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Abstract: Human milk is the ideal food for newborns. In addition, thanks to the fucooligosaccharides
it contains, it provides protection against gastrointestinal diseases. These oligosaccharides can be
synthesized enzymatically using a-L-fucosidases. The aim of this work was to compare the active site
of three fucosidases of the GH29 family with in silico methods: Thermotoga maritima, Lactobacillus
casei, and Bifidobacterium longum subsp. infantis to understand the interaction occurring in the
enzyme’s active site. In addition, the interaction with the substrate was also studied through molecular
docking with pNP-fucose, a substrate used as a fucosyl donor to synthesize fucooligosaccharides. These
in silico analyzes showed that the differences in the sequence between fucosidases of the GH29 family
are associated with structural characteristics that intervene in the interaction of the substrate in the
catalytic site, finding that the affinity of the T. maritima fucosidase and the pNP-fucose is the largest
among the enzymes evaluated in this work, coinciding with that reported by in vitro methods.
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1. Introduction

Human milk (HM) is the best food for newborns. In addition to its nutritional
contribution, it has other benefits, such as protection against gastrointestinal diseases and
reducing the risk of obesity, diabetes, and atopic dermatitis, among others [1, 2]. Some of these
benefits are provided by human milk oligosaccharides (HMO), which are formed by structures
with a lactose nucleus, to which molecules of fucose, glucose, galactose, N-acetylglucosamine,
and sialic acid are attached, forming structures of up to 25 units, of which approximately 200
different units have been structurally characterized [3, 4]. Several methods of HMO synthesis
have been reported, such as synthetic chemical, enzymatic and recombinant microorganisms,
with the purpose of including them in infant formulas made from animal milk because they do
not contain oligosaccharides with N-acetyllactosamine, fucose, and many with sialic acid [5].
Two types of enzymes are used in enzymatic synthesis, glycosyltransferases, which catalyze
the transfer of a glycosyl group to an acceptor substrate, and glycosyl hydrolases, which
hydrolyze oligosaccharides, although they can synthesize oligosaccharides by controlling the
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reaction conditions. Fucosylated HMOs are among the most abundant, so enzymes with
activity on fucose are among the most sought-after to synthesize them [6], such as
fucosyltransferases, which have high specificity and require nucleic acid-activated fucosyl
donors that generally have a high cost, while fucosyl hydrolases require less expensive donors,
with the disadvantage that the reaction products are also substrates for the hydrolysis reaction.
The glycosyl hydrolases with a-L-fucosidase activity belong to the GH29, GH95, GH141, and
GH151 families, of which those of the GH29 family have been used for the synthesis of
fucooligosaccharides (FUCOS) since they can carry out the transfer of the fucosyl group
preserving the position of the a-1 bond of fucose, while with those of other families the same
capacity to carry out transfucosylation has not been reported [7].

The reaction mechanism of the GH29 family fucosidases can be seen in Figure 1. The
reaction consists of type 1 nucleophilic substitution, carried out by a nucleophilic residue,
which is an aspartic acid (ASP), and a general acid-base, which is generally a glutamic acid
(GLU), although another ASP can also perform this function. In the first stage, there is an
exchange of electrons between the catalytic residues and the fucosyl donor, through which the
aspartate achieves the appropriate charge to carry out a nucleophilic attack on the carbon 1
(C1) of the fucose, hydrolyzing the glycosidic bond, releasing the R group of the fucosyl donor
and forming the enzyme-substrate complex between ASP and fucose. Later, in the second
stage, the fucosyl acceptor is deprotonated by the general acid-base, activating it to carry out
the nucleophilic attack on the substrate enzyme complex [ES], transferring the fucose to the
acceptor substrate and restoring the charge of the residue that acts as a nucleophile. When a
water molecule performs the nucleophilic attack on the enzyme-substrate complex, a
hydrolysis reaction is carried out, obtaining a free fucose molecule. Whereas when another
molecule, such as lactose carry out this nucleophilic attack, a synthesis reaction is carried out
in which a new oligosaccharide is produced, which is also prone to be hydrolyzed by the
enzyme [8].
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Figure 1. Reaction mechanism of the GH29 family a-L-fucosidase. Fucose is represented in red, glucose in
blue, and galactose in yellow.
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Among the fucosidases of the GH29 family that has been used for the synthesis of
FUCOS, there are TmFuc from Thermotoga maritima [9], which is found in a hexamer
assembly and AIfC from Lactobacillus casei [10], which is presented in a tetramer assembly,
both belonging to the GH29A subfamily, as well as BiAfcB from Bifidobacterium longum
subsp. Infantis [11] with a dimer assembly belonging to the GH29B subfamily. In order to learn
more about the differences between the fucosidases of the GH29 family, in this article, a multi-
alignment was performed between the fucosidases TmFuc and AIfC of the GH29A subfamily
and BiAfcB of the GH29B subfamily. In addition, the interaction of pNP-Fuc in the three
enzymes and its correlation with enzymatic activity was evaluated by means of molecular
docking.

