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A B S T R A C T   

A novel bacterial α 1–2-fucosyltransferase (α 2FT) from Thermosynechococcus sp. NK55a (Ts2FT) has been 
discovered and characterized. It shares 28–62% protein sequence homology to α 2FTs reported previously. The 
Ts2FT was cloned as an N-terminal His6-tagged recombinant protein (His6-Ts2FT) and expressed in E. coli BL21 
(DE3). It was expressed at a level of 6.2 mg/L culture after induction with 0.05 mM of isopropylβ-D-1-thio-
galactoside (IPTG) at 16 ◦C for 20 h. It showed the optimal activity at a reaction temperature of 40 ◦C and pH of 
7.0. The presence of a Mg2+ improved its catalytic efficiency. Ts2FT displayed a strict acceptor specificity and 
could recognize only β1–3-galatoside acceptors. It was used efficiently for one-pot multienzyme synthesis of 
fucosylated oligosaccharides. One of the products, lacto-N-fucopentaose I was shown to promote the growth of 
intestinal probiotics including those belonging to Acidobacteria, Actinobacteria, Proteobacteria, Planctomycetes, 
and Chloroflexi.   

1. Introduction 

Naturally occurring fucose-containing carbohydrates (fucosides) 
play important roles. For example, fucosides on cell surface are involved 
in many important biological processes such as fertilization, inflam-
mation, and cancer metastasis (Gao et al., 2020). On the other hand, 
fucose-containing human milk oligosaccharides (HMOS) have shown to 
be prebiotics (Walsh, Lane, van Sinderen, & Hickey, 2020). Neverthe-
less, the functional study of fucose-containing glycans is limited due to 
the lack of access to biologically relevant structurally defined com-
pounds in sufficient amounts. Among fucosides, HMOS deserve consid-
erable attention due to their benefits for breast-fed infants. These 
fucosylated oligosaccharides exhibit bifidogenic effect in the gut, which 
enrich beneficial microorganisms and inhibit undesirable microorgan-
isms. In addition, they play a significant role in the prevention of res-
piratory, urinary tracts, and gut infectious diseases of infants (Cheng, 
Akkerman, Kong, Walvoort, & de Vos, 2021; Walker & Iyengar, 2015). 
Especially, fucosylated HMOS have been reported to be growth 

stimulating factors for selected Bifidobacteria strains (Zhao et al., 2017). 
They have also been shown to exhibit protective activity against in-
fections from enteric pathogens by inhibiting the binding of their surface 
adhesins and the toxins that they release (Newburg, Ruiz-Palacios, 
Mekibib, Prasoon, Jareen, Guerrero, & Morrow, 2004). 

Various chemical and enzymatic strategies have been developed to 
obtain structurally defined synthetic oligosaccharides. Chemical syn-
thesis of carbohydrates is challenging due to the numerous protection/ 
deprotection steps, the large amounts of toxic reagents, and harsh re-
action conditions required (Petschacher & Nidetzky, 2016; Zeuner & 
Meyer, 2020; Zhao et al., 2017). Enzymatic synthesis using glycosyl-
transferases or glycosidases from prokaryotes and eukaryotes does not 
require harsh chemicals and is economically friendly. It is an alternative 
strategy for commercial production of structurally complex carbohy-
drates. Fucosyltransferases (FTs) are inverting glycosyltransferases that 
catalyze the transfer of L-fucose from donor guanosine-5′-diphosphate 
β-L-fucose (GDP-fucose) to acceptors for the formation of α -fucosides. 
They have been found in both prokaryotic and eukaryotic organisms. 
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Based on the types of linkages that they form, FTs are classified into α 
1–2, α 1–3, α 1–4, α 1–3/4, α 1–6, and O-fucosyltransferases (Pang et al., 
2007). All α 1–2 fucosyltransferases (α 2FTs) characterized so far belong 
to carbohydrate active enzyme (CAZy) glycosyltransferase family 11 
(http://www.cazy.org/fam/acc_GT.html) and are responsible for cata-
lyzing the transfer of L-fucose from GDP-fucose to galactose in the 
acceptor to form an α 1–2-linkage in the Fuc α 2Gal-containing products. 

