MICIN/AEI (10.13039/501100011033) and by “ESF Investing in Your Future.”
N.P.-G. is the recipient of predoctoral grant ACIF/2020/085 from the Valencian
Government.

We thank Takane Katayama for providing the strains expressing the AfcA and AfcB
a-L-fucosidases.

REFERENCES

Microbiology Spectrum

1. Zuniga M, Monedero V, Yebra MJ. 2018. Utilization of host-derived gly- 5. Schneider M, Al-Shareffi E, Haltiwanger RS. 2017. Biological functions of

cans by intestinal Lactobacillus and Bifidobacterium species. Front Micro-
biol 9:1917. https://doi.org/10.3389/fmicb.2018.01917.

. Pucci M, Malagolini N, Dall’Olio F. 2021. Glycobiology of the epithelial to
mesenchymal transition. Biomedicines 9:770. https://doi.org/10.3390/
biomedicines9070770.

. Ma B, Simala-Grant JL, Taylor DE. 2006. Fucosylation in prokaryotes and
eukaryotes. Glycobiology 16:158R-184R. https://doi.org/10.1093/glycob/
cwl040.

. Ravn V, Dabelsteen E. 2000. Tissue distribution of histo-blood group
antigens. APMIS 108:1-28. https://doi.org/10.1034/j.1600-0463.2000
.do1-1.x.

July/August 2022 Volume 10 Issue 4

fucose in mammals. Glycobiology 27:601-618. https://doi.org/10.1093/
glycob/cwx034.

. Kononova S, Litvinova E, Vakhitov T, Skalinskaya M, Sitkin S. 2021.

Acceptive immunity: the role of fucosylated glycans in human host-
microbiome interactions. Int J Mol Sci 22:3854. https://doi.org/10.3390/
ijms22083854.

. Monedero V, Buesa J, Rodriguez-Diaz J. 2018. The interactions between

host glycobiology, bacterial microbiota, and viruses in the gut. Viruses 10:
96. https://doi.org/10.3390/v10020096.

. Pena-Gil N, Santiso-Bellon C, Gozalbo-Rovira R, Buesa J, Monedero V,

Rodriguez-Diaz J. 2021. The role of host glycobiology and gut microbiota

10.1128/spectrum.01775-22 12

Downloaded from https://journal s.asm.org/journal/spectrum on 13 September 2022 by 2001:720:1014:36::a:2d8.


http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA814838
https://www.ncbi.nlm.nih.gov/nuccore/ON170361.1/
https://www.ncbi.nlm.nih.gov/nuccore/ON170370.1/
https://doi.org/10.3389/fmicb.2018.01917
https://doi.org/10.3390/biomedicines9070770
https://doi.org/10.3390/biomedicines9070770
https://doi.org/10.1093/glycob/cwl040
https://doi.org/10.1093/glycob/cwl040
https://doi.org/10.1034/j.1600-0463.2000.d01-1.x
https://doi.org/10.1034/j.1600-0463.2000.d01-1.x
https://doi.org/10.1093/glycob/cwx034
https://doi.org/10.1093/glycob/cwx034
https://doi.org/10.3390/ijms22083854
https://doi.org/10.3390/ijms22083854
https://doi.org/10.3390/v10020096
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01775-22

a-L-Fucosidases Isolated from Infant Gut Microbiome.

20.

21.

22.

23.

24,

25.

26.

in rotavirus and norovirus infection: an update. Int J Mol Sci 22:13473.
https://doi.org/10.3390/ijms222413473.

. Garber JM, Hennet T, Szymanski CM. 2021. Significance of fucose in intes-

tinal health and disease. Mol Microbiol 115:1086-1093. https://doi.org/10
1111/mmi.14681.

. Cao S, Lou Z, Tan M, Chen Y, Liu Y, Zhang Z, Zhang XC, Jiang X, Li X, Rao

Z.2007. Structural basis for the recognition of blood group trisaccharides
by norovirus. J Virol 81:5949-5957. https://doi.org/10.1128/JV1.00219-07.

. Chen Y, Tan M, Xia M, Hao N, Zhang XC, Huang P, Jiang X, Li X, Rao Z.

