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Abstract
Fucosyl-N-acetylglucosamine disaccharides are present in many biologically important oligosaccharides, such as human milk
oligosaccharides, Lewis carbohydrate antigens, and glycans on cell-surface glycoconjugate receptors, and thus have vast poten-
tial for infant formulas, prebiotics, and pharmaceutical applications. In this work, in order to screen biocatalysts for enzymatic
synthesis of fucosyl-N-acetylglucosamine disaccharides, we performed sequence analysis of 12 putative and one known α-L-
fucosidases of Bacteroides fragilisNCTC9343 and constructed a phylogenetic tree of the nine GH29α-L-fucosidases. After that,
five GH29A α-L-fucosidases were cloned, and four of them were successfully heterogeneous expressed and screened for
transglycosylation activity, and a GH29A α-L-fucosidase (BF3242) that synthesized a mix of Fuc-α-1,3/1,6-GlcNAc disaccha-
rides using pNPαFuc as donor and GlcNAc as acceptor was characterized. The effects of initial substrate concentration, pH,
temperature, and reaction time on its transglycosylation activity were studied in detail. Under the optimum conditions of 0.05 U/
mL enzyme, 20 mM pNPαFuc, and 500 mM GlcNAc in sodium buffer (pH 7.5) at 37 °C for 45 min, BF3242 efficiently
synthesized Fuc-α-1,3/1,6-GlcNAc at a maximum yield of 79.0% with the ratio of 0.48 for 1,3/1,6. The molecular dynamics
simulation analysis revealed that Loop-4 (His220-Ser245) in the putative 3D model of BF3242 displayed significant changes
throughout the thermal simulations, might being responsible for the changes in the ratio of two regioisomeric products at different
temperatures. This work provided not only a potential synthetic tool for enzymatic synthesis of fucosyl-N-acetylglucosamine
disaccharides but also a possibility for the formation of regioisomeric products in glycosidase-catalyzed transglycosylation.

Key points
• Sequence analysis of α-L-fucosidases of Bacteroides fragilis NCTC9343
• Obtainment of an α-L-fucosidase with high transglycosylation activity
• Explanation why temperature affected the ratio of two regioisomeric products
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Introduction

Fucosyl-N-acetylglucosamine disaccharides have attracted
great interest because of their presence in many biologically
impo r t an t o l i go sa ccha r i de s . Fucosy l -α - 1 , 3 -N -
acetylglucosamine (Fuc-α-1,3-GlcNAc) and fucosyl-α-1,4-
N-acetylglucosamine (Fuc-α-1,4-GlcNAc) are found in the
key structures of humanmilk oligosaccharides (HMOs) which
have been shown to exhibit prebiotic effects (Bode 2012;
Kobata 2010), and they are also present in type I and type II
Lewis carbohydrate antigens that may be used as the tumor
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biomarkers (Cordon-Cardo et al. 1986; Mariano et al. 2000;
Tübel et al. 2012; Yu et al. 2012). Additionally, a recent work
has further demonstrated that Fuc-α-1,3-GlcNAc, naturally
present in HMOs, can be used as an effective prebiotic for
enrichment of specific Lactobacillus and Bifidobacterium
bacterial species, while fucosyl-α-1,6-N-acetylglucosamine
(Fuc-α-1,6-GlcNAc), usually present in the core structure of
N-Glycan of glycoproteins in mammal, can be used as anti-
adhesin that provides decoy binding sites for enteropathogens
to inhibit adhesion of different extents of certain enteropatho-
genic Escherichia coli strains to human colon adenocarcino-
ma epithelial (HT29) cells (Becerra et al. 2015).

Currently, chemical method for synthesizing fucosidic
bonds is challenging because of its acid lability (Yu et al.
2012). As an alternative, enzymatic synthesis of fucosidic
bonds can be accomplished through a simple step under mild,
environmental-friendly conditions using fucosyltransferase or
α-L-fucosidase enzymes (Chen et al. 2015; Li et al. 2017a, b;
Rodríguez-Díaz et al. 2013; Yang et al. 2017; Yu et al. 2017).
Fucosyltransferases effectively catalyze stereo- and regiose-
lective reactions both in vivo and in vitro, but their applica-
tions are somewhat hampered by the high cost of guanosine
5′-diphosphate-L-fucose (GDP-Fuc) (Tseng et al. 2017;
Weijers et al. 2008). Usually, α-L-fucosidases are responsible
for hydrolyzing fucosidic bonds in vivo (Fan et al. 2016; Li
et al. 2017a, b). Recently, some works describe the synthesis
of fucos id ic bonds by α -L - fucos idases through
transglycosylation in vitro (Ajisaka and Shirakabe 1992;
Ajisaka et al. 1998; Becerra et al. 2020; Eneyskaya et al.
2001; Liu et al. 2016; Murata et al. 1999; Rodríguez-Díaz
et al. 2013; Vetere et al. 1997). By using of comparatively
inexpensive glycosyl donor pNPαFuc, the synthesis of
fucosylated oligosaccharides by α-L-fucosidases is more eco-
nomical (Crout and Vic 1998; Guzmán-Rodríguez et al.
2018).

Based on the amino acid sequence similarities and the
mechanisms of hydrolysis, the α-L-fucosidases can be classi-
fied into the glycoside hydrolase (GH) families 29 and 95 in
the CAZy database (http://www.cazy.org). GH29 α-L-
fucosidases are configuration-retaining enzymes and catalyze
the hydrolysis reactions via a double-displacement mecha-
nism, resulting in retention of anomeric stereochemistry
(Zechel and Withers 2000). During the double-displacement
reaction, firstly, the general acid catalyst protonates the glyco-
sidic oxygen with bond cleavage and the catalytic nucleophile
directly attacks at the anomeric center of the sugar residue to
form a covalent glycosyl-enzyme intermediate. Subsequently,
the carbohydrate moiety was released with the general base
catalyst deprotonating the water (Nakai et al. 2010; Okuyama
et al. 2017). GH29 family has been further divided into two
subfamilies GH29A and GH29B according to phylogenetic
relationships and substrate specificities (Ashida et al. 2009;
Sakurama et al. 2012a). GH29A α-L-fucosidases (EC 3.2.1.