Lacto-N-fucopentaose I (LNFP-I) is one of fucosylated HMOS that has 
been reported to provide various health benefits for breast-fed infants. It 
is a promising pharmaceutical and nutraceutical ingredient. There is 
therefore an urgent need for its large-scale production. Extraction of 
LNFP-I from cow’s milk is not feasible due to its low concentration and 
extremely high cost (Bode et al., 2016; Phipps et al., 2021). Enzymatic 
synthesis of LNFP-I has been achieved using bacterial α 2FTs. Seven 
bacterial α 2FTs have been cloned and characterized so far including 
Escherichia coli O126 WbgL (EcWbgL), E. coli O128 WbsJ (EcWbsJ), 
E. coli O86:B7 WbwK (EcWbwK), E. coli O86:K62:H2 WbnK (EcWbnK), 
E. coli O127:K63(B8) WbiQ (EcWbiQ), Helicobacter pylori FutC (HpFutC 
or Hp2FT), and Thermosynechococcus elongatus BP-1 (Te2FT) 
(Baumgärtner, Seitz, Sprenger, & Albermann, 2013; Engels & Elling, 
2014; Li et al., 2008a, 2008b; Pettit et al., 2010; Zhao et al., 2017). In 
addition, Helicobacter mustelae α 1–2-fucosyltransferase (Hm2FT) has 
been cloned and used for enzymatic and chemoenzymatic synthesis 
(Xiao et al., 2016; Ye et al., 2019), but its biochemical characterization 
has not been reported. Their expression levels have room for further 
improvement. Here, the identification and characterization of a new α 
2FT from thermophilic cyanobacterium Thermosynechococcus sp. NK55a 
(Ts2FT) are reported. It has been used as an efficient catalyst in a one-pot 
multienzyme (OPME) fucosylation system for synthesizing LNFP-I and 
other fucosides. 

2. Materials and methods 

2.1. Bacteria strains, plasmids, and materials 

E. coli BL21 (DE3), plasmid vector pET15b, and nickel-nitrilotriacetic 
acid agarose (Ni-NTA agarose) were purchased from Sangon (Shanghai, 
China). Spin miniprep kit and gel extraction kit were obtained from 
Bioman (Fuzhou, China). The restriction enzymes NdeI and BamHI, Taq 
DNA polymerase, and T4 DNA ligase were from Beyotime (Shanghai, 
China). 

2.2. Cloning of His6-Ts2FT 

The procedures were carried out similarly to that described previ-
ously (Zhao et al., 2017). Briefly, the gene encoding Ts2FT (GenBank 
accession number NC_023033.1) was amplified from genomic DNA of 
Thermosynechococcus sp. NK55a by polymerase chain reactions (PCRs) 
using primers designed with reference (Albermann, Piepersberg, & 
Wehmeier, 2001). The forward primer was 5′-CATA-
TGATATTATTTTGGTC-3′ and the reverse primer was 5′-GGATCCT-
TATTTATCAATAACGAAGG-3′. The PCR reaction was carried out with 
an initial cycle of 30 s at 95 ◦C, followed by 30 cycles of 30 s at 95 ◦C, 30 
s at 56 ◦C, and 1 min at 68 ◦C. The final extension was accomplished by 
incubating the reaction mixture at 68 ◦C for 10 min. The PCR product 
and the vector plasmid pET15b were digested with NdeI and BamHI 
restriction enzymes, purified using the DNA Purification Kit (Beyotime, 
Shanghai, China), and ligated using T4 DNA ligase. The resulting 
mixture was transformed into E. coli BL21 (DE3) competent cells and 
plated on a Luria-Bertani (LB)-agar plate containing 100 μg/mL ampi-
cillin. Selectively colonies were cultured and plasmids were extracted 
and assayed by restriction mapping and DNA sequencing. 

2.3. Overexpression and purification of His6-Ts2FT 

E. coli BL21 (DE3) cells harboring the recombinant plasmid were 

cultured in LB medium at 37 ◦C. Once the OD600 reached 0.6, the cells 
were inducted by adding isopropyl-1-thio-β-D-galactosylpyranoside 
(IPTG) to reach a final concentration of 0.05 mmol/L. After incubation 
at 16 ◦C for 20 h, cells were collected by centrifugation (9391×g) for 10 
min and stored at − 80 ◦C until next step. The cell pellets were disrupted 
by sonication in lysis buffer (pH 8.0, 100 mmol/L Tris-HCl containing 
0.1% Triton X-100) on ice. The cell lysate was clarified by centrifugation 
at 15871×g for 20 min at 4 ◦C. And the supernatant was purified using a 
Ni-NTA column, washed with 8 column volumes of binding buffer (5 
mmol/L imidazole, 0.5 mol/L NaCl, 50 mmol/L Tris-HCl, pH 7.5) and 10 
column volumes of washing buffer (50 mmol/L imidazole, 0.5 mol/L 
NaCl, 50 mmol/L Tris-HCl, pH 7.5), and then eluted with elution buffer 
(200 mmol/L imidazole, 0.5 mol/L NaCl, 50 mmol/L Tris-HCl, pH 7.5). 
Protein expression was analyzed by sodium dodecyl sulfa-
te–polyacrylamide gel electrophoresis (SDS-PAGE). 