2011. Crystallography of a Lewis-binding norovirus, elucidation of strain-
specificity to the polymorphic human histo-blood group antigens. PLoS
Pathog 7:€1002152. https://doi.org/10.1371/journal.ppat.1002152.

. Hu L, Sankaran B, Laucirica DR, Patil K, Salmen W, Ferreon ACM, Tsoi PS,

Lasanajak Y, Smith DF, Ramani S, Atmar RL, Estes MK, Ferreon JC, Prasad
BVV. 2018. Glycan recognition in globally dominant human rotaviruses.
Nat Commun 9:2631. https://doi.org/10.1038/541467-018-05098-4.

. Gozalbo-Rovira R, Ciges-Tomas JR, Vila-Vicent S, Buesa J, Santiso-Bellon C,

Monedero V, Yebra MJ, Marina A, Rodriguez-Diaz J. 2019. Unraveling the role
of the secretor antigen in human rotavirus attachment to histo-blood group
antigens. PLoS Pathog 15:21007865. https://doi.org/10.1371/journal.ppat
.1007865.

. Tenge VR, Hu L, Prasad BVV, Larson G, Atmar RL, Estes MK, Ramani S.

2021. Glycan recognition in human norovirus infections. Viruses 13:2066.
https://doi.org/10.3390/v13102066.

. Pereira NA, Chan KF, Lin PC, Song Z. 2018. The “less-is-more” in therapeu-

tic antibodies: afucosylated anti-cancer antibodies with enhanced anti-
body-dependent cellular cytotoxicity. MAbs 10:693-711. https://doi.org/
10.1080/19420862.2018.1466767.

. Berteau O, McCort |, Goasdoue N, Tissot B, Daniel R. 2002. Characterization of a

new a--fucosidase isolated from the marine mollusk Pecten maximus that cat-
alyzes the hydrolysis of a-L-fucose from algal fucoidan (Ascophyllum nodo-
sum). Glycobiology 12:273-282. https://doi.org/10.1093/glycob/12.4.273.

. Tarling CA, He S, Sulzenbacher G, Bignon C, Bourne Y, Henrissat B,

Withers SG. 2003. Identification of the catalytic nucleophile of the family
29 a-L-fucosidase from Thermotoga maritima through trapping of a cova-
lent glycosyl-enzyme intermediate and mutagenesis. J Biol Chem 278:
47394-47399. https://doi.org/10.1074/jbc.M306610200.

. Katayama T, Sakuma A, Kimura T, Makimura Y, Hiratake J, Sakata K,

Yamanoi T, Kumagai H, Yamamoto K. 2004. Molecular cloning and charac-
terization of Bifidobacterium bifidum 1,2-a-L-fucosidase (AfcA), a novel
inverting glycosidase (glycoside hydrolase family 95). J Bacteriol 186:
4885-4893. https://doi.org/10.1128/JB.186.15.4885-4893.2004.

. Sakurama H, Tsutsumi E, Ashida H, Katayama T, Yamamoto K, Kumagai H.

2012. Differences in the substrate specificities and active-site structures
of two a-L-fucosidases (glycoside hydrolase family 29) from Bacteroides
thetaiotaomicron. Biosci Biotechnol Biochem 76:1022-1024. https://doi
.org/10.1271/bbb.111004.

Bode L. 2012. Human milk oligosaccharides: every baby needs a sugar
mama. Glycobiology 22:1147-1162. https://doi.org/10.1093/glycob/cws074.
Nwosu CC, Aldredge DL, Lee H, Lerno LA, Zivkovic AM, German JB,
Lebrilla CB. 2012. Comparison of the human and bovine milk N-glycome
via high-performance microfluidic chip liquid chromatography and tan-
dem mass spectrometry. J Proteome Res 11:2912-2924. https://doi.org/
10.1021/pr300008u.

Bai Y, Tao J, Zhou J, Fan Q, Liu M, Hu Y, Xu Y, Zhang L, Yuan J, Li W, Ze X,
Malard P, Guo Z, Yan J, Li M. 2018. Fucosylated human milk oligosaccha-
rides and N-glycans in the milk of Chinese mothers regulate the gut
microbiome of their breast-fed infants during different lactation stages.
mSystems 3:¢00206-18. https://doi.org/10.1128/mSystems.00206-18.