51) have more relaxed substrate specificities than GH29B
enzymes, and can hydrolyze α-1,2, α-1,3, α-1,4, and/or α-
1,6 fucosidic linkages as well as artificial pNPαFuc (Dawson
and Tsay 1977; DiCioccio et al. 1982; Eneyskaya et al. 2001;
Lezyk et al. 2016; Li et al. 2017a; Liu et al. 2016; Megson
et al. 2015; Rodríguez-Díaz et al. 2011). GH29B α-L-
fucosidases, referred to as 1,3/1,4-α-L-fucosidases (EC 3.2.1.
111), can specifically hydrolyze α-1,3 orα-1,4 fucosidic link-
ages, but not pNPαFuc (Sakurama et al. 2012b). In contrast,
GH95 α-L-fucosidases (1,2-α-L-fucosidases, EC 3.2.1.63)
mediate an inversion mechanism to specifically hydrolyze ter-
minal α-1,2 linkages and also do not hydrolyze pNPαFuc
(Katayama et al. 2004). Although α-L-fucosidases are widely
distributed in microorganisms, plants, and animals, only
GH29A α-L-fucosidases have been reportedly capable of hy-
drolyzing the artificial substrate pNPαFuc, and therefore have
the potential to synthesize fucosylated compounds. Using
pNPαFuc as fucosyl donor, GH29A α-L-fucosidases have
been successfully used to synthesize fucosyl-N-
acetylglucosamine disaccharides at 20 to 58% yields
(Ajisaka and Shirakabe 1992; Ajisaka et al. 1998;
Eneyskaya et al. 2001; Rodríguez-Díaz et al. 2013; Vetere
et al. 1997), and other fucosylated oligosaccharides or
fucosylated compounds, such as fucosyl-N-acetyllactosamine
and its methyl derivative (Murata et al. 1999), fucosyllactose
and its methyl derivative (Lezyk et al. 2016; Murata et al.
1999), fucosylgalactoside and its methyl derivative (Ajisaka
and Shirakabe 1992; Becerra et al. 2020), fucosylglucoside
(Ajisaka and Shirakabe 1992; Becerra et al. 2020), fucosyl-
diacetylchitobiose (Becerra et al. 2020), fucosyl-N-
acetylglucosamine-asparagine (Becerra et al. 2020), and 4-
methylumbelliferone-α-L-fucoside (Liu et al. 2016).
Therefore, the exploitation of α-L-fucosidases with high
transfucosylation activity would be of importance for biosyn-
thetic purposes.

Bacteroides fragilis is a gram-negative anaerobic bacteri-
um and primarily colonizes in the human lower gastrointesti-
nal tract. A large portion of its genome is devoted to encoding
carbohydrate metabolism, such as the degradation of dietary
polysaccharides (Troy and Kasper 2010). B. fragilis has been
proved as an excellent source for glycosidases. The hydrolysis
activities of several glycosidases have been reported. A
fructanase (FruA1) from B. fragilis BF-1 was able to hydro-
lyze sucrose, raffinose, inulin, and levan but not melezitose
(Blatch and Woods 1993). Two sialidases purified from
B. fragilis SBT3182 preferentially hydrolyzed sialyl α-2,8
linkage rather than α-2,3 and α-2,6 bonds (Tanaka et al.
1994). A recombinant sialidase (rNanH1) from B. fragilis
YHC46 also preferentially hydrolyzed sialyl α-2,8 linkage
to cleave sialic acids from mucin and serum proteins
(Yamamoto et al. 2018). Two α-galactosidases (BfGal110A
and BfGal110B) from B. fragilis NCTC9343 were identified
to be general α-1,3-linkage-specific galactosidases for
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hydrolyzing blood group B antigens (Liu et al. 2008). A
mannanase (BfMan26) from B. fragilis NCTC9343 was
found to produce mannobiose exclusively from mannans
(Kawaguchi et al. 2014). An α-L-fucosidase (BF3242) from
B. fragilisNCTC9343 was capable of efficient removal of the
core fucose and hydrolyzed other fucosidic linkages in various
glycans, glycocopeptides, and glycoproteins (Tsai et al. 2017).
Recently, we have reported several works on glycosidases
with transglycosylation activity from B. fragilis NCTC9343,
including the identification of transglycosylation activity of
four β-N-acetylhexosaminidases (BF0669, BF0953,
BF1181, and BF4033) (Chen et al. 2016), and the discovery
of an α-galactosidase (AgaBf3S) and an exo-α-sialidase
(BfGH33C) for the production of globotriose and 6′-
sialyllactose, respectively (Gong et al. 2016; Guo et al.
2018). However, attempts to study the transglycosylation ac-
tivity of α-L-fucosidases of B. fragilis have not been made so
far.

In this work, in order to screen GH29A α-L-fucosidases for
enzymatic synthesis of fucosyl-N-acetylglucosamine disac-
charides using pNPαFuc as donor, through sequence analysis
and phylogenetic tree construction, five GH29A α-L-
fucosidases were selected as the candidates from 12 putative
and one known α-L-fucosidases of B. fragilis NCTC9343 for
gene cloning and heterogeneous expression in E. coli, four of
which were expressed successfully as soluble proteins and the
recombinant enzymes were purified and determined for hy-
drolysis activity and transglycosylation activity. As a result,
an α-L-fucosidase (BF3242) with high transfucosylation ac-
tivity was obtained. BF3242 synthesized Fuc-α-1,3/1,6-
GlcNAc at a maximum yield of 79.0% with pNPαFuc as
donor and GlcNAc as acceptor, and the ratio of two
regioisomeric products could be remarkably affected by the
reaction temperature. Furthermore, the molecular dynamics
(MD) simulation analysis provided a possibility for
regioisomeric products formation in glycosidase-catalyzed
transglycosylation.

Materials and methods

Materials

Antigen H disaccharide, Lea and Lex trisaccharides, Fuc-α-
1,3-GlcNAc, Fuc-α-1,4-GlcNAc, Fuc-α-1,6-GlcNAc, and N-
acetyl-D-glucosamine (GlcNAc) were purchased from
Carbosynth (Berkshire, UK). p-Nitrophenyl-α-L-
fucopyranoside (pNPαFuc) and other nitrophenyl glycosides
were purchased from Sigma (St. Louis, USA). Glucose, fruc-
tose, galactose, cellobiose, maltose, and lactose were pur-
chased from Sangon Biotech (Shanghai China). Restriction
endonucleases (BamH I,Nde I, and Xho I) were obtained from
NEB (Ipswich, USA). T4 DNA ligase was from TaKaRa

(Dalian, China). FastPfu Fly DNA polymerase was obtained
from Transgen (Beijing, China). L-Fucose Assay Kit was pur-
chased from Megazyme (Wicklow, Ireland). Other chemicals
used were of analytical grade.

Microorganisms

B. fragilis NCTC9343 was cultured anaerobically using
Forma anaerobic system (Thermo, USA) under a mixture of
nitrogen, hydrogen, and carbon dioxide (84.9:10:5.1, v/v/v) at
37 °C. The cultured medium contained 0.5 mg vitamin K1,
5 mg hemin, 5 g NaCl, 5 g yeast extract, 20 g proteose pep-
tone, and 60 g glucose in 1 L water at pH 7.2.