2.4. Fucosyltransferase activity studies 

A one-pot multienzyme (OPME) fucosylation system was used for α 
2FT activity screening (Fig. 1). Assays were carried out in a total volume 
of 10 μL in Tris-HCl buffer (200 mM, pH 8.0) containing 1.5 mmol/L 
adenosine-triphosphate (ATP), 1.5 mmol/L guanosine-triphosphate 
(GTP), 10 mmol/L MgCl2, 1 mmol/L L-fucose, 1 mmol/L acceptor, 
Bacteroides fragilis L-fucokinase/GDP-fucose pyrophosphorylase (BfFKP, 
0.2 μg) (Yi et al., 2009), Pasteurella multocida inorganic pyrophosphatase 
(PmPpA, 0.2 μg) (Lau et al., 2010), and the recombinant His6-Te2FT 
(0.3 μg). The acceptor substrates Gal β 1–3GalNAc α ProN3, Gal β 
1–3GalNAc β ProN3, Gal β 1–3GlcNAc α ProN3, and Gal β 1–3GlcNAc β 
ProN3 were synthesized as described previously (Yu et al., 2010). The 
others (Table 1) were purchased from Elicityl (Crolles, France). These 
constituents were then mixed and incubated at 37 ◦C for 20 h. After 
incubation, the same volume of ethanol was added and the mixture was 
centrifuged. The supernatant was diluted 5 times with ddH2O and sub-
mitted for mass spectrometry analysis. 

2.5. Effects of temperature, pH, and metal ions on the activities of His6- 
Ts2FT 

The samples were analyzed by a Shimadzu Prominence LC-20A 
system equipped with a membrane online degasser, a temperature 
control unit and a fluorescence detector. A reverse-phase Premier C18 
column (250 × 4.0 mm i.d., 5 μm, Shimadzu) was used. The mobile 
phase was acetonitrile/water (65:35), 1% formic acid at 40 ◦C at a flow 
rate of 0.2 mL/min. Glycan-containing fractions were analyzed by mass 
spectrometry. The activities of His6-Ts2FT at different temperatures 
(15–60 ◦C, with an increase of 5 ◦C from the starting point) were 
determined in a total volume of 10 μL in Tris-HCl buffer (200 mmol/L, 
pH 8.0) containing 1 mmol/L GDP-fucose, 1 mmol/L lacto-N-tetraose 
(LNT), 20 mmol/L MgCl2, and the recombinant enzyme (1.5 μg). All 
reactions under different temperatures were proceeded for 10 min, and 
subsequently stopped after boiling for 2 min. The activities of His6- 
Ts2FT in the presence of different pH ranging from 3.0 to 9.0 were 
assayed under the similar conditions at 40 ◦C with different buffers 
including citric acid-Na2HPO4 for pH 3.0–4.0, MES for pH 5.0–6.5, and 
Tris-HCl for pH 7.0–9.0. Metal cations effect assays were carried out 
similarly at pH 7.0 in Tris-HCl buffer (200 mmol/L) and 40 ◦C with the 
exception of using different concentrations (5 mmol/L, 10 mmol/L, and 
20 mmol/L) of MgCl2 or in the presence of 10 mmol/L ethyl-
enediaminetetraacetic acid (EDTA). The reaction without EDTA and 
metal ions was used as a control. 