2. Materials and Methods

2.1. Crystallographic structures and ligands.

The crystallographic structures of the a-L-fucosidases shown in Table 1 were recovered
from the Protein Data Bank database (PDB) [12]. Apoenzyme structures were selected and in
complex with fucose or a fucose-like molecule. All models were prepared with UCSF Chimera
(Version 1.15) [13], conserving only the protein chain A (if there was more than one), and
solvent molecules were removed. The missing hydrogens were added to the crystallographic
structures according to the pKa of the amino acids at pH 7 in the PlayMolecule server using
the ProteinPrepare tool [14].

The pNP-Fuc (CID: 82473) molecule was obtained from the PubChem database, which
was optimized with the Avogadro software (Version 1.2.0) [15] with an MMFF94 force field,
1000 steps of the steepest descent algorithm, with a convergence of 10e-7.

Table 1. Crystallographic structures used.

Saurce Enzyme | Subfamily | PDB ID Substrate* Resolution References

organism
Thermotaga TmFuc GH29A 2ZWY w/o 2.75A [16]
maritima
Thermotoga TmFuc | GH29A | 10DU Fucose 2.80 A [17]
maritima
(';aascéfbac'”us AlfC GH29A 6018 wlo 255 A [18]
t:geti"bac'”us AlfC GH29A 601A Fucose 2.60 A [18]
Bifidobacterium
longum subsp. BiAfcB GH29B 3MO4 w/o 1.90 A [19]
infantis
Bifidobacterium
longum subsp. BiAfcB GH29B 3UES Deoxyfucojirimycin 1.60 A [20]
infantis

* Substrate crystallized with the enzyme; PDB ID: identifier in Protein Data Bank; w/o: no substrate.
2.2. Comparison of fucosidases of the GH29A and GH29B subfamilies.

The crystallographic structures of enzymes without substrate TmFuc (2ZWY), AIfC
(6018), and BiAfcB (3MO4) were superimposed using the MatchMaker tool of the UCSF
Chimera software, taking the 2ZWY crystal as a reference. The best alignment was determined
based on the standard deviation from the alpha carbons for each residue between the reference
crystallographic structure and the other structures (RMSD-ca), using the Needleman-Wunsch
algorithm and the BLOSUM-62 matrix, with a multi-alignment between the sequences based

on the structure after the overlap. Additionally, a search for other homologous a-L-fucosides
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was carried out, with a percentage of identity with TmFuc greater than 20%, with the local
basic alignment search tool for proteins (BLAST®P) [21] of the National Center for
Biotechnology Information (NCBI). Images of crystallographic structures were generated with
Pymol (The PyMOL Molecular Graphics System, Version 2.5.0, Schrédinger, LLC).

2.3. Molecular docking of TmFuc, AIfC, and BiafcB fucosidases with the fucosyl donor.

The crystallographic structures of the fucosidases without substrate: 2ZWY, 6018, and
3MO4 were used, and pNP-Fuc was used as the ligand. With AutoDock Tools (version 1.5.6)
the search space was delimited to a box containing the active site with the following
dimensions: 17.25 x 27.75 x 22.5 A for TmFuc, 18 x 27 x 28.5 A for AIfC and 18 x 27.75 x
18.75 A for BiAfcB. Docking was performed with AutoDock 4.2, using as scoring parameters
the Ki value, which was called the binding constant (Kb), and the binding free energy (AGb),
which were calculated with the Lamarckian genetic algorithm. 250 runs of the algorithm were
performed with an initial population of 150 genes with a maximum of 2x10° generations and
25x10° energy evaluations.

The complexes obtained by molecular docking of the three a-L-fucosidases were
compared with structures obtained from the PDB database in a complex with fucose or a similar
molecule, which were considered reference enzyme-substrate complexes. The structures used
were the following: 10DU for TmFuc, 601A for AIfC, and 3UES for BiAfcB (in this case, it
is an enzyme inhibitor). Images of the different molecular dockings were generated with
Discovery Studio Visualizer (BIOVIA, Dassault Systémes, Discovery Studio Visualizer,
v21.1.0.20298, San Diego: Dassault Systémes, 2020).

To validate the procedure, a redocking was performed with the 10DU, 601A, and
3UES structures with the co-crystallized ligands using the same parameters mentioned above,
and the RMSD between the co-crystallized ligand and the ligand obtained from the redocking
was calculated with UCSF Chimera.

3. Results and Discussion

3.1. Comparison of fucosidases of the GH29A and GH29B subfamilies.

According to the CAZy classification [22], TmFuc belongs to the GH29 family and is
one of the most studied, so it was the first GH29 fucosidase in which the catalytic acid-base
residue was identified [23] and from which a three-dimensional structure was obtained [17].
Additionally, TmFuc has been studied in synthesizing FUCOS due to its ability to catalyze
transfucosylation [7]. It also has a high similarity to the human fucosidase FUCAL, with which
it shares 38% identity, which is of medical importance [24]. A search was done for other a-L-
fucosidases similar to TmFuc using the BLAST®P service, finding the following: Fusarium
graminearum of fungal origin (27% identity), of bacterial origins such as Bacteroides
thetaiotaomicron (26% identity) and Paenibacillus thiaminolyticus (33% identity), and has
35% identity with Bos taurus fucosidase [25] of animal origin.