Escherichia coli strains DH5α and BL21 (DE3) harboring
pGEX-4T-1 plasmid were grown at 37 °C in Luria–Bertani
(LB) medium that was supplemented with 50 μg/mL
ampicillin.

Sequence analysis

Through cross-referencing the genomic data of B. fragilis
NCTC9343 (GenBank accession no. CR626927.1) and
CAZy database (http://www.cazy.org) by using BLAST
method (https://blast.ncbi.nlm.nih.gov/Blast.cgi), 12 putative
and one known α-L-fucosidases, including nine GH29 α-L-
fucosidases (BF0028, BF0664, BF0804, BF0810, BF1796,
BF3083, BF3201, BF3242, and BF3591) and four GH95 α-
L-fucosidases (BF0474, BF0570, BF0855, and BF4255),
were obtained. To further identify the GH29A, a
phylogenetic tree was constructed using the predicted
protein sequences of enzymes. The following 18 GH29 α-L-
fucosidases from other species were selected for the analysis:
AlfA (Uniprot B3W8U6), AlfB (Uniprot B3WB08), and AlfC
(Uniprot B3WBB5) from Lactobacillus casei BL23, BT1625
(Uniprot Q8A7A0), BT2192 (Uniprot Q8A5P6), and BT2970
(Uniprot Q8A3I4) from Bacteroides thetaiotaomicron VPI-
5482, TM0306 (Uniprot Q9WYE2) from Thermotoga
mari t ima MSB8, AfcB (Unipro t C5NS94) f rom
Bifidobacterium bifidum JCM1254, Blon2336 (Uniprot
B7GNN8), Blon0248 (Uniprot B7GTT5), and Blon0426
(Uniprot B7GN40) from Bifidobacterium longum
ATCC15697 , ALfuk1 (Un ip ro t E3PQQ9) f rom
Paenibacillus thiaminolyticus , BFO2737 (Uniprot
G8UMQ6) from Tannerella forsythia ATCC43037, FucA1
(Uniprot Q8P6S7) from Xanthomonas campestris
ATCC33913, FUCA1 (Uniprot P48300) from Canis lupus
familiaris, AtFuc1 (Uniprot Q8GW72) from Arabidopsis
thaliana, FucA1 (Uniprot P04066) from Homo sapiens, and
FucA1 (Uniprot P17164) from Rattus norvegicus. The
sequences of these 27 GH29 α-L-fucosidases were firstly
subjected to the multiple alignments by the ClustalX and
then converted to a phylogenetic tree by the MEGA5. All
positions containing gaps and missing data were eliminated.
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The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) was
shown next to the branches. Then, the multiple alignments of
the partial deduced amino acid sequences of the catalytic
domains of nine GH29 α-L-fucosidases from B. fragilis
NCTC9343 and other four characterized GH29 enzymes
(FucA1 from H. sapiens, TM0306 from T. maritima MSB8,
AfcB from B. bifidum JCM1254, and BT1625 from B.
thetaiotaomicron VPI-5482) were analyzed by ClustalX
(http://www.clustal.org/).

Gene cloning and heterogeneous expression

The genomic DNA of B. fragilisNCTC9343 was extracted by
TIANamp Bacteria DNA Kit from Tiangen Biotech (Beijing,
China) and used as template for PCR. The genes encoding five
GH29A α-L-fucosidases (BF0028, BF0810, BF1796,
BF3242, and BF3591) from B. fragilis NCTC9343 were am-
plified with the primers (Table S1) that were designed based
on the genome sequence of B. fragilis NCTC9343 (GenBank
accession no. CR626927.1). PCR cycling conditions
consisted of an initial step of 5 min at 94 °C, followed by 30
cycles of 30 s at 94 °C, 30 s at 60 °C to 65 °C, and 1 min 30 s
at 72 °C, and a final step of 10 min at 72 °C. The PCR prod-
ucts were ligated into pGEX-4 T-1 fusion expression vector
and transformed into E. coli BL21. The proper E. coli
transformants were grown at 37 °C in LB medium containing
50 μg/mL ampicillin. When the cell density reached 0.6 to
0.8 at OD600, the culture temperature was decreased to 16
°C and 0.2 mM isopropyl-1-thio-β-D-galactoside (IPTG) was
added for induction for 12 to 14 h. Then the cells were har-
vested and lysed by sonication. The lysates were centrifuged
and the recombinant enzymes in the supernatant were purified
through GST affinity chromatography (GE Healthcare,
Sweden). The purified protein samples were analyzed by the
10% (w/v) of sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins in the gel were visualized
by Coomassie brilliant blue R-250 staining.

Enzyme assays

The α-L-fucosidase activity was measured by adding 20 μL
enzyme solution to 60 μL 2 mM pNPαFuc in 50 mM sodium
phosphate buffer (pH 7.0) with 20% (v/v) dimethyl sulfoxide
(DMSO). The reaction was performed at 37 °C for 10 min,
and then stopped by adding 120 μL of 1 M Na2CO3 solution.
The release of p-nitrophenol was measured at 405 nm. One
unit of enzyme activity is defined as the amount of enzyme
required to release 1 μmol p-nitrophenol per min under the
assay conditions. Assays for the other nitrophenyl glycosides
were performed under the same conditions. Protein concentra-
tions were determined by measuring absorbance at 280 nm
using Nanodrop 2000 calibrated with the extinction

coefficient values predicted by online analytical tool:
ExPASy (http://web.expasy.org/protparam/).

Substrate specificity of the enzymes for hydrolysis

To evaluate the fucosidic linkage specificity of the enzyme,
reaction mixture (10 μL) containing enzyme and 2 mM vari-
ous substrates in 50 mMNaPB buffer (pH 7.0) was incubated
at 37 °C for 10 min. The tested substrates included pNPαFuc,
antigen H disaccharide, Lea and Lex trisaccharides, Fuc-α-
1,3-GlcNAc, Fuc-α-1,4-GlcNAc, and Fuc-α-1,6-GlcNAc.
The released fucose in the reaction was measured by the L-
Fucose Assay Kit using L-fucose as a standard.

Screening of the enzymes for transfucosylation
activity

Transfucosylation activity of four recombinant α-L-
fucosidases was detected by incubating the enzyme (0.05
U/mL) with 20 mM pNPαFuc as donor and 200 mM
GlcNAc, glucose, fructose, galactose, cellobiose, maltose, or
lactose as acceptor in 20% (v/v) DMSO at 37 °C for 1 h. The
reaction was stopped by adding three times ethanol, and the
product was analyzed by thin layer chromatography (TLC).