2.6. One-pot three-enzyme synthesis of LNFP-I 

The synthesis was carried out in Tris-HCl buffer (8 mL, 100 mM, pH 
7.5) containing LNT (50 mg, 1 equiv.), L-fucose (1.3 equiv.), ATP (1.3 
equiv.), and GTP (1.3 equiv.), MgCl2 (20 mM), BfFKP (1.5 mg), PmPpA 
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(1.0 mg), and His6-Ts2FT (2.0 mg). The reaction mixture was incubated 
at 40 ◦C for 1–2 days in an incubator shaker with agitation at 80 rpm. 
The product formation was monitored by mass spectrometry. When the 
reaction reached completion, the same amount of cold ethanol was 
added and kept on ice for 30 min and then the mixture was centrifuged. 
The supernatant was dried and purified by a BioGel P-2 gel filtration 
column. The fractions containing the pure product were combined, 
freeze-dried, and stored at − 80 ◦C. The product identity and purify were 
confirmed by nuclear magnetic resonance analysis. 

2.7. Caenorhabditis elegans strain and experimental design 

E. coli OP50 and living C. elegans N2 strain were obtained from 
Shangyuan Biotechnology Co. Ltd. (Fuzhou, China). The worms at the 
same growth period were lysed by sodium hypochlorite. E. coli OP50 
was cultured in LB medium at 37 ◦C for overnight and 1 mL of the 
resulting E. coli OP50 culture was added to each nematode growth 
medium (NGM) plate (Seo, Kingsley, Walker, Mondoux, & Tissenbaum, 
2018). Fifty or more cultured C. elegans worms were added to each 
freshly prepared NGM plate and cultured at 20 ◦C for 72 h until the L4 
stage before the addition of LNFP-I at 0.2 mg/mL for triplicates. The 
LNFP-I was dissolved in the Dulbecco’s Modified Eagle Medium 
(DMEM). Samples with the same volume of DMEM were used as the 
negative control. 

2.8. DNA extraction and sequencing 

The C. elegans intestinal microbial DNA was extracted by MOBIO 
PowerSoil DNA Isolation Kit (3bio Technolog, Shanghai, China) and 
used as templates for PCR amplification. The primers used to amplify the 
bacterial 16S rRNA fourth hypervariable (V4) region were 5′- 
GTGCCAGCMGCCGCGGTAA-3′ and 5′-GGACTACHVGGGTWTCTAAT- 
3′. PCR conditions were as follows: pre-denaturation at 94 ◦C for 5 min 
followed by 32 cycles of denaturation at 94 ◦C for 30 s, annealing at 
50 ◦C for 30 s, and extension at 72 ◦C for 60 s. A final extension was at 
72 ◦C for 17 min. The PCR products were sequenced using an Illumina 
Miseq PE 250 high-throughput sequencing platform. Bioinformatic 
analysis of sequencing results was processed using QIIME (Quantitative 
Insights into Microbial Ecology Release 1.8.0) software. 

2.9. Statistical analysis 

All data described above were presented as mean ± SD. One-way 
analysis of variance (ANOVA) was employed to compare the average 
means of multiple groups. P-value less than 0.05 and 0.01 was 

considered statistically to be significant. 

3. Results and discussion 

3.1. Cloning and analysis of His6-Ts2FT 

The gene encoding Ts2FT was successfully cloned in pET15b vector 
(Fig. S1) and DNA sequencing confirmed that its sequence was identical 
to that reported for Thermosynechococcus sp. NK55a α 1–2-fucosyl-
transferase (GenBank accession number AHB87954.1). Ts2FT, a mem-
ber of the glycosyltransferase family GT11 in the CAZy database 
(Coutinho, Deleury, Davies, & Henrissat, 2003; Li et al., 2008a), showed 
62% amino acid identity to Te2FT (Petschacher & Nidetzky, 2016; Zhao 
et al., 2017) and a low level (28.0–29.7%) of sequence identities to other 
characterized α 2FTs. GT11 family α 2FTs have been identified from 
diverse species from human and other mammals to bacteria and virus 
(Bing, Simala-Grant, & Taylor, 2006). The sequence alignment revealed 
that Ts2FT contained several conserved motifs I–Ⅳ which were identi-
fied to be containing catalytic sites (Fig. 2). The highly conserved motif I 
containing H152*R154R155*D157 was the potential binding site of the 
donor GDP-fucose (Ihara et al., 2007). Moreover, the R154 shared by α 
2FTs was likely to interact with the phosphate group of GDP-fucose 
directly. R154, R155, and D157 were found to have great significance on 
enzyme activities of α 2FTs (Li et al., 2008a). 