The fucosidases of the GH29 family are subdivided into the GH29A and GH29B
subfamilies, which have differences in their sequences that make GH29B more selective
towards substrates with a1-3 and a.1-4 bonds, while GH29A has a lower selectivity hydrolyzing
the al-2, al-3, al-4 and al-6 bonds [26]. To observe these differences between the
subfamilies, TmFuc, which belongs to the GH29A subfamily, was taken as a reference to
perform a comparison with the AIfC fucosidase of the GH29A subfamily and one of the
https://biointerfaceresearch.com/ 4 of 15
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GH29B subfamily, BiAfcB, which have been used in the synthesis of FUCOS [10,11] and
come from microorganisms generally recognized as safe (GRAS).

As can be seen in Figure 2A, these enzymes have the conserved domain Alpha_L_fucos
(purple region) from the Simple Modular Architecture Research Tool database (SMART
accession number: SM00812) [27], which includes them in this family of enzymes.

The sequences that these enzymes have in common are mainly found in their catalytic
domains, which can be seen in Figures 2B, 2C, and 2D. The catalytic domain of TmFuc
comprises from residue 1 to 357, for BiAfcB from 21 to 359, and in the case of AIfC, the
catalytic domain comprises its entire sequence; Unlike TmFuc and BiAfcB, which also have a
C-terminal domain composed of folded Ps.

When superimposing the crystallographic structures, it was found that TmFuc has a
percentage of identity of 26.67% with AIfC and an RMSD of 0.874. As can be seen in Figures
2B and 2C, the conserved sequences between AIfC and TmFuc are located mainly in the o
helices corresponding to TmFuc Al, A2, A3, A8, and in the 3 sheets B2, B3, B7, and B8, which
are located around the active site. When performing the overlap between TmFuc and BiAfcB,
a 25.27% identity and an RMSD of 1.044 were obtained, coinciding with the 26% identity
obtained by Sela et al. [20] between the fucosidase gene Blon_2336 from B. longum subsp.
infantis and T. maritima fucosidase gene TM0306. In addition, the conserved sequences in the
secondary structures corresponding to TmFuc A2, A3, A8, B3, B4, B7, and B8 are observed
(Figures 2B and 2D).

(a)

1 100 200 300 400 500

TmFuc TmFuc

AlfC AlfC
BiAfcB BiAfcB

(b)

+ C-terminal

Figure 2. (a) Alignment of the sequence of TmFuc, AIfC, and BiAfcB with the conserved domain
Alpha_L _fucos, the general sequence of the enzyme is indicated in green color, the conserved domain
Alpha_L_fucos is indicated in purple color. Structure of the three fucosidases; (b) TmFuc; (c) AIfC; (d)
BiAfcB. The gray color corresponds to the catalytic domain; the active site is located inside the dotted box, and
the orange color corresponds to the C-terminal domain.
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In addition to the differences in the percentage of identity and the structural similarity,
the GH29 fucosidases analyzed in this work have differences in the active site, which will be
reviewed in more detail below. As can be seen in Figure 3A, the enzymes of the GH29A
subfamily have an arginine (ARG) that is conserved in this subfamily of fucosidases, like
ARG254 in TmFuc and ARG229 in AIfC. This residue has the function of helping to position
the substrate by forming a hydrogen bond with the endocyclic oxygen of fucose. On the other
hand, in BiAfcB, which belongs to the GH29B subfamily, this ARG is not conserved, but
residues TRP213, GLU237, and ASP283 can be found (Figure 3B), which are associated with
a galactose binding site and are conserved in other fucosidases of the GH29B subfamily [19].
Regarding the catalytic amino acids, the nucleophile ASP is conserved in the three fucosidases
studied, as can be seen in Figures 3A, 3B, and 3C, as ASP224 in TmFuc, ASP200 in AIfC and
ASP172 in BiAfcB. While the other catalytic residue that acts as a general acid-base, GLU, is
conserved in TmFuc as GLU266 and as GLU217 in BiAfcB (Figure 3A, 3B and 3C), while in
AIfC as reported by Klontz et al. [18] there are three residues that could perform this function:
GLU 39, ASP242 and GLU274, of which ASP242 can be seen in 3C as it is located near the
catalytic residue ASP200.

(b)

GLu2117,

? GLU266
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Figure 3. Active site alignment of fucosidases from the GH29A and GH29B subfamilies. (a) TmFuc (gray) and
AIfC (brown), two fucosidases from GH29A subfamily. (b) TmFuc (gray) from the GH29A subfamily and
BiAfcB (blue) fromGH29B subfamily. (c) Multalignment of the TmFuc, AIfC, and BiAfcB sequences showing
conserved sequences between TmFuc and AIfC in the blue box, conserved sequences between TmFuc and
BiAfcB in the green box, conserved sequences between the 3 in the red box.
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By comparing the enzymes of both subfamilies, it was confirmed that there are
differences in the sequence between the fucosidases that give rise to their division into the
GH29A and GH29B subfamilies, which are related to structural changes that can influence
both the affinity and the specificity towards the substrate.