Effects of pH and temperature on enzyme activity of
BF3242

The optimum pH was determined by assaying the enzyme
activity at 37 °C for 10 min with pNPαFuc at pH values
ranging from 2.5 to 12.0 in 50 mM buffer containing citric
acid, KH2PO4, boric acid, and barbitone and using NaOH to
adjust the pH. The pH stability was determined by measuring
the residual activity under the conditions as described in en-
zyme essay after incubating the enzyme in the presence of the
above various pH buffers at 4 °C for 12 h. The optimal tem-
perature for enzyme reaction was determined by assaying the
enzyme activity with pNPαFuc in 50 mM sodium phosphate
buffer (pH 7.0) for 10 min at 20 to 65 °C. Thermo-stability
was determined by assaying residual enzymatic activity in
50 mM sodium phosphate buffer (pH 7.0) after incubating
the enzyme for 1 h at 20 to 65 °C.

Synthesis of fucosyl-N-acetylglucosamine
disaccharides by BF3242

The reaction for the synthesis of fucosyl-N-acetylglucosamine
disaccharides was performed by incubating BF3242 with
pNPαFuc as the glycosyl donor and GlcNAc as the acceptor
in 20% (v/v) DMSO. To achieve the maximum yield, the
reaction conditions including initial substrate concentrations,
pH, temperature, and reaction time were carefully evaluated.
The enzyme was used at a concentration of 0.05 U/mL. The
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effects of GlcNAc concentrations (100, 200, 300, 400, 500,
and 600 mM) were determined using 20 mM pNPαFuc at pH
7.0 and 37 °C for 1 h. The effects of pNPαFuc concentrations
(10, 20, 30, 40, 50, and 60mM)weremeasured using 500mM
GlcNAc at pH 7.0 and 37 °C for 1 h. The effects of pH were
examined at 14 different pH values (CKBB buffer at 4.0, 4.5,
5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0) at
37 °C by using 500 mM GlcNAc in the presence of 20 mM
pNPαFuc for 1 h. The effects of temperature were investigat-
ed by using 500 mM GlcNAc and 20 mM pNPαFuc at pH
7.5 at 10 different temperatures (20 °C, 25 °C, 30 °C, 37 °C,
40 °C, 45 °C, 50 °C, 55 °C, 60 °C, and 65 °C) for 1 h. The
effects of reaction time were evaluated by using 500 mM
GlcNAc and 20 mM pNPαFuc at pH 7.5 and 37 °C with
interval sampling within 3 h. All the reactions were stopped
by adding three times ethanol and the resulting products were
analyzed by HPLC. The yield of the product was defined as
the ratio of the concentration of the synthesized glycoside
product (mM) to the initial concentration of donor (mM).
The ratio of the transglycosylation to hydrolysis activity
(RT/H) was calculated by dividing synthesized product concen-
tration (mM) by hydrolyzed donor concentration (mM).

Isolation of the fucosyl-N-acetylglucosamine
disaccharides

The oligosaccharide product was separated by a Bio-Gel P2
(Bio-Rad, USA) column (1.6 × 90 cm) with distilled water as
the eluent. The eluted fractions were collected and subjected
to sugar determination by TLC. The identified fractions were
concentrated by evaporation. The regioisomeric products
were separated by HPLC and the corresponding fucoside-
containing fractions were combined and lyophilized to dry
powder.

HPLC and TLC analyses

HPLC was performed by an Agilent 1200 series coupled with
a UV detector (G1314B) using an Acchrom XAmide analysis
column (4.6 × 250 mm) at 30 °C. Samples were eluted with
91% (v/v) acetonitrile as the mobile phase at a flow rate of 1.0
mL/min and detected at 210 nm.

TLC was performed by loading samples on silica gel 60
F254 plates (Merck, Germany). The loaded samples were de-
veloped by a mixture of n-butanol/ethanol/water (15:1:1, v/v/
v) and subsequently visualized by spraying with
diphenylamine-aniline-phosphoric acid reagent and heating
at 86 °C for 30 min.

MS and NMR analysis

Mass spectra were detected and recorded on a Shimadzu
LCMS-IT-TOF instrument (Kyoto, Japan) equipped with an

ESI source and operated in positive ion mode. 1H and 13C
NMR data were recorded at room temperature with an
Agilent DD2 600 MHz instrument operating at 600 and 150
MHz, respectively. Chemical shifts were given in ppm down-
field from internal TMS of D2O. Chemical shifts and coupling
constants were calculated from a first-order analysis of the
spectra. Assignments of proton and carbon atoms were
achieved through 1H, 13C, and homonuclear (COSY) and
heteronuclear (HMQC, HMBC) following the standard
Agilent pulse programs.

Molecular modeling and MD simulations

Homology modeling of BF3242 was performed using
SWISS-MODEL (https://swissmodel.expasy.org/interactive),
and the 3D structure of α-L-fucosidase BT2970 (PDB entry
4WSJ) from Bacteroides thetaiotaomicron ATCC29148
served as the template. BF3242 shared 32% sequence
identity with the template.

The MD simulations of BF3242 were studied by principal
component analysis (PCA) (Liu et al. 2014). The covariance
matrix was created using the atomic coordinates of protein
backbone atoms. The eigenvectors were generated by diago-
nalization of the covariance matrix. Each of them had a re-
spective eigenvalue (g_covar). The trajectory was projected
onto a particular eigenvector to reveal the concerted motions
of enzyme (g_anaeig). The mathematical formulas used for
PCA have been made in previous study (Liu et al. 2014;
Jiang et al. 2017). Root-mean-square fluctuation (RMSF)
analysis was carried out by using gmx rmsf tool. In order to
ensure the accuracy and reliability of the measuring data, the
last 20 ns simulation trajectories were used to calculate all the
time-averaged properties. PyMOL 2.1 (http://www.pymol.
org) (Robert and Gouet 2014) and MATLAB 2016b (https://
ww2.mathworks.cn/products/matlab.html) were used to
analyze and visualize enzyme structure and simulation data.