3.2. SDS-PAGE of His6-Ts2FT 

The expression of His6-Ts2FT was carried out in LB medium at 16 ◦C 
for 20 h after induction with 0.05 mmol/L IPTG. SDS-PAGE (12%) 
showed that the fusion recombinant protein His6-Ts2FT was successfully 
purified using Ni-NTA column (Fig. 3). The apparent molecular weight 
of the purified protein was approximate 35 kDa, matching to its calcu-
lated molecular weight. The expression level of His6-Ts2FT was 6.2 mg/ 
L culture, which was lower than Te2FT but higher than other reported α 
2FTs (Engels & Elling, 2014; Zhao et al., 2017). 

3.3. Determination of acceptor substrate specificity of His6-Ts2FT 

Common acceptors for FTs other than O-fucosyltransferases are ga-
lactosides. A panel of ten glycosides with different lengths and various 
glycosyl linkages were tested as potential acceptor substrates for the 
purified His6-Ts2FT (Table 1). The results showed that five of the ga-
lactosides tested were well suited acceptor substrates for His6-Ts2FT 
(representative mass spectrometry chromatograms are shown in Fig. 4). 
In general, Ts2FT was highly active toward LNT and other β 1–3- 

Fig. 1. One-pot multienzyme (OPME) synthesis of fucosylated oligosaccharides. Enzymes used: (a) BfFKP; (b) BfFKP; (c) His6-Ts2FT.  
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galactoside acceptors. Among these acceptors, the highest conversion 
(>98%) was observed for Galβ1–3GlcNAcβProN3. β1–4-Galactosides 
such as LNnT, LacNAcβProN3, LacβProN3, and lactose were not suitable 
acceptor substates for His6-Ts2FT. 

3.4. Effects of temperature, pH, and metal ions on His6-Ts2FT activity 

Temperature profile studies of His6-Ts2FT carried out by varying 
reaction temperatures from 15 ◦C to 60 ◦C showed that it was active in a 
wide temperature range of 30–50 ◦C with an optimal catalytic efficiency 
observed at 40 ◦C (Fig. S2a). The pH profile studies using LNT as the 
acceptor indicated that His6-Ts2FT was active in the broad pH range 

Table 1 
Acceptor substrate specificity of His6-Ts2FT. “− ”, no activity detected.  

Acceptors Products % Conversion 

40 

25 

36 

28 

30 

10 

10 

– 

– 

–  
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from 6.0 to 8.0 (Fig. S2b). An optimum pH was found at pH 7.0. The 
effects of EDTA and divalent metal cation Mg2+ on Ts2FT activity were 
investigated (Fig. S2c). The results revealed that enzyme activity was at 
approximately the same level in the addition of 10 mmol/L EDTA, and it 
was increased to about two-fold with 20 mmol/L of Mg2+. Crystal 
structural analysis has shown that the catalytic domains of glycosyl-
transferase fall into GT-A, GT-B, GT-C, and CstII folds (Breton, 
Snajdrová, Jeanneau, Koca, & Imberty, 2006; Moremen & Haltiwanger, 
2019). GT-A fold shares a DxD or ExD motif and a divalent metal is 
required for activity. GT-B fold enzymes contain two Rossmann-like 
folded domains and do not require divalent cations for activity. In 
comparison, X-ray crystal structures of GT11 family enzymes have not 
been reported. However, the data suggest that Ts2FT has probably the 
metal-dependent catalytic mechanism. 

3.5. Enzymatic synthesis of α 1–2-linked fucoside LNFP-I 

LNFP-I was synthesized in a preparative scale (57.3 mg) with an 
excellent 95% yield using a one-pot multienzyme (OPME) reaction 
containing GDP-fucose, LNT, and purified Ts2FT. In order to confirm the 
linkage and the structure, the purified LNFP-I was characterized by 1H- 
and 13C- nuclear magnetic resonance analysis (Data not shown). The 
spectra obtained were consistent to those reported previously (Zhao 
et al., 2017). Ts2FT exhibited narrow acceptor specificity. Ts2FT acted 
well on type 1 (Galβ1–3GlcNAc-), type 3 (Galβ1–3GalNAc α -), and type 
4 (Galβ1–3GalNAcβ-) acceptors but not lactose and lactulose, both 
having β-D-Gal residue at the non-reducing end. The preference of Ts2FT 
for Galβ1–3- compared to Galβ1–4- structures is in agreement with the 
properties of FutC from H. pylori and Te2FT from T. elongatus (Wang, 
Boulton, Chan, Palcic, & Taylor, 1999; Zhao et al., 2017). LNFP-I is an 
abundant HMOS in pooled human milk (Kunz, Rudloff, Baier, Klein, & 
Strobel, 2000; Roldan et al., 2020) which has shown high potential to 