3.2 Molecular docking of fucosidases from the GH29 subfamilies with the fucosyl donor pNP-
Fuc.

PNP-Fuc is an activated molecule that is commonly used as a chromogenic substrate to
determine the hydrolytic capacity of fucosidases [28], in addition to being used as a fucosyl
donor for the synthesis of FUCOS [29, 30]. For this reason, the interaction between this
substrate and the enzymes TmFuc and AIfC from the GH29A subfamily, and BiAfcB from the
GH29B subfamily, was studied to obtain additional information to that reported in the literature
on the affinity of these fucosidases with this substrate [10, 20, 31].

To validate the docking procedure presented below, a redocking was performed with
the 10DU, 601A, and 3UES structures using the co-crystallized ligand, obtaining an RMSD
of 1.050 A for 10DU, 1.937 A for 601A and 0.435 A for 3UES (supplementary information),
so it is considered that the method used to perform the docking is reliable by obtaining an
RMSD of less than 2 A between the co-crystallized ligand and the superposition of the ligand
pose obtained from the docking [32, 33].

3.2.1. Molecular docking with TmFuc and the fucosyl donor.

As can be seen in Figure 4A, when docking between TmFuc and pNP-Fuc was
performed, the ligand was placed between the catalytic residues, with the fucose portion of the
molecule located in the subsite -1 inside the active site cavity (Figures 4A and 4B) and the p-
nitrophenol, corresponding to the aglycon located at the +1 subsite, outside the catalytic pocket.

Additionally, as can be seen in Figure 4A, the aromatic ring of the ligand formed pi-
alkyl interactions with LEUS50 and pi-sigma with MET225, stabilizing the aglycon. In contrast,
the C6 of fucose formed pi-alkyl interactions with the aromatic residues PHE290, PHE32,
TRP222, and HID34, showing the hydrophobicity of the catalytic pocket. The catalytic residue
ASP224, which acts as a nucleophile for the formation of the enzyme-substrate complex,
formed a hydrogen bond with the C4 of the fucose, staying at 4 A from the C1 of the fucose
(Figure 4B). The GLU266, which acts as a catalytic residue, is 4.1 A from the C1 of fucose
with a carbon-hydrogen interaction. Meanwhile, ARG254 formed a hydrogen bond with the
endocyclic oxygen of fucose. The TmFuc-pNP-Fuc complex presented a Kb of 167.15 uM and
a AGDb of -5.6 kcal/mol, a value close to the -5.9 kcal/mol obtained by Pérez-Escalante et al.
[34].

As a validation method for docking, it was compared with the 10DU reference crystal
[17], which is complex with fucose. As can be seen in Figure 4B, the position of the fucose of
pNP-Fuc obtained from the docking was located in a pose very close to that of the reference
crystal in subsite -1, with similar distances between the C1 of the fucose and the carboxylic
carbon (CC) of the catalytic residues.
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3.2.2. Molecular docking with AIfC and the fucosy! donor.

As can be seen in Figure 4A, when docking between AIfC and pNP-Fuc, the ligand was
placed close to the ASP200, with the fucose portion of the molecule located at the -1 subsite
and the aglycon at the +1 subsite (Figure 4D).

Figure 4C shows the interactions between the ligand and the enzyme, where the
aromatic ring of the nitrophenol of pNP-Fuc formed a pi-stacked bond with the TRP40 and the
nitro group a hydrogen bond with the ALA154. A pair of pi interactions were also established
between TRP198 and TRP283, and C6 of fucose. The HIS18 and HIS87 form hydrogen bonds
with the hydroxyls of C4 and C5, while the ARG229 form a hydrogen bond with the endocyclic
oxygen of fucose. The catalytic residue ASP200 did not register interaction with the ligand.
However, the CC of this catalytic residue is 5.3 A from the C1 of the fucose (Figure 4D). There
IS no interaction with the residue that acts as a general acid-base. It is not observed in the
vicinity of the active site, coinciding with Klontz et al. [18], who reported that this enzyme acts
with a clamp mechanism, so this catalytic residue is found at a greater distance than in other
fucosidases such as TmFuc, that has the catalytic residues at a closer distance by having a
pocket in the active site [17] that allows it to house the -1 subsite inside. In this enzyme-ligand
complex, a Kb of 261.42 uM and a AGb of -4.89 kcal/mol were obtained.

To validate the docking result, it was compared with the 601A reference crystal [18]
in complex with fucose. As can be seen in Figure 4D, the fucose portion of the pNP-Fuc
molecule was located in a very close position to that of the reference crystal in subsite -1, at a
distance of 5.6 A between the CC of the ASP200 and the C1 of fucose, while, in the reference
crystal, this distance is 5.3 A.

3.2.3. Molecular docking with BiAfcB and the fucosy! donor.

As shown in Figures 4E and 4F, in the molecular docking between BiAfcB and pNP-
Fuc, the ligand was also placed between the catalytic residues, with the fucose portion of the
molecule located at subsite -1 within the active site cavity, which, unlike TmFuc and AIfC, has
an elongated groove shape with two carbohydrate binding sites, one for fucose and a contiguous
one for galactose binding [19], on which the aglycon was located, corresponding to subsite +1,
without fully inserting itself into said cavity.