Results

Sequence analysis of α-L-fucosidases from B. fragilis
NCTC9343

By cross-referencing the genome sequence of B. fragilis and
CAZy database, we found there were 142 putative glycosi-
dases (as of November 2019) including 13 α-L-fucosidases in
the genome of B. fragilis NCTC9343. Among these 13 α-L-
fucosidases, nine α-L-fucosidases were predicted to belong to
GH29 and four α-L-fucosidases were predicted to belong to
GH95 (Table 1). All of these 13 α-L-fucosidases did not con-
tain transmembrane region, and 11 of them had signal pep-
tides in their deduced protein sequences except two enzymes
BF0570 and BF0664. They had theoretical molecular weight
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between 47 and 93 kDa. Since only the α-L-fucosidases in
GH29A had the potential to synthesize the fucosylated com-
pounds using pNPαFuc as the donor, we constructed a
phylogram to identify which of the nine GH29 α-L-
fucosidases belonged to GH29A. The results (Fig. 1) showed
that five α-L-fucosidases (BF0028, BF0810, BF1796,

BF3242, and BF3591) belonged to GH29A and four α-L-
fucosidases (BF0664, BF0804, BF3083, and BF3201)
belonged to GH29B. Furthermore, the result (Fig. 2) of mul-
tiple alignments of the partial deduced amino acid sequences
of the catalytic domains of these nine GH29 α-L-fucosidases
and other four characterized GH29 enzymes showed that a

Fig. 1 Phylogenetic analysis of
26 GH29 α-L-fucosidases. The
sequences of these α-L-
fucosidases were firstly subjected
to the multiple alignments by the
ClustalX and then converted to a
phylogenetic tree by the MEGA5.
The sequences of the nine GH29
α-L-fucosidases, BF0028,
BF0664, BF0804, BF0810,
BF1796, BF3083, BF3201,
BF3242, and BF3591, from
B. fragilis NCTC9343 were
highlighted in red

Table 1 Sequence analysis of 13
α-L-fucosidases Enzyme GH

family
Uniprot
accession no.

Molecular
mass (kDa)

Signal peptidea

(amino acid no.)
Transmembrane regionb

(amino acid no.)

BF0028 GH29A Q5LJ69 48 1-19 N

BF0810 GH29A Q5LH32 50 1-24 N

BF1796 GH29A Q5LEF6 47 1-18 N

BF3242 GH29A Q5LAD6 52 1-20 N

BF3591 GH29A Q5L9F5 52 1-22 N

BF0664 GH29B Q5LHH1 54 N N

BF0804 GH29B Q5LH38 51 1-19 N

BF3083 GH29B Q5LAU5 67 1-20 N

BF3201 GH29B Q5LAH7 69 1-25 N

BF0474 GH95 Q5LHZ7 86 1-18 N

BF0570 GH95 Q5LHQ6 98 N N

BF0855 GH95 Q5LGY8 86 1-16 N

BF4255 GH95 Q5L7M4 93 1-22 N

N no signal peptide or transmembrane region
a Signal peptide was predicted using online tools (http://www.cbs.dtu.dk/services/SignalP/)
b Transmembrane region was predicted using online tools (http://www.cbs.dtu.dk/services/TMHMM/)
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conserved aspartate residue as the catalytic nucleophile in
GH29 enzymes was identified in all the nine αL-fucosidases
of B. fragilis and other four characterized GH29 α-L-
fucosidases. However, the acid/base residue (glutamate) was
conserved in GH29B but not in GH29A. We then chose the
five GH29A α-L-fucosidases for further study.

Cloning, and heterogeneous expression of GH29A α-L-
fucosidases from B. fragilis NCTC9343

The genes of five GH29A α-L-fucosidases (BF0028, BF0810,
BF1796, BF3242, and BF3591) were cloned from genome
DNA of B. fragilis NCTC9343 and expressed in E. coli
BL21. Four of them (BF0028, BF0810, BF3242, and
BF3591) were expressed successfully as soluble proteins. As
shown in SDS-PAGE (Fig. S1), these four recombinant GH29
α-L-fucosidases, BF0028, BF0810, BF3242, and BF3591,
were purified by GST affinity purification and they migrated
as nearly single protein bands with molecular masses in agree-
ment with the calculated masses fused with the GST tag
(about 26 kDa) (Table 1).

The hydrolysis activity of these four recombinant α-L-
fucosidases was determined using 12 different nitrophenyl

glycosides. All the four recombinant enzymes hydrolyzed
pNPαFuc, but showed no activities towards other 11 artificial
substrates with β-fucosidic linkage (pNP-β-L-fucopyranoside)
and without fucose in the glycon moieties including pNP-α/β-
D-galactopyranoside, pNP-α/β-D-glucopyranoside, pNP-α/β-
D-mannopyranoside, pNP-N-acetyl-α/β-D-galactosaminide,
and pNP-N-acetyl-α/β-D-glucosaminide. The specific activities
for pNPαFuc of BF0028, BF0810, BF3242, and BF3591 were
0.5, 8.7, 11.7, and 0.2 U/mg, respectively.

Fucosidic linkage specificity of the enzymes for
hydrolysis

The fucosidic linkage specificities of the four recombinant α-
L-fucosidases against different substrates including pNPαFuc,
antigen H disaccharide, Lea and Lex trisaccharides, Fuc-α-
1,3-GlcNAc, Fuc-α-1,4-GlcNAc, and Fuc-α-1,6-GlcNAc di-
saccharides are shown in Table 2. The results indicated that
these four enzymes had different fucosidic linkage specific-
ities for various natural oligosaccharides and pNPαFuc. Three
of them (BF0028, BF0810, and BF3242) showed higher hy-
drolytic activities towards pNPαFuc than the natural oligosac-
charides, and BF3591 showed higher cleavage rate for α-1,3

Fig. 2 Multiple alignment of the partial amino acid sequences of GH29A
and GH29B α-L-fucosidases. The sequences for alignment included the
nine GH29 α-L-fucosidases from B. fragilis NCTC9343, FucA1 from
H. sapiens, TM0306 from T. maritima, AfcB from B. bifidum JCM
1254, and BT1625 from B. thetaiotaomicron. The alignment was

generated with ClustalX. The regions of sequence identity were shaded
in black, and the regions of sequence similarity were in gray. The blue
triangle denotes the conserved nucleophile of GH29A and GH29B. The
red triangle denotes the conserved acid/base residues of GH29B. Red
boxes indicate experimentally confirmed acid/base residues
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linkages of Lex trisaccharide and Fuc-α-1,3-GlcNAc. BF3242
and BF3591 were capable of hydrolyzing α-1,2-, α-1,3-, α-
1,4-, and α-1,6-linked fucosides. Particularly, BF3242 had
higher hydrolytic activity towards disaccharides than trisac-
charides. BF3591 showed higher activity towards α-1,3-
linked fucosides than α-1,2-, α-1,4-, and α-1,6-linked
fucosides and displayed higher activity to nature substrate
Lex trisaccharides and Fuc-α-1,3-GlcNAc. BF0028 showed
weak hydrolytic activity towards the α-1,2- and α-1,3-linked
fucosides of antigen H disaccharide, Lea trisaccharides, and
Fuc-α-1,3-GlcNAc, and it preferred Lea trisaccharide to
Fuc-α-1,3-GlcNAc. BF0810 only hydrolyzed artificial sub-
strate pNPαFuc.

