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Fucosylated oligosaccharides have important biological functions as well as an excellent antiviral activity. A
novel a 1-2-fucosyltransferase (@ 2FT) from Treponema primitia (Tp2FT) was cloned and expressed in Escherichia
coli BL21(DE3) and purified as an N-Hisg-tagged fusion protein (Hise-Tp2FT). Mass spectrometry was carried out
to identify the products of enzymatic reaction. The Tp2FT exhibited strict acceptor substrate specificity for type 1

structure (Galp1-3GlcNAc)-containing glycans. It might be a promising emzyme for the chemo-enzymatic syn-
thesis of lacto-N-fucopentaose I (LNFP I), which is one of the important fucosylated oligosaccharides. In this
study, different in vitro experiments were used to study the biological activities of LNFP I. It could reduce the
concentrations of inflammatory cytokines and effectively inhibit the synthesis of enterovirus 71 proliferation.
LNFP I was an inhibitor of enterovirus 71 in the early stages of infection, it can used in infant nutrition and might
provide a new drug for hand foot mouth disease.

1. Introduction

Fucosylated glycans have potential pharmaceutical applications,
especially fucosylated human milk oligosaccharides. Lacto-N-fuco-
pentaose I (LNFP I) is an important nutrient in breast milk, which has
good functions of anti-norovirus, promoting the growth of intestinal
probiotics, and preventing breast cancer metastasis (Derya et al., 2020).
However, the chemical synthesis of LNFP I has not met an increase in its
demand due to its low efficiency and yield. Due to the high specificity
and efficiency of their enzymatic reactions, the enzymatic synthesis of
LNFP I has become an effective alternative to chemical synthesis
(Sprenger, Baumgartner, & Albermann, 2017). Zhao et al. (2016) sug-
gested the one-pot multienzyme (OPME) synthesis of fucosylated oli-
gosaccharides with novel high-reactivity and low-substrate hydrolytic
1-2-fucosyltransferase (a« 2FT), which were obtained from Thermosy-
nechococcus elongatus. The fucosyltransferase is one of the most impor-
tant glycosyltransferases, which catalyzes the transfer of r-fucose from
guanosine-5'-diphospho-p-fucose (GDP-fucose) to galactose (Gal) to
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form a 1-2-linkage, or to N-acetylglucosamine (GlcNAc) to form a 1-3-,
a 1-4-, and a 1-6-linkages (Gnoth et al., 2000; Ruiz-Palacios et al., 2003;
Wilson et al., 2017). The a 2FT-catalyzed synthesis does not need the
chemical protection or de-protection of substrates because of its high
substrate specificity and stereo-selectivity, providing a huge advantage
for the synthesis of fucose-containing human milk oligosaccharides
(Castanys-Munoz, Martin, & Prieto, 2013; Lee et al., 2012). Therefore,
the exploration of more special bacterial glycosyltransferases has very
good prospects (Meints et al., 2017). The a 2FTs from humans, other
mammals, viruses, plants, and bacteria belong to glycosyltransferase
family 11 (GT11). Several of the genes responsible for the bacterial «
2FT have been cloned and identified, such as WbiQ, WbsJ, WbnkK,
Wbwk, WbgL, Hp2FT, Te2FT, and Ts2FT sequences from Escherichia coli
0127:K63(B8), E. coli 0128, E. coli 086:K62:H2, E. coli O86:B7, E. coli
0126, Helicobacter pyolori FutC, Thermosynechococcus elongates BP-1,
and Thermosynechococcus sp. NK55a, respectively (Baumgartner, Seitz,
Sprenger, & Albermann, 2013; Engels & Elling, 2014; Li, Liu et al., 2008,
Li, Shen et al., 2008Db; Pettit et al., 2010; Zhao et al., 2016; Zhong et al.,
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Fig. 1. Synthesis of a 1-2-fucosides with one-pot three-enzyme. BfFKP, Bacteroides fragilis strain NCTC9343 bifunctional 1-fucokinase/GDP-fucose pyrophosphor-
ylase; PmPpA, Pasteurella multocida inorganic pyrophosphorylase; and Tp2FT, Treponema primitia a 1-2-fucosyltransferase.

2022), and with low expression levels and different substrate specificity
for each enzyme (Seydametova et al., 2019; Stein, Lin, & Lin, 2008;
Wang et al., 1999; Zhao et al., 2017). Besides, Helicobacter mustelae o
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.