Yu ZT, Chen C, Newburg DS. 2013. Utilization of major fucosylated and
sialylated human milk oligosaccharides by isolated human gut microbes.
Glycobiology 23:1281-1292. https://doi.org/10.1093/glycob/cwt065.
Marcobal A, Barboza M, Sonnenburg ED, Pudlo N, Martens EC, Desai P,
Lebrilla CB, Weimer BC, Mills DA, German JB, Sonnenburg JL. 2011. Bacter-
oides in the infant gut consume milk oligosaccharides via mucus-utiliza-
tion pathways. Cell Host Microbe 10:507-514. https://doi.org/10.1016/j
.chom.2011.10.007.

Hobbs JK, Pluvinage B, Robb M, Smith SP, Boraston AB. 2019. Two com-
plementary a-fucosidases from Streptococcus pneumoniae promote com-
plete degradation of host-derived carbohydrate antigens. J Biol Chem
294:12670-12682. https://doi.org/10.1074/jbc.RA119.009368.

Grootaert H, Van Landuyt L, Hulpiau P, Callewaert N. 2020. Functional ex-
ploration of the GH29 fucosidase family. Glycobiology 30:735-745.
https://doi.org/10.1093/glycob/cwaa023.

July/August 2022 Volume 10 Issue 4

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Microbiology Spectrum

Wu H, Rebello O, Crost EH, Owen CD, Walpole S, Bennati-Granier C, Ndeh
D, Monaco S, Hicks T, Colvile A, Urbanowicz PA, Walsh MA, Angulo J,
Spencer DIR, Juge N. 2021. Fucosidases from the human gut symbiont
Ruminococcus gnavus. Cell Mol Life Sci 78:675-693. https://doi.org/10
.1007/s00018-020-03514-x.

Fan S, Zhang H, Chen X, Lu L, Xu L, Xiao M. 2016. Cloning, characteriza-
tion, and production of three a-L-fucosidases from Clostridium perfringens
ATCC 13124. J Basic Microbiol 56:347-357. https://doi.org/10.1002/jobm
.201500582.

Rodriguez-Diaz J, Monedero V, Yebra MJ. 2011. Utilization of natural fuco-
sylated oligosaccharides by three novel a-L-fucosidases from a probiotic
Lactobacillus casei strain. Appl Environ Microbiol 77:703-705. https://doi
.org/10.1128/AEM.01906-10.

Bidart GN, Rodriguez-Diaz J, Monedero V, Yebra MJ. 2014. A unique gene
cluster for the utilization of the mucosal and human milk-associated gly-
cans galacto-N-biose and lacto-N-biose in Lactobacillus casei. Mol Micro-
biol 93:521-538. https://doi.org/10.1111/mmi.12678.

Bidart GN, Rodriguez-Diaz J, Yebra MJ. 2016. The extracellular wall-bound
B-N-acetylglucosaminidase from Lactobacillus casei is involved in the me-
tabolism of the human milk oligosaccharide lacto-N-triose. Appl Environ
Microbiol 82:570-577. https://doi.org/10.1128/AEM.02888-15.
Moya-Gonzalvez EM, Rubio-Del-Campo A, Rodriguez-Diaz J, Yebra MJ.
2021. Infant-gut associated Bifidobacterium dentium strains utilize the gal-
actose moiety and release lacto-N-triose from the human milk oligosac-
charides lacto-N-tetraose and lacto-N-neotetraose. Sci Rep 11:23328.
https://doi.org/10.1038/541598-021-02741-x.

Rubio-Del-Campo A, Gozalbo-Rovira R, Moya-Gonzalvez EM, Alberola J,
Rodriguez-Diaz J, Yebra MJ. 2021. Infant gut microbiota modulation by
human milk disaccharides in humanized microbiome mice. Gut Microbes
13:1-20. https://doi.org/10.1080/19490976.2021.1914377.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL,
Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD,
Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. 2008. The
RAST server: rapid annotations using subsystems technology. BMC
Genomics 9:75. https://doi.org/10.1186/1471-2164-9-75.