Screening of α-L-fucosidases for transglycosylation

The transglycosylation activities of the four recombinant
GH29A α-L-fucosidases (BF0028, BF0810, BF3242, and
BF3591) were examined using pNPαFuc as donor and
GlcNAc, glucose, fructose, galactose, cellobiose, maltose, or
lactose as acceptor. The results (Figs. 3a and S2) showed that
only BF3242 showed transglycosylation activity towards
GlcNAc, glucose, and maltose, and the other three enzymes
(BF0028 , BF0810 , and BF3591) d id no t show
transglycosylation activity with all the tested acceptors. As
shown in Fig. 3a, using GlcNAc as acceptor, two novel spots
of products (named P1 and P2) appeared below the spot of
GlcNAc on TLC plate. P2 was formed firstly within 30 min
reaction, and then P1 accumulated during the next 30 min. P1
and P2 had the samemigration rates as the standard samples of
Fuc-α-1,3-GlcNAc and Fuc-α-1,6-GlcNAc on the TLC plate,
respectively. The results of HPLC analysis also revealed that
the peak of P1 and P2 shared the identical retention times to
those of standard samples of Fuc-α-1,3-GlcNAc and Fuc-α-
1,6-GlcNAc, respectively (Fig. 3b). Therefore, BF3242 was
selected for further study.

BF3242 showed an optimal temperature at 45 °C, and it
was stable below 45 °C (Fig. S3a). The enzyme was highly
active at pH 5.5 to 7.5 and stable at pH 5.0 to 11.0 (Fig. S3b).

Synthesis of fucosyl-N-acetylglucosamine
disaccharides by BF3242

Transglycosylation reactions were performed by incubating
BF3242 with pNPαFuc and GlcNAc under various condi-
tions. Figure 4a shows the effects of the acceptor concentra-
tion on disaccharide synthesis. When the GlcNAc concentra-
tions were increased from 100 to 600 mM, the overall yield of
two products increased from a minimum of 19.4% (7.5% of
P1 and 11.9% of P2) at 100 mM to a maximum of 66.8%
(20.1% of P1 and 46.7% of P2) at 500 mM, and then slightly
decreased to 53.4% (14.3% of P1 and 39.1% of P2) at 600

Table 2 Fucosidic linkage
specificity of recombinant α-L-
fucosidases

Substrate Structure Relative activity (%)

BF0028 BF0810 BF3242 BF3591

Antigen H disaccharide Fuc-α-1,2-Gal 0.5 ND 6.9 15.1

Lewisa trisaccharide Gal-β-1,3-(Fuc-α-1,4)GlcNAc 1.0 ND 4.9 13.6

Lewisx trisaccharide Gal-β-1,4-(Fuc-α-1,3)GlcNAc ND ND 4.3 100

3′-Fucosyl-GlcNAc Fuc-α-1,3-GlcNAc 0.2 ND 13.4 98.7

4′-Fucosyl-GlcNAc Fuc-α-1,4-GlcNAc ND ND 5.1 12.1

6′-Fucosyl-GlcNAc Fuc-α-1,6-GlcNAc ND ND 9.3 13.3

pNP-α-fucoside Fuc-α-pNP 100 100 100 41.8

ND not detected

Fig. 3 Analysis of transglycosylation reaction mixture of four α-L-
fucosidases by TLC (a) and analysis of transglycosylation products of
BF3242 by HPLC (b). a Transglycosylation activities of the four purified
recombinant enzymes (BF0028, BF0810, BF3242, BF3596) were tested
by incubation of 0.05 U/mL enzyme with 20 mM pNPαFuc as donor and
200mMGlcNAc as acceptor in 20% (v/v) DMSO at 37 °C for 0.5 h and 1
h. STD standard saccharides. b Control and BF3242 reaction, inactivated
BF3242 and BF3242 were used in the reactions as (a) for 1 h, respective-
ly. The retention times of standard Fuc-α-1,3-GlcNAc and Fuc-α-1,6-
GlcNAc were 27 and 38 min, respectively
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mM. Therefore, the subsequent reactions were performedwith
500 mM GlcNAc. Figure 4b shows the influence of donor
concentrations on the yield of products. When the pNPαFuc
concentrations were increased from 10 to 20 mM, the overall
yield of two products was 50.9% (8.9% of P1 and 42.0% of
P2) at 10mM and reached a maximum of 67.3% (20.3% of P1
and 47.0% of P2) at 20 mM. Continuous increase in donor
concentration from 20 to 60 mM reduced product yields.
Thus, the subsequent reactions were performed using
500 mM GlcNAc and 20 mM pNPαFuc.

The pH values also strongly affected the yield of products.
As showed in Fig. 4c, the overall yield of two products in-
creased from pH 4.0 to 7.5 and then tended to stabilize at the
pH range of 7.5 to 9.0. The maximum overall yield of two
products of 73.4% (30.3% of P1 and 43.1% of P2) was

obtained at pH 7.5. Once the pH values exceeded 9.0, the
overall yield of two products dramatically dropped. Thus,
the subsequent reactions were performed at pH 7.5.

The reaction temperature remarkably affected the product
formation. It was worth noting that the two products reached
their maximum yields at different temperatures. As showed in
Fig. 4d, the maximum yield of P2 at 48.9%was obtained at 37
°C while the yield of P1 was 25.4%, which presented a max-
imum overall yield of two products of 74.3%. When the tem-
peratures increased above 37 °C, the yield of P2 decreased
markedly, but the yield of P1 increased. When the tempera-
tures increased to 50 °C, the yield of P1 reached the maximal
value at 46.9% while the yield of P2 was 21.2%. Continuous
increase in the temperature increased from 50 to 60 °C, the
overall yield of two products sharply decreased. Thus, the next

Fig. 4 The effects of substrate
concentration (a, b), pH (c),
temperature (d), and reaction time
(e) on product yields. a The ac-
ceptor concentrations from 100 to
600mMwere tested at pH 7.0 and
37 °C in the presence of 20 mM
pNPαFuc for 1 h. b The donor
concentrations were tested by in-
cubation with 500mMGlcNAc at
pH 7.0 and 37 °C in the presence
of pNPαFuc from 10 to 60 mM
for 1 h. c pH tests were carried out
at 37 °C by incubating the en-
zyme with 500 mM GlcNAc in
the presence of 20 mM pNPαFuc
for 1 h in buffers ranging from pH
4.0 to 11.0. d Temperature was
tested at pH 7.5 by incubation of
the enzyme with 500 mM
GlcNAc and 20 mM pNPαFuc at
20 to 65 °C for 1 h. e Reaction
time was determined at pH 7.5 by
incubation of the enzyme with
500 mM GlcNAc and 20 mM
pNPαFuc at 37 °C within 180
min. Data points represent the
means ± S.D. of three replicates
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reactions were carried out in the conditions of 500 mM
GlcNAc, 20 mM pNPαFuc, pH 7.5, and 37 °C. The time
curves (Fig. 4e) showed that P1 reached a maximum yield
of 27.9% at 30 min, and P2 reached a maximum yield of
53.4% at 45 min. The overall yield of two products reached
peak value of 79.0% (25.5% of P1 and 53.5% of P2) at 45
min; in this case, 15.8 mM fucosyl-N-acetylglucosamine di-
saccharides were synthesized and 4.2 mM pNPαFuc was hy-
drolyzed, indicating that the RT/H was 3.8.