Enterovirus 71 (EV71) is a member of the family Picornaviridae, and
a major pathogen of hand-foot-mouth diseases (HFMD) (Lyu et al.,
2015). It is highly contagious in the central nervous system and prone to
a variety of neuro-related diseases, including aseptic meningitis,
poliomyelitis-like paralysis, and brainstem encephalitis (McMinn,
2012). The EV71 has a single-plus-stranded RNA genome, which is
composed of about 7408 nucleotides. The virus shell is composed of four
shell proteins (VP1, VP2, VP3, and VP4), among which the VP1 is the
most important for its determination as antigen (Gao et al., 2020). It can
combine with appropriate compounds to stabilize the viral capsid and
prevent the un-coating of virus and release of RNA (Smyth & Martin,
2002). The immune status of the body is regulated by the interactions
between neuroendocrine and immune cells or their coordination with
drugs. The immune response is maintained at the most appropriate level
in the most appropriate form and maintains the steady-state of immune
function. The mononuclear macrophages are present in all tissues and
can protect against potential pathogens (Liu et al., 2017). They play a
key role in non-specific immunity, and can also induce other immune
cells, such as lymphocytes, to further initiate the specified defense
mechanisms (Zhang & Wang, 2014). In this study, a novel a 2FT from
Treponema primitia (Tp2FT) was discovered and its ability to synthesize
the LNFP I were evaluated (Fig. 1). Moreover, the antiviral activity
against EV71 and the anti-inflammatory activities in lipopolysaccharide
(LPS)-induced mouse mononuclear macrophages (RAW264.7) of LNFP I
were also investigated.

2. Materials and methods
2.1. Cloning and construction of Hise-Tp2FT recombinant vector

The primers used to clone Tp2FT included the following: 5'- CATA-
TGATATTATTTTGGTC-3' and 5'-GGATCCTTATTT ATCAATAACGAAG

G-3'. A 50 pL PCR reaction included the following: 10 x Taq polymer-
ase Buffer (5 pL), template DNA (1 pL), forward and reverse primers (1
pL each), dNTPs (1 pL), ddH50 (40.5 pL), Taq polymerase (0.5 pL). The
PCR conditions were as following: initial denaturation for 5 min at 94°C,
followed by 30 cycles of denaturation for 1 min at 94°C, annealing for
40 s at 52°C, and extension for 2 min and 30 sec at 72°C, and final
extension at 72°C for 5 min. The PCR product and the vector plasmid
pET15b were digested with Ndel and BamHI restriction enzymes and
purified using the DNA Purification Kit (Beyotime, Shanghai, China).
The recombinant expression vector was obtained by the ligation of the
target gene with vector in the presence of DNA ligase. The recombinant
plasmid was identified using DNA sequencing and a macro-restriction
map. The screened positive plasmids were transformed into E. coli
BL21 (DE3) chemically competent cells. After obtaining the recombi-
nant expression vector, it was transferred into E. coli, which was grown
on ampicillin medium.

2.2. Overexpression and purification Hisg-Tp2FT

After the activation of E. coli BL21 strain containing the target gene, a
colony was picked and cultured in Luria-Bertani (LB)-agar plate (100
pg/mL ampicillin, 10 g/L NaCl, 10 g/L tryptone, and 5 g/L yeast extract)
at 37°C for 14-16 h. The culture was inoculated in 500 mL fresh liquid
medium using 1% inoculation amount. The culture was allowed to grow
at 37°C until the optical density (OD) at 600 nm reached 0.6. Then, 500
pL of isopropyl-1-thio-p-p-galactopyranoside (IPTG) (100 mM) was
added to the medium and incubated at 16°C for 20 h. The cells were then
collected by centrifuging at 10,621 x g and 4°C for 10 min. The cell
pellet was re-suspended in lysis buffer (pH 8.0, 100 mM Tris-HCl, con-
taining 0.1% Triton X-100) (30 mL/L cell culture) and the cells were
lysed using sonication on ice (work 2 s, stop 3 s, last for 5 min). The cell
lysate was then centrifuged at 17,949 xg and 4°C for 20 min, and then
the supernatant was purified using a Ni-NTA column pre-equilibrated
with 8 column volumes of binding buffer (5 mM imidazole, 0.5 M
NaCl, 50 mM Tris-HCl, pH 7.5). The proteins were washed with 10
column volumes of washing buffer (50 mM imidazole, 0.5 M NacCl, 50
mM Tris-HCl, pH 7.5), and then eluted with elution buffer (200 mM
imidazole, 0.5 M NaCl, 50 mM Tris-HCl, pH 7.5). The expression and
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Table 1