Keegan KP, Glass EM, Meyer F. 2016. MG-RAST, a metagenomics service
for analysis of microbial community structure and function. Methods Mol
Biol 1399:207-233. https://doi.org/10.1007/978-1-4939-3369-3_13.
Galperin MY, Wolf YI, Makarova KS, Vera Alvarez R, Landsman D, Koonin
EV. 2021. COG database update: focus on microbial diversity, model
organisms, and widespread pathogens. Nucleic Acids Res 49:D274-D281.
https://doi.org/10.1093/nar/gkaa1018.

Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z, Busk PK, Xu Y, Yin Y.
2018. dbCAN2: a meta server for automated carbohydrate-active enzyme
annotation. Nucleic Acids Res 46:W95-W101. https://doi.org/10.1093/
nar/gky418.

Liu P, Zhang H, Wang Y, Chen X, Jin L, Xu L, Xiao M. 2020. Screening and
characterization of an a-t-fucosidase from Bacteroides fragilis NCTC9343 for
synthesis of fucosyl-N-acetylglucosamine disaccharides. Appl Microbiol Bio-
technol 104:7827-7840. https://doi.org/10.1007/s00253-020-10759-w.
Petersen TN, Brunak S, von Heijne G, Nielsen H. 2011. SignalP 4.0: discrimi-
nating signal peptides from transmembrane regions. Nat Methods 8:
785-786. https://doi.org/10.1038/nmeth.1701.

Ashida H, Miyake A, Kiyohara M, Wada J, Yoshida E, Kumagai H, Katayama
T, Yamamoto K. 2009. Two distinct a-L-fucosidases from Bifidobacterium
bifidum are essential for the utilization of fucosylated milk oligosaccha-
rides and glycoconjugates. Glycobiology 19:1010-1017. https://doi.org/
10.1093/glycob/cwp082.

van Dijk W, Havenaar EC, Brinkman-van der Linden EC. 1995. a1-Acid gly-
coprotein (orosomucoid): pathophysiological changes in glycosylation in
relation to its function. Glycoconj J 12:227-233. https://doi.org/10.1007/
BF00731324.

Yamada K, Hyodo S, Matsuno YK, Kinoshita M, Maruyama SZ, Osaka YS,
Casal E, Lee YC, Kakehi K. 2007. Rapid and sensitive analysis of mucin-
type glycans using an in-line flow glycan-releasing apparatus. Anal Bio-
chem 371:52-61. https://doi.org/10.1016/j.ab.2007.06.013.

Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM, Cho |, Kim SG, Li
H, Gao Z, Mahana D, Zarate RJ, Rogers AB, Robine N, Loke P, Blaser MJ.
2014. Altering the intestinal microbiota during a critical developmental
window has lasting metabolic consequences. Cell 158:705-721. https://
doi.org/10.1016/j.cell.2014.05.052.

10.1128/spectrum.01775-22 13

Downloaded from https://journal s.asm.org/journal/spectrum on 13 September 2022 by 2001:720:1014:36::a:2d8.


https://doi.org/10.3390/ijms222413473
https://doi.org/10.1111/mmi.14681
https://doi.org/10.1111/mmi.14681
https://doi.org/10.1128/JVI.00219-07
https://doi.org/10.1371/journal.ppat.1002152
https://doi.org/10.1038/s41467-018-05098-4
https://doi.org/10.1371/journal.ppat.1007865
https://doi.org/10.1371/journal.ppat.1007865
https://doi.org/10.3390/v13102066
https://doi.org/10.1080/19420862.2018.1466767
https://doi.org/10.1080/19420862.2018.1466767
https://doi.org/10.1093/glycob/12.4.273
https://doi.org/10.1074/jbc.M306610200
https://doi.org/10.1128/JB.186.15.4885-4893.2004
https://doi.org/10.1271/bbb.111004
https://doi.org/10.1271/bbb.111004
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.1021/pr300008u
https://doi.org/10.1021/pr300008u
https://doi.org/10.1128/mSystems.00206-18
https://doi.org/10.1093/glycob/cwt065
https://doi.org/10.1016/j.chom.2011.10.007
https://doi.org/10.1016/j.chom.2011.10.007
https://doi.org/10.1074/jbc.RA119.009368
https://doi.org/10.1093/glycob/cwaa023
https://doi.org/10.1007/s00018-020-03514-x
https://doi.org/10.1007/s00018-020-03514-x
https://doi.org/10.1002/jobm.201500582
https://doi.org/10.1002/jobm.201500582
https://doi.org/10.1128/AEM.01906-10
https://doi.org/10.1128/AEM.01906-10
https://doi.org/10.1111/mmi.12678
https://doi.org/10.1128/AEM.02888-15
https://doi.org/10.1038/s41598-021-02741-x
https://doi.org/10.1080/19490976.2021.1914377
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1007/978-1-4939-3369-3_13
https://doi.org/10.1093/nar/gkaa1018
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1007/s00253-020-10759-w
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1093/glycob/cwp082
https://doi.org/10.1093/glycob/cwp082
https://doi.org/10.1007/BF00731324
https://doi.org/10.1007/BF00731324
https://doi.org/10.1016/j.ab.2007.06.013
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1016/j.cell.2014.05.052
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01775-22