Isolation and identification of fucosyl-N-
acetylglucosamine disaccharides

The transglycosylation reactions were performed under the
optimal conditions of 500 mM GlcNAc, 20 mM pNPαFuc,
pH 7.5, and 37 °C for 45 min. The products were purified by
Bio-Gel P2 column chromatography, and the two
regioisomeric products were further separated by HPLC, and
then analyzed by MS and NMR spectroscopy (Fig. S4–15).

The positive ion ESI mass (Fig S4 and S10) showed the
peaks of [M + H]+ and [M + Na]+ at m/z 368.1628 and m/z
390.1457 for P1 and m/z 368.1617 and m/z 390.1471 for P2,
respectively, consistent with the theoretic molecular mass of
fucosyl-N-acetylglucosamine disaccharides (367). The chem-
ical shifts and configurations of the sugar residues are sum-
marized in Table 3. As for P1, H-5 of the Fuc residue appeared
at δ 4.17 ppm, and C-3 of the α/β-GlcNAc residues appeared
at δ 77.9 ppm and δ 80.4 ppm, respectively. The lower-field
shifts of the C-3 signals revealed that the Fuc residue is bound
to O-3 of the GlcNAc residue; therefore, the chemical

structure of P1 was Fuc-α-1,3-GlcNAc. Similarly, as for P2,
H-5 of the Fuc residue appeared at δ 3.96 ppm, and C-6 of the
α/β-GlcNAc residues appeared at δ 67.7 ppm and δ 67.2 ppm,
respectively. These lower-field shifts revealed a binding of the
Fuc residue to O-6 of the GlcNAc residue. Thus, the P2 struc-
ture was completely characterized as Fuc-α-1,6-GlcNAc.

The MD simulation analysis of BF3242 at different
temperatures

In order to further understand why the temperature affected
the ratio of two regioisomeric products, we constructed the
putative 3D model of BF3242 (Fig. 5a) and used it to study
the effects of temperature on protein structure and dynamics.
Clearly, BF3242 shared the common characteristic of all
known structures of GH29 enzymes (Fig. 5a). We then ana-
lyzed structural flexibility according to the RMSF of Cα
atoms with respect to the initial 3D structure. The RMSF
reflect the mobility of residues from their time-averaged posi-
tion over the course of a simulations and higher RMSF coin-
cide with more protein flexibilities and potentially less thermal
stabilities. As shown in Fig. 5b, c, Loop-4 (His220-Ser245)
displayed significant changes throughout the thermal simula-
tions, suggesting that Loop-4 was the most temperature sen-
sitive regions of BF3242. Moreover, Fig. 5d shows the RMSF
value for Loop-4 at 300 K was about 0.43 nm and it increased
to 0.67 nm at 350 K which indicated the ΔRMSF of Loop-4
region fluctuates more flexible than other regions with in-
creasing temperature (300 to 350 K).

Table 3 1H and 13C NMR data
assignment of Fuc-GlcNAc Chemical shifts (δ, ppm)

Compound

and residue

H-1C-1 H-2C-2 H-3C-3 H-4C-4 H-5C-5 H-6C-6

Fuc-α-1,3-GlcNAc

α-GlcNAc 4.97 3.88 3.64 3.40 3.73 3.75, 3.59

91.0 53.6 77.9 68.5 71.7 60.6

β-GlcNAc 4.56 3.63 3.47 3.52 3.42 3.69, 3.63

94.7 56.3 80.4 76.0 68.4 60.5

α-Fuc 4.82, 4.85 3.53 3.67 3.64 4.17 1.0

99.9, 99.7 68.0 69.4 71.8 66.9 15.0

Fuc-α-1,6-GlcNAc

α-GlcNAc 5.03 3.74 3.62 3.35 3.83 3.77, 3.63

90.7 53.9 68.1 69.8 70.8 67.7

β-GlcNAc 4.55 3.53 3.38 3.38 3.45 3.83, 3.57

94.9 56.6 70.1 73.7 74.9 67.2

α-Fuc 4.76, 4.77 3.60 3.75 3.65 3.96 1.06

99.3, 99.0 70.5 69.4 71.8 66.7 15.1
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Discussion

Although the fucosyl-N-acetylglucosamine disaccharides are
present in many biologically important oligosaccharides, so
far, the source of glycosidases for synthesis of fucosyl-N-
acetylglucosamine disaccharides is still limited. A few micro-
bial GH29A α-L-fucosidases have been reported to be capable
of synthesizing fucosyl-N-acetylglucosamine disaccharides
with pNPαFuc as glycosyl donor and GlcNAc as acceptor.
Fuc-α-1,3-GlcNAc has been synthesized at various yields
by two α-L-fucosidases from Aspergillus niger (24% and
58%) (Ajisaka and Shirakabe 1992; Vetere et al. 1997), an
α-L-fucosidase from Penicillium multicolor (49%) (Ajisaka
et al. 1998), and an α-L-fucosidase from L. casei (23%)
(Rodríguez-Díaz et al. 2013). Fuc-α-1,6-GlcNAc has been
synthesized at the yield of 56% by an α-L-fucosidase from
L. casei (Rodríguez-Díaz et al. 2013). Two Fuc-α-GlcNAc
regioisomeric products (linkage not determined) have been
synthesized with a yield of 20% by an α-L-fucosidase from
Thermus sp. Y5 (Eneyskaya et al. 2001). Discovering α-L-
fucosidases and their biochemical characterization is not only
of academic interest but also can lead to the exploitation of
useful synthetic tools for important oligosaccharide
production.