Acceptor substrate specificity of Hisg-Tp2FT. ND, no activity detected.
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Fig. 2. Alignment of Tp2FT (GenBank: AEF83667.1), H. pylori FutC (UniProtKB: A4L7J1), T. elongatus Te2FT (UniProtKB: Q8DK72, GenBank: BAC08546.1), E. coli
0127:K63 WbiQ (UniProtKB: Q5J7C6), E. coli 086:K62:H2 WbnK (UniProtKB: Q58YV9), E. coli 0128:B12 WbsJ (UniProtKB: Q6XQ53), E. coli 086:B7 WbwK
(GenBank: AA037719.1), and E. coli 0126 WbgL (UniProtKB: A6M9C2). The sequence alignment of the investigated genes indicates four common motifs (I-IV). The
highly conserved motif I (H'*°xR'®?R'¢3xD'%%) suggests a potential binding site for GDP-fucose. Residues R*®? and D'® were indicated to play critical roles in donor
binding and enzyme activity.
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purification of proteins were analyzed using 12% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and stained with
Coomassie Brilliant Blue.

2.3. One-pot multienzyme synthesis of a 1-2-linked fucosides

The following constituents were added to a 200-pL micro-centrifuge
tube; 1.5 pL of 10 mM adenosine-triphosphate (ATP), 1.5 pL of 10 mM
guanosine-triphosphate (GTP), 1 pL of 10 mM magnesiumchloride
(MgCly), 1 pL of 10 mM r-fucose and 2 pL of recombinase Tp2FT (0.3 pg),
dissolved in 1 pL of 10 mM Tris-HCI (pH 8.0) with 1 pL of recombinant -
fucokinase/GDP-fucose pyrophosphorylase (FKP, 0.2 pg) (Yi et al.,
2009), 1 pL of Pasteurella multocida inorganic pyrophosphatase (PmPpA,

0.2 pg) (Lau et al., 2010), and 1 pL of 10 mM acceptor. The acceptor
substrates  Galpl-3GalNAc «a ProNs, Galfl-3GalNAcfProNs,
Galp1-3GlcNAc a ProNs, and Galpl-3GlcNAcpProNs were synthesized
as described previously (Yu et al., 2010). The others (Table 1) were
purchased from Elicityl (Crolles, France). These constituents were then
mixed, centrifuged, and incubated at 37°C for 20 h. After incubation, the
same volume of ethanol was added to the mixture, mixed, centrifuged,
and then diluted 5 times with ddH;O before sending for mass
spectrometry.

2.4. pH, temperature, and divalent metal ion profiles of Hise-Tp2FT

The prepared reaction mixture of 1 puL of 10 mM GDP-fucose, 1 pL of
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Fig. 4. Effect of LNFP I on Vero and RD cells. (a) Normal cell morphology of RD cells; (b) EV71 infected RD cells for 48 h; (c) The inhibition effect of LNFP I on EV71
virus in RD cells; (d) The inhibition effect of LNFP I on EV71 virus in RD cells; (e) Effect of LNFP I and ribavirin on Vero cells viability; (f) Effect of LNFP I on different
stages of EV71 virus infection. Compared with the control group, *p < 0.05, **p < 0.01; Compared with the LPS group, *p < 0.05, **p < 0.01.

10 mM lacto-N-tetraose (LNT), 6 pL of purified enzyme Hisg-Tp2FT, 1 uL
of 10 mM MgCly, 1 pL of 10 mM Tris-HCl was incubated at same pH (8.0)
and different temperatures (15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C,
50°C, 55°C, 60°C) for 5 min, and at same temperature (37°C) and
different pH (3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0) 37°C for 5 min. The pH
value of buffer was adjusted with citric acid (pH 3.0-4.0), MES (pH
5.0-6.0) and Tris-HCI (pH 7.0-9.0). The same mixture (except MgCly) at
pH 7.0 was incubated with different concentrations of MgCly (1 pL of 5
mM, 10 mM, and 20 mM each), 10 mM EDTA, and 1 pL of 10 mM Tris-
HCl at 37°C for 5 min. 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 x 4.0 mm i.d., 5 pm, Shimadzu) was used. The
mobile phase was acetonitrile/water (65:35), 1% formic acid at a flow
rate of 0.2 mL/min at 40°C (Zhong et al., 2022). Glycan-containing
fractions were analyzed by mass spectrometry.