As it is shown in Figure 4E, the pNP-Fuc aromatic ring formed pi-stacked interactions
with TRP213, pi-alkyl with ALA174, and Pi-anion with ASP172. The C6 of fucose formed Pi-
stacked interactions with TRP290 and Pi-alkyl with TRP170 and PHE34 and hydrogen bonds
with HIS36, TRP47, and HIE85. The catalytic residue ASP172 does not register interaction
with the ligand. Still, it is at 3.7 A from C1 of fucose, and GLU217, which acts as a general
acid-base, is at 4.1 A from C1 (Figure 4F), with interaction through van der Waals forces.
Together these interactions had a Kb of 1420 uM and a AGb of -3.4 kcal/mol.

To validate the docking result, it was compared with the 3UES reference crystal [19],
which is in complex with the competitive inhibitor deoxyfucojirimycin (DFJ). In Figure 4F, it
can be seen that the fucose of pNP-Fuc was located in a position very close to that of the DFJ
of the reference crystal at subsite -1, with similar distances between the C1 of the fucose and
the CC of the catalytic amino acids to those found in the reference crystal.
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Figure 4. Molecular docking obtained with pNP-Fuc and (a) TmFuc; (c) AIfC; (e) BiAfcB. Comparison of the
complexes obtained and the reference crystals (in green color) (b) TmFuc and 10DU; (d) AIfC and 601A; (f)

BiAfcB and 3UES.

As can be seen in Table 2, the studied fucosidases from the GH29A subfamily obtained
a lower AGb than the a-L-fucosidase from the GH29B subfamily. Therefore, the former seem
to form more stable energy complexes with pNP-Fuc. Making an analogy with Gibbs free
energy, it is evident that using GH29A; the reaction will be carried out more easily than with
GH29B, supporting the data reported in the literature that experimentally demonstrates that this

fucosyl donor exhibits a better interaction with TmFuc [19].
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Table 2. Free binding energy and Kb obtained from docking between the three fucosidases and pNP-Fuc.

. . . Kb AGb KmpNP-Fuc

E M F |

nzyme icroorganism amily M) (keal/mol) M)

+
TmFuc T. maritima GH29A 167.15 -5.6 E,Sf]_ 3
AlfC L. casei GH29A 261.42 -4.89 7[22{1 30
BiAfcB B. longum subsp. | 1o 1420 -3.88
infantis

Kb: binding constant; AGb free binding energy.

The differences in AGb obtained may be related to the interactions found in the enzyme-
ligand complex. For the case of the GH29A a-L-fucosidases, it was observed that the shape of
the active site of TmFuc allowed to bind better the aromatic ring of the ligand by interacting
on both sides of the plane of the ring with the hydrophobic pocket while in AIfC, this interaction
occurs only between one of the faces of the ligand and a less hydrophobic region of the enzyme.
The interaction found with TmFuc coincides with reports of better interaction between the
enzyme and molecules that incorporate elongated hydrophobic residues in the aglycone [35].

On the other hand, when comparing the interaction of the GH29A a-L-fucosidases with
the GH29B, the interaction of the characteristic ARG residue of GH29A and the endocyclic
oxygen of fucose also intervenes, which can perform the function of stabilizing the ligand in
the active site [19] in molecular dockings with TmFuc and AIfC; while in molecular docking
with BiAfcB, the complex could be less stable due to the characteristics of the active site.
BiAfcB has an adjacent cavity reported as a galactose binding site [19], on which the aglycone
was placed without completely inserting the p-nitrophenol group of the donor substrate,
causing the interactions not to be as favorable.

As can be seen in Table 2, the Kb obtained in the molecular docking for TmFuc was
1.6 times lower than that of AIfC. Since Kb represents the binding and dissociation of the
enzyme (o-L-fucosidase) and the ligand (pNP-Fuc), this can be related to the Km constant,
where the binding and dissociation of the enzyme-substrate complex of an enzymatic reaction
is related. Therefore, it can be assumed that both TmFuc and AIfC have a higher affinity for
pNP-Fuc, which coincides with the Ku reported by Osanjo et al. [31] for TmFuc and by Klontz
et al. [18] for AIfC, while for BiAfcB, a Kb greater than that of the other two fucosidases was
obtained by molecular docking, being 8.5 times greater than that of TmFuc, which indicates a
lower affinity towards the substrate. As reported by Sakurama et al. [19], BiAfcB has low
activity on pNP-Fuc, and Sela et al. [20], reported low activity of this enzyme on cNP-fucose
(chloro-nitrophenyl-fucopyranoside). However, in both investigations, good activity on 3-
fucosyl lactose (3'-FL) was reported so that the active site of BiAfcB could better interact with
substrates with bonds other than those of pNP-Fuc.

As can be seen from the results obtained, the interactions established by the fucose
donor with the enzyme are important and could be related to active site affinity. These
differences in interaction may be due to the presence of particular residues of each subfamily
of GH29 a-L-fucosidase.

4. Conclusions

This work demonstrated, by in silico techniques, that the differences in the amino acid
sequences between the fucosidases of the GH29A and GH29B subfamilies exert structural
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differences that can influence the interaction they have towards the fucosyl donor substrate so
that GH29A fucosidases show a higher affinity for pNP-Fuc than GH29B fucosidases. This
complements the existing information in the literature obtained by experimental methods.

In silico methods allow the study of the structural characteristics of different enzymes
and their interaction with different substrates that complement the knowledge obtained through
experimental methods.