Fig. 2. Alignment of Ts2FT (GenBank: AHB87954.1), T. elongatus Te2FT (UniProtKB: Q8DK72, GenBank: BAC08546.1), H. pylori FutC (UniProtKB:A4L7J1), E. coli 
O86:B7 WbwK (GenBank:AAO37719.1), E. coli O86:K62:H2 WbnK (UniProtKB:Q58YV9), E. coli O126 WbgL (UniProtKB: A6M9C2), E. coli O127:K63 WbiQ (Uni-
ProtKB:Q5J7C6), and E. coli O128:B12 WbsJ (UniProtKB:Q6XQ53). The sequence alignment of the investigated genes indicates four common motifs I–IV. The highly 
conserved motif I (H162xR164R165xD167) suggests a potential binding site for GDP-fucose. Residues R164 and D167 were indicated to play critical roles in donor binding 
and enzyme activity. 

Fig. 3. SDS-PAGE analysis of His6-Ts α 1,2FT expression and purification. 
Lanes: M, protein standards; 1, whole cell extraction before induction; 2, whole 
cell extraction after induction; 3, cell lysate after induction; 4, Ni2+-column 
purified protein. 
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regulate intestinal probiotics. The one-pot multienzyme synthesis sys-
tem presented here is an economically feasible and efficient approach 
for the synthesis of LNFP-I, which can be readily adapted for large-scale 
industrial production (Zhao et al., 2017). 

3.6. Effect of LNFP-I on gut microbiota composition of C. elegans 

The variation in gut microbiota of C. elegans treated with or without 
the addition of LNFP-I was analyzed using principal component analysis 

(PCA). The score plots indicated that LNFP-I treatment significantly 
altered the composition of the intestinal flora compared with the group 
feeding normal diet (NFD) (Fig. 5a). To further investigate the different 
alterations of intestinal flora, the differences in the relative abundance 
among groups were determined using the linear discriminant analysis 
(LDA) score (Fig. 5b). The threshold on the logarithmic LDA score for 
discriminative features is set to 4.0. Hierarchical clustering also verified 
that gut microbiota was divided into two different groups (Fig. 5c). 
Compared to the NFD group, LNFP-I-treated group was featured by a 

Fig. 4. Mass spectrum of the products synthesized by Ts2FT with acceptor substrates. LNT (a), Galβ1–3GalNAc α ProN3 (b), Galβ1–3GalNAcβProN3 (c), 
Galβ1–3GlcNAc α ProN3 (d), Galβ1–3GlcNAcβProN3 (e). 
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significant increase of Acidobacteria, Actinobacteria, Proteobacteria, 
Planctomycetes, and Chloroflexi. However, the higher abundances of 
Bacteroidetes were obtained in the NFD group. The fucosylated milk 
oligosaccharide LNFP-I treatment has significantly altered the compo-
sition of gut flora. Further investigations are required to reveal the 
specific mechanism of probiotics from LNFP-I. 

4. Conclusions 

In this work, a new bacterial α 2FT from Thermosynechococcus was 
identified, purified, and characterized. The homology of amino acid 
sequence displayed 28–62% to the previously published α 2FTs. This 
result revealed that Ts2FT had the well novelty. The yield of Ts2FT was 
6.2 mg/L with the condition of induction temperature at 16 ◦C and IPTG 
concentration with 0.05 mM. The optimum temperature and pH of 
Ts2FT were 40 ◦C and 7.0, respectively. Mg2+ can improve its catalytic 
efficiency. With respect to substrate specificity, Ts2FT had obvious 
catalytic activities on lacto-N-tetraose, Galβ1–3GalNAc α ProN3, 
Galβ1–3GalNAcβProN3, Galβ1–3GlcNAc α ProN3, and Galβ1–3Glc-
NAcβProN3. LNFP-I synthesized by lacto-N-tetraose as receptor through 
the one-pot multienzyme fucosylation system could observably promote 
the growth of intestinal probiotics, and LNFP-I administration dramat-
ically increased the abundance of Acidobacteria, Actinobacteria, Pro-
teobacteria, Planctomycetes, and Chloroflexi. To date, there have been 
only reported eight prokaryotic α 2FTs. This study has already expanded 
the library of α 2FT and provided a strong support for the synthesis and 
biological research of fucosylated oligosaccharides. 
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Breton, C., Snajdrová, L., Jeanneau, C., Koca, J., & Imberty, A. (2006). Structures and 
mechanisms of glycosyltransferases. Glycobiology, 16(2), 29R–37R. 