2.5. Purification and detection of LNFP I

The purity of LNFP I was improved by purifying the synthetic
product. For this purpose, 2 g of activated charcoal was added to a 50 mL
centrifuge tube and washed twice with ethanol (absolute ethanol or 90%
ethanol, 30 mL). The tube was then centrifuged at 15,294 xg for 30 min
and the supernatant was decanted. The process was repeated in which
the ethanol was added to wash the activated charcoal, centrifuged, and
decanted. The distilled water was then added to the tube and mixed
thoroughly by inverting the tube, which was then followed by centri-
fugation for 30 min. The supernatant was decanted and the tube was left
at room temperature for 30 min to evaporate any residues of ethanol.
The crude LNFP I (100 mg) was added to the tube with 30 mL of distilled
water and mixed thoroughly. The tube was then incubated in a shaking
incubator for 1-2 h at 37°C. It was then centrifuged at 15,294 xg for 30
min to settle down the activated charcoal and the supernatant was
decanted. Finally, 50% methanol (30 mL) was added to the tube and
mixed thoroughly by inverting the tube, followed by centrifugation for
30 min. The supernatant was collected and passed through a filter to
remove any activated charcoal particles. The process was repeated. The
filtered solution was then lyophilized to obtain pure white solid LNFP 1.
The fucosylation of LNT successfully produced a fucosylated product Fuc
o 1-2Galp1-3GlcNAcp1-3Galpl-4Glc with an excellent yield of 95%. To

confirm the integrity of compounds, the purified products were analyzed
by Liquid Chromatograph-Mass Spectrometer (LC-MS) (Agilent 1100
LC/MSD Trap XCT) (Engels and Elling, 2014). 'H- and '3C NMR were
used for the confirmation of products. The LNFP I product was dissolved
in D20 and lyophilized before the NMR spectra were recorded at 303 K
in a 5 mL tube (Pettit et al., 2010).

2.6. Cell culture

The rhabdomyosarcoma (RD), Vero, and RAW264.7 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Aus-
tralla) with 10% heat-inactivated fetal bovine serum (FBS) (Gibco,
Australla) and 1% penicillin/streptomycin solution (PS). The growth
cycle of cells was 6-7 days in 5% CO; at 37°C.

2.7. The infection of EV71 virus

The single layers of cells in the plate were washed with Phosphate
Buffered Saline (PBS) to clean the plate. Then the serum-free DMEM
medium, containing virus-infected cells, was incubated at 37°C for
about 2 h. The fresh DMEM medium, containing 2% FBS, was replaced
with the supernatant and incubated at 37°C with 5% COx for 12 h. The
supernatant and cells were then placed in the refrigerator at —80°C,
frozen and thawed for three times and then centrifuged (4°C, 2447 xg,
and 10 min). The supernatant was filtered out using 0.22 um filter. The
serial dilutions (10-folds) of viral supernatant were seeded into a 96-well
plate having an appropriate cell culture fluid. The culture plate was
incubated for 7 days at 37°C in a 5% CO2 atmosphere, and the cytopa-
thology of cells was examined under an optical microscope.

2.8. Inhibition effect of LNFP I on EV71 in RD cells

The RD cells adhered to the wells of the 96-well plate as previously
described (Gao et al., 2022). The different concentrations of LNFP I (50,
100, 200, and 400 pg/mL) and ribavirin (100 pg/mL) were added into
the wells. The EV71 viral solution was added after 2 h of incubation.
After 24 h of incubation, the CCK-8 kits (Beyotime, Shanghai, China)
were used to measure the absorbance of the solution.
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Fig. 5. Effects of LNFP I on RAW264.7 cells. (a) Normal cell morphology of RAW264.7 cells; (b) Cell morphology of LPS-stimulated RAW264.7 cells; (c) Cell
morphology of RAW264.7 cells by LNFP I treated; (d) Effect of LNFP I on viability of RAW264.7 cells; (e) Effect of LNFP I on the release of NO of RAW264.7 cells
stimulated by LPS solution; (f, g) Effects of LNFP I treatment on the levels of IL-6 and TNF- a. The values were expressed as mean SD (n = 3). Compared with control

group, *p < 0.05, "p < 0.01; Compared with LPS group, “p < 0.05, **p < 0.01.