a-L-Fucosidases Isolated from Infant Gut Microbiome.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Serino M, Nicolas S, Trabelsi MS, Burcelin R, Blasco-Baque V. 2017. Young
microbes for adult obesity. Pediatr Obes 12:28-e32. https://doi.org/10
1111/ijpo.12146.

Pacheco AR, Curtis MM, Ritchie JM, Munera D, Waldor MK, Moreira CG,
Sperandio V. 2012. Fucose sensing regulates bacterial intestinal coloniza-
tion. Nature 492:113-117. https://doi.org/10.1038/nature11623.

Chia LW, Mank M, Blijenberg B, Aalvink S, Bongers RS, Stahl B, Knol J,
Belzer C. 2020. Bacteroides thetaiotaomicron fosters the growth of butyr-
ate-producing Anaerostipes caccae in the presence of lactose and total
human milk carbohydrates. Microorganisms 8:1513. https://doi.org/10
.3390/microorganisms8101513.

Park D, Xu G, Barboza M, Shah IM, Wong M, Raybould H, Mills DA, Lebrilla
CB. 2017. Enterocyte glycosylation is responsive to changes in extracellu-
lar conditions: implications for membrane functions. Glycobiology 27:
847-860. https://doi.org/10.1093/glycob/cwx041.

Picariello G, Ferranti P, Mamone G, Roepstorff P, Addeo F. 2008. Identifica-
tion of N-linked glycoproteins in human milk by hydrophilic interaction
liquid chromatography and mass spectrometry. Proteomics 8:3833-3847.
https://doi.org/10.1002/pmic.200701057.

Comstock LE, Coyne MJ. 2003. Bacteroides thetaiotaomicron: a dynamic,
niche-adapted human symbiont. Bioessays 25:926-929. https://doi.org/
10.1002/bies.10350.

Bittinger K, Zhao C, Li Y, Ford E, Friedman ES, Ni J, Kulkarni CV, Cai J, Tian
Y, Liu Q, Patterson AD, Sarkar D, Chan SHJ, Maranas C, Saha-Shah A, Lund
P, Garcia BA, Mattei LM, Gerber JS, Elovitz MA, Kelly A, DeRusso P, Kim D,
Hofstaedter CE, Goulian M, Li H, Bushman FD, Zemel BS, Wu GD. 2020.
Bacterial colonization reprograms the neonatal gut metabolome. Nat
Microbiol 5:838-847. https://doi.org/10.1038/s41564-020-0694-0.

Gao G, Cao J, Mi L, Feng D, Deng Q, Sun X, Zhang H, Wang Q, Wang J.
2021. BdPUL12 depolymerizes B-mannan-like glycans into mannooligo-
saccharides and mannose, which serve as carbon sources for Bacteroides
dorei and gut probiotics. Int J Biol Macromol 187:664-674. https://doi
.org/10.1016/j.ijbiomac.2021.07.172.