Cheng, L., Akkerman, R., Kong, C., Walvoort, M. T. C., & de Vos, P. (2021). More than 
sugar in the milk: Human milk oligosaccharides as essential bioactive molecules in 
breast milk and current insight in beneficial effects. Critical Reviews in Food Science 
and Nutrition, 61(7), 1184–1200. 

Coutinho, P. M., Deleury, E., Davies, G. J., & Henrissat, B. (2003). An evolving 
hierarchical family classification for glycosyltransferases. Journal of Molecular 
Biology, 328(2), 307–317. 

Engels, L., & Elling, L. (2014). WbgL: A novel bacterial alpha1,2-fucosyltransferase for 
the synthesis of 2’-fucosyllactose. Glycobiology, 24(2), 170–178. 

Gao, X., Wu, D., Wen, Y., Gao, L., Liu, D., Zhong, R., et al. (2020). Antiviral effects of 
human milk oligosaccharides: A review. International Dairy Journal, 110, 104784. 
https://doi.org/10.1016/j.idairyj.2020.104784 

Ihara, H., Ikeda, Y., Toma, S., Wang, X. C., Suzuki, T., Gu, J. G., et al. (2007). Crystal 
structure of mammalian alpha1,6-fucosyltransferase, FUT8. Glycobiology, 17(5), 
455–466. 

Kunz, C., Rudloff, S., Baier, W., Klein, N., & Strobel, S. (2000). Oligosaccharides in 
human milk: Structural, functional, and metabolic aspects. Annual Review of 
Nutrition, 20(1), 699–722. 

Lau, K., Thon, V., Yu, H., Ding, L., Chen, Y., Muthana, M. M., et al. (2010). Highly 
efficient chemoenzymatic synthesis of beta1-4-linked galactosides with promiscuous 
bacterial beta1-4-galactosyltransferases. Chemical Communications, 46(33), 
6066–6068. 

Li, M., Liu, X. W., Shao, J., Shen, J., Jia, Q., Wen, Y.i., et al. (2008b). Characterization of 
a novel alpha1,2-fucosyltransferase of Escherichia coli O128_b12 and functional 
investigation of its common motif. Biochemistry, 47(1), 378–387. 

Li, M., Shen, J., Liu, X. W., Shao, J., Yi, W., Chow, C. S., et al. (2008a). Identification of a 
new α 1,2-fucosyltransferase involved in O-antigen biosynthesis of Escherichia coli 
O86_b7 and formation of H-type 3 blood group antigen. Biochemistry, 47(44), 
11590–11597. 

Moremen, K. W., & Haltiwanger, R. S. (2019). Emerging structural insights into 
glycosyltransferase-mediated synthesis of glycans. Nature Chemical Biology, 15(9), 
853–864. 

Newburg, D. S., Ruiz-Palacios, G. M., Mekibib, A., Prasoon, C., Jareen, M. D., Guerrero, 
M. D. L., & Morrow, A. L. (2004). Innate protection conferred by fucosylated 
oligosaccharides of human milk against diarrhea in breastfed infants. Glycobiology, 
14(3), 253-263. 

Pang, P.-C., Tissot, B., Drobnis, E. Z., Sutovsky, P., Morris, H. R., Clark, G. F., et al. 
(2007). Expression of bisecting type and Lewisx/Lewisy terminated N-glycans on 
human sperm. Journal of Biological Chemistry, 282(50), 36593–36602. 

Petschacher, B., & Nidetzky, B. (2016). Biotechnological production of fucosylated 
human milk oligosaccharides: Prokaryotic fucosyltransferases and their use in 
biocatalytic cascades or whole cell conversion systems. Journal of Biotechnology, 235, 
61–83. 

Pettit, N., Styslinger, T., Mei, Z., Han, W., Zhao, G., & Wang, P. G. (2010). 
Characterization of WbiQ: An alpha1,2-fucosyltransferase from Escherichia coli 
O127:K63(B8), and synthesis of H-type 3 blood group antigen. Biochemical and 
Biophysical Research Communications, 402(2), 190–195. 

Phipps, K. R., Lynch, B., Stannard, D. R., Gilby, B., Baldwin, N., Mikš, M. H., et al. (2021). 
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