2.9. Effect of LNFP I on the viability of Vero cells

The Vero cells at their logarithmic growth stage were centrifuged at
106 x g for 5 min, and re-suspended in DMEM medium with 10% FBS
and 1% PS (1 x 10% cells/mL). The cell suspension was seeded in 96-flat-
well plates (100 pL/well), allowed to grow for 6 h to adhere the cells on
the wells of plates (37°C, 5% CO-). Then, the different concentrations of
LNFP I solution (1, 20, 50, and 100 pg/mL) were added to each well.
After incubation for 24 h, the CCK-8 solution was added into wells and
incubated them for 4 h. The absorbance of the solution was measured at
450 nm to calculate the viability of cells. The same method was used to
determine the effects of different concentrations of LNFP I solution (12,
23,47, 94,188, 375, 750, and 1500 pg/mL) on the viability of Vero cells.

2.10. Effect of LNFP I on EV71 in Vero cells

The Vero cells adhered to the wells of the on 96-well plate, as pre-
viously described. The EV71 viral solution (10 pL) was added to each
well. After 2, 4, 6, 8,10 and 12 h, the same concentrations (80 pg/mL) of
LNFP I and ribavirin were added. After 24 h of incubation, CCK-8 Kkits
(Beyotime, Shanghai, China) were used to measure the cellular activity,

and the cell survival rates were calculated.
2.11. Effect of LNFP I on LPS-stimulated RAW264.7 cells

The RAW264.7 cells adhered to the wells of the 96-well plate, as
previously described. The different concentrations (1, 5, 10, and 20 pg/
mL) of LPS solution (L8880, Solarbio, Beijing, China) were added into
wells. After 24 h of incubation, the nitric oxide (NO) content in the cell
culture medium was measured. The optimal concentration of LPS solu-
tion was selected for the stimulation of RAW264.7 cells to establish an
inflammatory model. A total of 100 pL of LNFP I solution with different
concentrations (1, 10, 25, 100, 200, 500, and 1000 pg/mL) was added to
each well. After incubation for 24 h, the cells were observed under an
inverted microscope, and the supernatant was collected. Finally, the NO
content was detected using a nitric oxide detection kit (S0021, Beyo-
time, Shanghai, China) and the levels of Interleukin- 6 (IL-6), Tumor
Necrosis Factor (TNF-a) were detected using ELISA test kits (Jiancheng
Bioengineering Institute, Nanjing, China).
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2.12. Statistical analyses

All the experimental data were expressed as means + standard de-
viation (SD). All the statistical analyses were assessed using SPSS
(ANVOA, SPSS 25.0) and p < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Cloning, expression and purification of Hise-Tp2FT

The experimental results showed that Tp2FT (GenBank accession
number AEF83667.1) sequence comparison presented lower level of
amino acid identity compared to other reported functionally o 2FTs,
exhibiting good novelty. At the same time, the amino acid sequences of
Tp2FT were compared with these 7 strains o 2FTs (Fig. 2). The sequence
alignment revealed that Tp2FT contained several conserved motifs I-IV
which were identified to be the catalytic sites. The highly conserved
motif I containing H'®0*R162R163+D16> provided the potential binding
site of enzymatic synthesis of fucosylated oligosaccharides (lhara et al.,
2007). The His-tag itself had a small molecular mass, low immunoge-
nicity, and was compatible with the mechanism of transcription and
translation in bacteria. The mild conditions of purification had little
impact on proteins. The Tp2FT was cloned as an N-Hiss-tagged recom-
binant protein (Hisg-Tp2FT) in the pET15b vector. As shown in Fig. S1,
the Ni?*-column purified protein exhibited a molecular mass of about
36 kDa in SDS-PAGE. The expression level of Hisg-Tp2FT was 5.3 mg/L
culture, which was lower than Te2FT but nearly other reported o 2FTs
(Engels & Elling, 2014; Zhao et al., 2016; Zhong et al., 2022).