Sonnenburg ED, Zheng H, Joglekar P, Higginbottom SK, Firbank SJ,
Bolam DN, Sonnenburg JL. 2010. Specificity of polysaccharide use in in-
testinal bacteroides species determines diet-induced microbiota altera-
tions. Cell 141:1241-1252. https://doi.org/10.1016/j.cell.2010.05.005.
Turroni F, Milani C, Ventura M, van Sinderen D. 2022. The human gut micro-
biota during the initial stages of life: insights from bifidobacteria. Curr Opin
Biotechnol 73:81-87. https://doi.org/10.1016/j.copbio.2021.07.012.

Sela DA, Garrido D, Lerno L, Wu S, Tan K, Eom HJ, Joachimiak A, Lebrilla CB,
Mills DA. 2012. Bifidobacterium longum subsp. infantis ATCC 15697 a-fucosi-
dases are active on fucosylated human milk oligosaccharides. Appl Environ
Microbiol 78:795-803. https://doi.org/10.1128/AEM.06762-11.

Zhang Z, Sun P, Liu J, Fu L, Yan J, Liu Y, Yu L, Wang X, Yan Q. 2008. Sup-
pression of FUT1/FUT4 expression by siRNA inhibits tumor growth. Bio-
chim Biophys Acta 1783:287-296. https://doi.org/10.1016/j.bbamcr.2007
.10.007.

Ferrara C, Grau S, Jager C, Sondermann P, Brunker P, Waldhauer |, Hennig
M, Ruf A, Rufer AC, Stihle M, Umana P, Benz J. 2011. Unique carbohydrate-
carbohydrate interactions are required for high affinity binding between

July/August 2022 Volume 10 Issue 4

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Microbiology Spectrum

FoyRIll and antibodies lacking core fucose. Proc Natl Acad Sci U S A 108:
12669-12674. https://doi.org/10.1073/pnas.1108455108.

Becerra JE, Rodriguez-Diaz J, Gozalbo-Rovira R, Palomino-Schatzlein M,
Zuniga M, Monedero V, Yebra MJ. 2020. Unique microbial catabolic path-
way for the human core N-glycan constituent fucosyl-a-1,6-N-acetylglu-
cosamine-asparagine. mBio 11:02804-19. https://doi.org/10.1128/mBio
.02804-19.

Prabhu SK; Li C, Zong G, Zhang R, Wang LX. 2021. Comparative studies on
the substrate specificity and defucosylation activity of three a-L-fucosi-
dases using synthetic fucosylated glycopeptides and glycoproteins as
substrates. Bioorg Med Chem 42:116243. https://doi.org/10.1016/j.bmc
.2021.116243.

Ashida H, Fujimoto T, Kurihara S, Nakamura M, Komeno M, Huang Y,
Katayama T, Kinoshita T, Takegawa K. 2020. 1,6-a-L-Fucosidases from Bifi-
dobacterium longum subsp. infantis ATCC 15697 involved in the degrada-
tion of core-fucosylated N-glycan. J Appl Glycosci 67:23-29. https://doi
.org/10.5458/jag.jag.JAG-2019_0016.

Tsai T-l, Li S-T, Liu C-P, Chen KY, Shivatare SS, Lin C-W, Liao S-F, Lin C-W,
Hsu T-L, Wu Y-T, Tsai M-H, Lai M-Y, Lin N-H, Wu C-Y, Wong C-H. 2017. An
effective bacterial fucosidase for glycoprotein remodeling. ACS Chem
Biol 12:63-72. https://doi.org/10.1021/acschembio.6b00821.

Klontz EH, Li C, Kihn K, Fields JK, Beckett D, Snyder GA, Wintrode PL,
Deredge D, Wang LX, Sundberg EJ. 2020. Structure and dynamics of an
a-fucosidase reveal a mechanism for highly efficient IgG transfucosyla-
tion. Nat Commun 11:6204. https://doi.org/10.1038/s41467-020-20044-z.
Rodriguez-Diaz J, Carbajo RJ, Pineda-Lucena A, Monedero V, Yebra MJ.
2013. Synthesis of fucosyl-N-acetylglucosamine disaccharides by transfu-
cosylation using a-L-fucosidases from Lactobacillus casei. Appl Environ
Microbiol 79:3847-3850. https://doi.org/10.1128/AEM.00229-13.