Funding

This research was funded by Consejo Nacional de Cienciay Tecnologia (grant number 638147)
and Autonomous Metropolitan University.

Acknowledgments

The authors express their gratitude to the Supercomputing and Parallel Visualization
Laboratory of the Autonomous Metropolitan University-Iztapalapa Campus for granting the
facilities to carry out this work.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Wicinski, M.; Sawicka, E.; Gebalski, J.; Kubiak, K.; Malinowski, B. Human Milk Oligosaccharides: Health
Benefits, Potential Applications in Infant Formulas, and Pharmacology. Nutrients 2020, 12, 266,
https://doi.org/10.3390/nu12010266.

2. Lagstrom, H.; Rautava, S.; Ollila, H.; Kaljonen, A.; Turta, O.; Mékeld, J.; Yonemitsu, C.; Gupta, J.; Bode, L.
Associations between Human Milk Oligosaccharides and Growth in Infancy and Early Childhood. Am. J.
Clin. Nutr. 2020, 111, 769-778, https://doi.org/10.1093/ajcn/ngaa010.

3. Thum, C.; Wall, C.R.; Weiss, G.A.; Wang, W.; Szeto, 1.M.-Y.; Day, L. Changes in HMO Concentrations
throughout Lactation: Influencing Factors, Health Effects and Opportunities. Nutrients 2021, 13, 2272,
https://doi.org/10.3390/nu13072272.

4. Eussen, S.R.B.M.; Mank, M.; Kottler, R.; Hoffmann, X.-K.; Behne, A.; Rapp, E.; Stahl, B.; Mearin, M.L.;
Koletzko, B. Presence and Levels of Galactosyllactoses and Other Oligosaccharides in Human Milk and Their
Variation during Lactation and According to Maternal Phenotype. Nutrients 2021, 13, 2324,
https://doi.org/10.3390/nu13072324.

5. Dogra, S.K.; Martin, F.-P.; Donnicola, D.; Julita, M.; Berger, B.; Sprenger, N. Human Milk Oligosaccharide-
Stimulated Bifidobacterium Species Contribute to Prevent Later Respiratory Tract Infections.
Microorganisms 2021, 9, 1939, https://doi.org/10.3390/microorganisms9091939.

6. Mészaros, Z.; Nekvasilova, P.; Bojarova, P.; Kien, V.; Slamova, K. Advanced Glycosidases as Ingenious
Biosynthetic Instruments. Biotechnol. Adv. 2021, 49, 107733,
https://doi.org/10.1016/j.biotechadv.2021.107733.

7. Guzman-Rodriguez, F.; Alatorre-Santamaria, S.; Gomez-Ruiz, L.; Rodriguez-Serrano, G.; Garcia-Garibay,
M.; Cruz-Guerrero, A. Employment of Fucosidases for the Synthesis of Fucosylated Oligosaccharides with
Biological Potential. Biotechnol. Appl. Biochem. 2019, 66, 172—191, https://doi.org/10.1002/bab.1714.

8. Zeuner, B.; Jers, C.; Mikkelsen, J.D.; Meyer, A.S. Methods for Improving Enzymatic Trans-Glycosylation
for Synthesis of Human Milk Oligosaccharide Biomimetics. J. Agric. Food Chem. 2014, 62, 9615-9631,
https://doi.org/10.1021/jf502619p.

9. Lezyk, M.; Jers, C.; Kjaerulff, L.; Gotfredsen, C.H.; Mikkelsen, M.D.; Mikkelsen, J.D. Novel a-L-
Fucosidases from a Soil Metagenome for Production of Fucosylated Human Milk Oligosaccharides. PLOS
ONE 2016, 11, 0147438, https://doi.org/10.1371/journal.pone.0147438.

https://biointerfaceresearch.com/ 11 of 15


https://doi.org/10.33263/BRIAC135.404
https://biointerfaceresearch.com/
https://doi.org/10.3390/nu12010266
https://doi.org/10.1093/ajcn/nqaa010
https://doi.org/10.3390/nu13072272
https://doi.org/10.3390/nu13072324
https://doi.org/10.3390/microorganisms9091939
https://doi.org/10.1016/j.biotechadv.2021.107733
https://doi.org/10.1002/bab.1714
https://doi.org/10.1021/jf502619p
https://doi.org/10.1371/journal.pone.0147438

https://doi.org/10.33263/BRIAC135.404

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Rodriguez-Diaz, J.; Carbajo, R.J.; Pineda-Lucena, A.; Monedero, V.; Yebra, M.J. Synthesis of Fucosyl-N-
Acetylglucosamine Disaccharides by Transfucosylation Using -L-Fucosidases from Lactobacillus Casei.
Appl. Environ. Microbiol. 2013, 79, 3847-3850, https://doi.org/10.1128/aem.00229-13.

Saumonneau, A.; Champion, E.; Peltier-Pain, P.; Molnar-Gabor, D.; Hendrickx, J.; Tran, V.; Hederos, M.;
Dekany, G.; Tellier, C. Design of an a-l-Transfucosidase for the Synthesis of Fucosylated HMOs.
Glycobiology 2016, 26, 261-269, https://doi.org/10.1093/glycob/cwv099.

Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne,
P.E. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235-242, https://doi.org/10.1093/nar/28.1.235.
Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Huang, C.C.; Ferrin, T.E. Tools for Integrated Sequence-Structure
Analysis with UCSF Chimera. BMC Bioinformatics 2006, 7, 339, https://doi.org/10.1186/1471-2105-7-339.
Martinez-Rosell, G.; Giorgino, T.; De Fabritiis, G. PlayMolecule ProteinPrepare: A Web Application for
Protein Preparation for Molecular Dynamics Simulations. J. Chem. Inf. Model. 2017, 57, 1511-1516,
https://doi.org/10.1021/acs.jcim.7b00190.

Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An
Advanced Semantic Chemical Editor, Visualization, and Analysis Platform. J. Cheminformatics 2012, 4, 17,
https://doi.org/10.1186/1758-2946-4-17.

Wu, H.; Ho, C.; Ko, T.; Popat, S.D.; Lin, C.; Wang, A.H. -J. Structural Basis of A-Fucosidase Inhibition by
Iminocyclitols with K; Values in the Micro- to Picomolar Range. Angew. Chem. Int. Ed. 2010, 49, 337-340,
https://doi.org/10.1002/anie.200905597.

Sulzenbacher, G.; Bignon, C.; Nishimura, T.; Tarling, C.A.; Withers, S.G.; Henrissat, B.; Bourne, Y. Crystal
Structure of Thermotoga Maritima o-I-Fucosidase: INSIGHTS INTO THE CATALYTIC MECHANISM
AND THE MOLECULAR BASIS FOR FUCOSIDOSIS. J. Biol. Chem. 2004, 279, 13119-13128,
https://doi.org/10.1074/jbc.m313783200.

Klontz, E.H.; Li, C.; Kihn, K.; Fields, J.K.; Beckett, D.; Snyder, G.A.; Wintrode, P.L.; Deredge, D.; Wang,
L.-X.; Sundberg, E.J. Structure and Dynamics of an a-Fucosidase Reveal a Mechanism for Highly Efficient
IgG Transfucosylation. Nat. Commun. 2020, 11, 6204, https://doi.org/10.1038/s41467-020-20044-z.
Sakurama, H.; Fushinobu, S.; Hidaka, M.; Yoshida, E.; Honda, Y.; Ashida, H.; Kitaoka, M.; Kumagai, H.;
Yamamoto, K.; Katayama, T. 1,3-1,4-a-I-Fucosynthase That Specifically Introduces Lewis a/x Antigens into
Type-1/2 Chains. J. Biol. Chem. 2012, 287, 16709-16719, https://doi.org/10.1074/jbc.m111.333781.

Sela, D.A,; Garrido, D.; Lerno, L.; Wu, S.; Tan, K.; Eom, H.-J.; Joachimiak, A.; Lebrilla, C.B.; Mills, D.A.
Bifidobacterium Longum Subsp. Infantis ATCC 15697 a-Fucosidases Are Active on Fucosylated Human
Milk Oligosaccharides. Appl. Environ. Microbiol. 2012, 78, 795-803, https://doi.org/10.1128/aem.06762-11.
Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol.
Biol. 1990, 215, 403-410, https://doi.org/10.1016/S0022-2836(05)80360-2.

Henrissat, B.; Davies, G. Structural and Sequence-Based Classification of Glycoside Hydrolases. Curr. Opin.
Struct. Biol. 1997, 7, 637-644, https://doi.org/10.1016/S0959-440X(97)80072-3.

Shaikh, F.A.; Lammerts van Bueren, A.; Davies, G.J.; Withers, S.G. Identifying the Catalytic Acid/Base in
GH29 a- L -Fucosidase Subfamilies. Biochemistry 2013, 52, 5857-5864, https://doi.org/10.1021/bi400183q.
Prabhu, S.K.; Li, C.; Zong, G.; Zhang, R.; Wang, L.-X. Comparative Studies on the Substrate Specificity and
Defucosylation Activity of Three a-l-Fucosidases Using Synthetic Fucosylated Glycopeptides and
Glycoproteins as Substrates. Bioorg. Med. Chem. 2021, 42, 116243,
https://doi.org/10.1016/j.bmc.2021.116243.

Zhou, J.; Negi, A.; Mirallai, S.1.; Warta, R.; Herold-Mende, C.; Carty, M.P.; Ye, X.-S.; Murphy, P.V. N-
Alkyl-1,5-Dideoxy-1,5-Imino-I-Fucitols as Fucosidase Inhibitors: Synthesis, Molecular Modelling and
Activity ~ against  Cancer  Cell Lines. Bioorganic ~ Chem. 2019, 84,  418-433,
https://doi.org/10.1016/j.bioorg.2018.12.003.

Curiel, J.A.; Peirotén, A.; Landete, J.M.; Ruiz de la Bastida, A.; Langa, S.; Arqués, J.L. Architecture Insight
of Bifidobacterial a-L-Fucosidases. Int. J. Mol. Sci. 2021, 22, 8462, https://doi.org/10.3390/ijms22168462.
Letunic, I.; Khedkar, S.; Bork, P. SMART: Recent Updates, New Developments and Status in 2020. Nucleic
Acids Res. 2021, 49, D458-D460, http://dx.doi.org/10.1093/nar/gkaa937.