3.2. Synthesis of a 1-2-linked fucosides

The relative activities of Hisg-Tp2FT with different acceptors were
summarizd in Table 1. Common acceptors for a 2FT other than O-
fucosyltransferases are galactosides or fucose on oligosaccharides. A
panel of ten glycosides with different lengths, various glycosyl linkages
and underlying glycans were tested as potential acceptor substrates for
the purified Hisg-Tp2FT. The initial substrate specific studies using these
acceptor substrates, including lacto-N-tetraose (LNT, Galpl-3Glc-
NAcp1-3Galpl,4Glc, 1), lacto-N-neotetraose (LNnT, Galp1-4GlcNAcp1
-3Galp1-4Glc, 2), Galpl-3GalNAcpProNs (3), Galpl-3GalNAcpProN3
(4), Galp1-3GlcNAc a ProNs (5), Galp1-3GlcNAcfProNs (6), lacNAcp-
ProNs3 (Galp1-4GlcNAcfProNs, 7), lacfProN3 (Galpl-4GlcpProNs, 8),
lactose (Galp1-4Glc, 9), and lactulose (Galp1-4Fru, 10), indicating that
Hise-Tp2FT worked well. Among these acceptors, the yield of Fuc o 1-2-
Galp1-3GlcNAcpProNs (16) (94.1%) is much higher than the others.
The Hise-Tp2FT was used for the synthesis of oligosaccharides by OPME.
Despite the ability of 2FucTs to fucosylate a wide range of oligosac-
charides, it distinctly favored type 1 glycans (Galf1-3GlcNAc-) over
type 2 glycans (Galp1-4GlcNAc-) (Fig. 3a-e).

3.3. Biochemical characterization of His-Tp2FT

The optimum temperature, pH, and divalent metal ions with LNT as
an acceptor were carried out for studying the a 2FT. The results showed
that the Hisg-Tp2FT was active within a pH range of 5.0-8.0 with op-
timum activity at pH 7.0 (Fig. S2). As compared to Hisg-Te2FT (Zhao
et al., 2016), the Hisg-Tp2FT was active in a broader pH range. It had
good activity within the temperature range of 15-60°C, with the opti-
mum activity at 35-45°C. The a 2FT activity of Hisg-Tp2FT did not
require divalent metal ions. The enzymatic activity of EDTA group was
similar to the control group without metal ions, while both of them were
lower than that with metal Mg2*, indicating that the Mg?* had a pro-
moting effect. To a certain extent, the higher concentrations of Mg?*
exhibited more obvious effects. The o 2FT activity increased by about
two folds at the concentrations of 20 mM MgCly.
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3.4. Preparative enzymatic synthesis of LNFP I

For the verification of the activity of Hisg-Tp2FT, the small-scale
synthesis of LNFP I was demonstrated. An amount of 50 mg of LNFP I
was successfully obtained with an excellent yield of 95% using gel
filtration. To confirm its correct linkages and structure, the purified
LNFP I was analyzed using 'H- and 13C NMR (Fig. 3f).

3.5. Inhibition effect of LNFP I on EV71 in RD cells

After the infection of RD cells with EV71, the cell vitality was
significantly reduced. Both ribavirin and LNFP I could inhibit the viral
infection, and the cell viabilities in the treatment groups were signifi-
cantly higher than that of the virus-infected group (Fig. 4a-d). The
fucose on LNFP I might be the binding site for interaction with EV71
(Morozov et al., 2018). The EV71 has four main binding sites, including
scavenger receptor class B member 2, P-selectin glycoprotein ligand-1,
sialylated glycans and annexin A2 (Jiao et al., 2014; Yang, Chuang, &
Yang, 2009; Yang et al., 2011). Therefore, the LNFP I improved cellular
viability via competing with EV71 to bind to these target cells in this
study. According to the previous studies, the inhibitory effect of LNFP I
on EV71 was better than ribavirin possibly due to the potential side
effects of ribavirin (Dusheiko, Nelson, & Reddy, 2008; Fang, Srivastava,
& Lin, 2003).