Lezyk M, Jers C, Kjaerulff L, Gotfredsen CH, Mikkelsen MD, Mikkelsen JD.
2016. Novel a-L-fucosidases from a soil metagenome for production of fuco-
sylated human milk oligosaccharides. PLoS One 11:20147438. https://doi
.0rg/10.1371/journal.pone.0147438.

Zeuner B, Muschiol J, Holck J, Lezyk M, Gedde MR, Jers C, Mikkelsen JD,
Meyer AS. 2018. Substrate specificity and transfucosylation activity of GH29
a-L-fucosidases for enzymatic production of human milk oligosaccharides. N
Biotechnol 41:34-45. https://doi.org/10.1016/j.nbt.2017.12.002.

Chen S, Huang T, Zhou Y, Han Y, Xu M, Gu J. 2017. AfterQC: automatic fil-
tering, trimming, error removing and quality control for FastQ data. BMC
Bioinformatics 18:80. https://doi.org/10.1186/512859-017-1469-3.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. 2017. metaSPAdes: a
new versatile metagenomic assembler. Genome Res 27:824-834. https://
doi.org/10.1101/gr.213959.116.

Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P,
Tivey ARN, Potter SC, Finn RD, Lopez R. 2019. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res 47:W636-W641.
https://doi.org/10.1093/nar/gkz268.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD,
Gibson TJ, Higgins DG. 2007. Clustal W and Clustal X version 2.0. Bioinfor-
matics 23:2947-2948. https://doi.org/10.1093/bioinformatics/btm404.

10.1128/spectrum.01775-22 14

Downloaded from https://journal s.asm.org/journal/spectrum on 13 September 2022 by 2001:720:1014:36::a:2d8.


https://doi.org/10.1111/ijpo.12146
https://doi.org/10.1111/ijpo.12146
https://doi.org/10.1038/nature11623
https://doi.org/10.3390/microorganisms8101513
https://doi.org/10.3390/microorganisms8101513
https://doi.org/10.1093/glycob/cwx041
https://doi.org/10.1002/pmic.200701057
https://doi.org/10.1002/bies.10350
https://doi.org/10.1002/bies.10350
https://doi.org/10.1038/s41564-020-0694-0
https://doi.org/10.1016/j.ijbiomac.2021.07.172
https://doi.org/10.1016/j.ijbiomac.2021.07.172
https://doi.org/10.1016/j.cell.2010.05.005
https://doi.org/10.1016/j.copbio.2021.07.012
https://doi.org/10.1128/AEM.06762-11
https://doi.org/10.1016/j.bbamcr.2007.10.007
https://doi.org/10.1016/j.bbamcr.2007.10.007
https://doi.org/10.1073/pnas.1108455108
https://doi.org/10.1128/mBio.02804-19
https://doi.org/10.1128/mBio.02804-19
https://doi.org/10.1016/j.bmc.2021.116243
https://doi.org/10.1016/j.bmc.2021.116243
https://doi.org/10.5458/jag.jag.JAG-2019_0016
https://doi.org/10.5458/jag.jag.JAG-2019_0016
https://doi.org/10.1021/acschembio.6b00821
https://doi.org/10.1038/s41467-020-20044-z
https://doi.org/10.1128/AEM.00229-13
https://doi.org/10.1371/journal.pone.0147438
https://doi.org/10.1371/journal.pone.0147438
https://doi.org/10.1016/j.nbt.2017.12.002
https://doi.org/10.1186/s12859-017-1469-3
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/bioinformatics/btm404
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01775-22

	RESULTS
	Identification of glycosyl hydrolases from infant fecal microbial metagenome.
	Sequence analysis and biochemical characterization of GH29 α-l-fucosidases.
	Substrate specificity of the α-l-fucosidases from the infant gut microbial metagenome.
	Activity of the α-l-fucosidases on glycoproteins.

	DISCUSSION
	MATERIALS AND METHODS
	Fecal samples and microbial DNA extraction.
	Metagenomic analysis of the pooled fecal sample.
	Expression and purification of His-tagged α-l-fucosidases.
	Biochemical characterization of α-l-fucosidases.
	Evaluation of hydrolytic activity on natural fucosyloligosaccharides.
	Evaluation of hydrolytic activity on neoglycoproteins.
	Evaluation of hydrolytic activity on natural glycoproteins.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