It was reported that the large proportion (out of 4300 genes)
of the genome of B. fragilis is devoted to encoding carbohy-
drate metabolism (Coyne and Comstock 2008; Xu et al. 2003;
Zhao et al. 2019). As we mentioned in the introduction of this
paper, the hydrolysis activity and transglycosylation activity
of several glycosidases of B. fragilis have been reported
(Blatch and Woods 1993; Chen et al. 2016; Gong et al.
2016; Guo et al. 2018; Kawaguchi et al. 2014; Liu et al.
2008; Tanaka et al. 1994; Tsai et al. 2017; Yamamoto et al.
2018), but there has been no report on the transglycosylation
activity of its α-L-fucosidases. In this work, we found there
were 12 putative and one known α-L-fucosidases in the ge-
nome of B. fragilis NCTC9343 by cross-referencing the ge-
nome data of B. fragilis NCTC9343 (GenBank accession no.
CR626927.1) and CAZy database. Among them, nine GH29
α-L-fucosidases were further divided into two subfamilies,
five α-L-fucosidases belonging to GH29A and four α-L-
fucosidases belonging to GH29B, through phylogenetic tree
analysis. The five GH29A α-L-fucosidases were then chosen
as the candidates for gene cloning and heterogeneous expres-
sion in E. coli BL21 to screen the biocatalyst for synthesis of
fucosyl-N-acetylglucosamine disaccharides. Four GH29A α-
L-fucosidases (BF0028, BF0810, BF3242, and BF3591) were
successfully expressed as soluble proteins and characterized

Fig. 5 Molecular modeling and molecular dynamics simulation analysis
of BF3242. a Putative 3D model of BF3242. b, c Visualization of PCA
displacement on BF3242 at 300 K and 350 K. The most thermal-sensitive
loops are indicated with the red circles. d Root-mean-square fluctuations

(RMSF) for Cα atoms in BF3242 based on the last 20 ns simulations at
300 K and 350 K. ΔRMSF: the absolute values of difference of RMSF
between 300 K and 350 K
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for substrate specificity and transglycosylation activity.
However, BF1796 was expressed in the form of inclusion
body, which might be due to lacking the C-terminal domain
(Fig. S16). Similar result has been reported that the C-terminal
domain of a lichenase from Clostridium thermocellum was
necessary to maintain enzymatic activity (Niu et al. 2010).
BF3242 was found to be the only one that possessed
transglycosylation activity. After optimization of the condi-
tions for synthetic reaction, BF3242 exhibited excellent
transglycosylation activity for the synthesis fucosyl-N-
acetylglucosamine disaccharides with pNPαFuc as donor
and GlcNAc as acceptor at the overall yield of 79.0%, pre-
senting the highest transglycosylation efficiency in all the re-
ported α-L-fucosidases so far.

It was very essential to study the reaction conditions includ-
ing initial substrate concentrations, pH, temperature, and reac-
tion time to obtain the optimized synthetic conditions for
BF3242. The substrate concentrations significantly affected
the yield of products. It has been reported that the increase of
acceptor concentrations could reduce water activity within the
enzyme catalyt ic center , which might prefer the
transglycosylation reaction to the hydrolysis reaction (Zeuner
et al. 2014). In this work, the yield of fucosyl-N-
acetylglucosamine disaccharides was improved with the con-
centrations of acceptor substrate GlcNAc increased from 100 to
500mM. Nevertheless, when the concentration of GlcNAc was
raised to 600 mM, the yield of fucosyl-N-acetylglucosamine
disaccharides observably dropped. The phenomenon was sim-
ilar to the result that the transglycosylation yields of an α-
galactosidase (AgaBf3S) from B. fragilis were decreased when
the lactose concentrations increased from 500 to 600 mM
(Gong et al. 2016). The excessive amount of acceptor substrate
could cause molecular crowding effect which might partly in-
hibit the transglycosylation reaction (Kim and Yethiraj 2009).

BF3242 could synthesize both Fuc-α-1,3-GlcNAc and
Fuc-α-1,6-GlcNAc in one reaction. It was worth mentioning
that the reaction temperature distinctly influenced the ratio of
the two regioisomeric products (Fig. 4d). At the lower tem-
perature range from 25 to 37 °C, BF3242 preferred synthesiz-
ing Fuc-α-1,6-GlcNAc with the proportion of products from
88 to 68%, while at the higher temperature range from 37 to
50 °C, the proportion of Fuc-α-1,3-GlcNAc increased from
32 to 68%. The similar results were also reported in the syn-
thesis of galactosyl-N-acetylglucosamine disaccharides by a
GH42 β-galactosidase from Bacillus circulans with lactose
as donor and GlcNAc as acceptor when temperature was be-
low 50 °C, the enzyme tended to synthesize Gal-β-1,4-
GlcNAc other thanGal-β-1,6-GlcNAc, and when temperature
increased to 60 °C, Gal-β-1,6-GlcNAc accounted for the vast
majority (Sakai et al. 1992). In order to understand why tem-
perature affects the regioselectivity in transglycosylation, we
further analyzed the structural fluctuations of BF3242 using

the MD simulations. Fast atomic thermal fluctuations are con-
sidered lubricants for conformational changes of large pro-
teins. These changes allow sufficient flexibility for biological
functions (Dong et al. 2018; Sigtryggsdóttir et al. 2014). The
functions of the flexible regions identified through the MD
simulations have been verified by protein mutagenesis tech-
nique. It was reported that the mutations (L435A/G and
F432I/L) in a flexible region of monooxygenases produced a
series of substituted lactones with inversed configuration (Hu
et al. 2019). Similarly, mutation V7A in a flexible region in N-
terminal domain of a caseinolytic protease from
Staphylococcus aureus inactivated the enzyme (Vahidi et al.
2018). Such reports suggested that the flexible regions of en-
zyme could be of great importance to the catalytic activities,
and the rationally designed mutations in the regions could
influence the product configuration or enzymatic activity. In
this work, the loop-4 region (His220-Ser245) located oblique-
ly above the catalytic chamber in the putative 3D model of
BF3242 (Fig. 5a) and the results of the MD simulation anal-
ysis showed that the fluctuations of loop-4 region were more
sensitive to temperature, which seems to be consistent with
that the reaction temperature could influence the ratio of two
regioisomeric products. Therefore, the flexible regions loop-4
of BF3242 might be responsible for the changes of the ratio of
two regioisomers in the products at different reaction
temperatures.

In conclusion, five GH29A α-L-fucosidases from 12
putative and one known α-L-fucosidases of B. fragilis
NCTC9343 were cloned, heterogeneously expressed,
and screened for transglycosylation activity, and a
GH29A α-L-fucosidases (BF3242) with the outstanding
ability for synthesis of Fuc-α-1,3/1,6-GlcNAc at a max-
imum yield of 79.0% with the ratio of 0.48 for 1,3/1,6
was obtained. BF3242 could be an attractive candidate
for enzymatic synthesis of fucosyl-N-acetylglucosamine
disaccharides.
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