Grootaert, H.; Van Landuyt, L.; Hulpiau, P.; Callewaert, N. Functional Exploration of the GH29 Fucosidase
Family. Glycobiology 2020, 30, 735-745, https://doi.org/10.1093/glycob/cwaa023.

Guzmaén-Rodriguez, F.; Alatorre-Santamaria, S.; Gomez-Ruiz, L.; Rodriguez-Serrano, G.; Garcia-Garibay,
M.; Cruz-Guerrero, A. Improvement of the Transfucosylation Activity of a-l-Fucosidase from Thermotoga

https://biointerfaceresearch.com/ 12 of 15


https://doi.org/10.33263/BRIAC135.404
https://biointerfaceresearch.com/
https://doi.org/10.1128/aem.00229-13
https://doi.org/10.1093/glycob/cwv099
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1186/1471-2105-7-339
https://doi.org/10.1021/acs.jcim.7b00190
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1002/anie.200905597
https://doi.org/10.1074/jbc.m313783200
https://doi.org/10.1038/s41467-020-20044-z
https://doi.org/10.1074/jbc.m111.333781
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0959-440X(97)80072-3
https://doi.org/10.1021/bi400183q
https://doi.org/10.1016/j.bmc.2021.116243
https://doi.org/10.1016/j.bioorg.2018.12.003
http://dx.doi.org/10.1093/nar/gkaa937
https://doi.org/10.1093/glycob/cwaa023

https://doi.org/10.33263/BRIAC135.404

30.

31.

32.

33.

34.

35.

Maritima for the Synthesis of Fucosylated Oligosaccharides in the Presence of Calcium and Sodium.
Extremophiles 2018, 22, 889-894, https://doi.org/10.1007/s00792-018-1045-4.

Wan, L.; Zhu, Y.; Zhang, W.; Mu, W. a-l-Fucosidases and Their Applications for the Production of
Fucosylated Human Milk Oligosaccharides. Appl. Microbiol. Biotechnol. 2020, 104, 5619-5631,
https://doi.org/10.1007/s00253-020-10635-7.

Osanjo, G.; Dion, M.; Drone, J.; Solleux, C.; Tran, V.; Rabiller, C.; Tellier, C. Directed Evolution of the a-L
-Fucosidase from Thermotoga Maritima into an a-L-Transfucosidase. Biochemistry 2007, 46, 1022-1033,
https://doi.org/10.1021/bi061444w.

McNutt, A.T.; Francoeur, P.; Aggarwal, R.; Masuda, T.; Meli, R.; Ragoza, M.; Sunseri, J.; Koes, D.R.
GNINA 1.0: Molecular Docking with Deep Learning. J. Cheminformatics 2021, 13, 43,
https://doi.org/10.1186/s13321-021-00522-2.

Castro, A.L.G.; Cruz, J.N.; Sodré, D.F. et al. Evaluation of the Genotoxicity and Mutagenicity of
Isoeleutherin and Eleutherin Isolated from Eleutherine Plicata Herb. Using Bioassays and in silico
Approaches. Arab. J. Chem. 2021, 14, 103084, https://doi.org/10.1016/j.arabjc.2021.103084.
Pérez-Escalante, E.; Gonzalez-Olivares, L.G.; Castafieda-Ovando, A.; Cruz-Guerrero, A.E.; Trant, J.F.;
Lopez-Orozco, W.; Mendoza-Huizar, L.H.; Alatorre-Santamaria, S. An In silico Approach to Enzymatic
Synthesis of Fucooligosaccharides Using a-l-Fucosidase from Thermotoga Maritima. Chem. Proc. 2021, 3,
10, https://doi.org/10.3390/ecsoc-24-08303.

Moreno-Clavijo, E.; T. Carmona, A.; J. Moreno-Vargas, A.; Molina, L.; Robina, I. Syntheses and Biological
Activities of Iminosugars as o-L-Fucosidase Inhibitors. Curr. Org. Synth. 2011, 8, 102-133,
http://dx.doi.org/10.2174/157017911794407700.

https://biointerfaceresearch.com/ 13 of 15


https://doi.org/10.33263/BRIAC135.404
https://biointerfaceresearch.com/
https://doi.org/10.1007/s00792-018-1045-4
https://doi.org/10.1007/s00253-020-10635-7
https://doi.org/10.1021/bi061444w
https://doi.org/10.1186/s13321-021-00522-2
https://doi.org/10.1016/j.arabjc.2021.103084
https://doi.org/10.3390/ecsoc-24-08303
http://dx.doi.org/10.2174/157017911794407700

https://doi.org/10.33263/BRIAC135.404

Supplementary materials

Figure S1. Redocked fucose from 10DU structure, RMSD of 1.050 A. Green: 10DU structure, Brown:
redocked fucose.

L~

Figure S2. Redocked fucose from 601A structure, RMSD of 1.937 A. Green: 601A structure, Brown: redocked
fucose.
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Figure S3. Redocked deoxyfuconojirimycin from 3UES structure, RMSD of 1. 435 A. Green: 3UES structure,
Brown: redocked deoxyfuconojirimycin.
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