3.6. Inhibition effect of LNFP I on EV17-infected Vero cells

Ribavirin is clinically used for the treatment of mild HFMD and can
inhibit viral replication in a variety of ways (Li et al., 2018). The viral
mRNA (guanine-N’-)-methyltransferase is inhibited by ribavirin 5'-tri-
hosphate or ribavirin, which can inhibit the virus polymerase in the
initiation of primary transcription (Zhurilo et al., 2018). LNFP I has less
toxic to Vero cells. The viability of Vero cells was significantly reduced
at the high concentration of 1500 pg/mL LNFP I solution (Fig. 4e). LNFP
I could greatly reduce the infection level of EV71 in Vero cells during 2 h
before and after infection with EV71. However, after the 6 h of infection,
the inhibition by LNFP I was gradually weakened, and the viral repli-
cation of EV71 began to increase. The inhibition by LNFP I decreased
significantly after 10 h of infection (Fig. 4f). It had more advantages for
the prevention of EV71 infection and its early treatment of infection.
Gao et al. (2020) found that suppressor of the cytokine signaling (SOCS)
may promote EV71 virus infection. In the early stage, the induction of
SOCS gene transcription was an interferon independent manner and
could be blocked by the NF-kB inhibitor (Chmiest et al., 2016). When
EV71 virus infects Vero cells, the signaling function of NF-kB pathway
responds rapidly and the viral RNA replicates in large quantities, which
result in cell ruptures and inactivation. Therefore, LNFP I can reduce the
level of SOCS in living cells, but only slow down the virus replication
after several hours of infection.

3.7. Effect of LNFP I on the viability of RAW264.7 cells

The normal RAW264.7 cells were round, with bright edges and tight
growth between the cells. In terms of cellular shape, a few cells had a
low degree of prosthetic foot extensions (Fig. 5a). As compared to the
normal cells, the LPS-stimulated RAW264.7 cells showed irregular
shapes, protruded a large number of pseudopodia, significant increase in
the in-between spaces, and reduction in number (Fig. 5b). The LNFP I
treatment significantly reduced the branching of the cells, contracted
pseudopodia, restored the cellular morphology to normal, and increased
the cell numbers (Fig. 5¢). As compared to the control group, the LNFP I
had no obvious side effects on the viability of RAW264.7 cells, but
significantly increased the cell viability at a concentration of 20 pg/mL
(Fig. 5d). It means that the LNFP I had lower cytotoxicity and promoted
cellular proliferation. The in-vitro study of LPS-stimulated macrophages
is a good model for studying the inflammatory response (Kim et al.,
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2008). LPS can specifically activate the NF-kB pathway and drive the
expression of pro-inflammatory cytokines TNF- a and IL-6, which
resulting in inflammatory response (Zhang et al., 2019). Upon activation
by external stimulus, the macrophages will produce a large amount of
NO, further inducing the production of inflammatory cytokines. The NO,
IL-6, and TNF- « are considered to be the most important inflammatory
mediators, which can mediate the immune responses and stimulate
living macrophages (Dai et al., 2009; Yang et al., 2013). After the
stimulation of RAW264.7 cells with LPS, the contents of NO in the cell
culture medium all increased significantly. Compared with the LPS
group, NO release of cells pretreated with different concentrations of
LNFP I (10-1000 pg/mL) was significantly reduced (p < 0.05) in a dose-
independent manner (Fig. 5e). LNFP I inhibited inflammatory cytokines
IL-6 and TNF- o, and the difference in anti-inflammatory efficacy be-
tween groups gradually decreased (Fig. 5f-g). These results are consis-
tent with the previous response rule of pro-inflammatory medium NO to
LNFP I. It confirms that LNFP I can reduce the content of anti-
inflammatory factors IL-6 and TNF- a by inhibiting NO release and
alleviating cellular inflammation. Therefore, the goal of the suppression
of inflammation could be achieved with a small LNFP I dose. Zhang et al.
(2019) reported that NO production in RAW264.7 macrophages might
be induced by human milk oligosaccharides instead of LPS. Thus, high
concentrations of LNFP I may slightly lead to NO release, making it
difficult to exhibit dose-dependence.

4. Conclusion

In this study, a novel a 1-2-fucosyltransferase was cloned from
Treponema primitia and expressed as a recombinant protein. It was used
to catalyze one-pot multienzyme synthesis of lacto-N-fucopentaose-I.
LNFP I exhibited effective anti-inflammatory and anti-EV71 effects. It
not only reduced the contents of inflammatory cytokines during the
inflammatory response, but also effectively inhibited the synthesis of the
proliferation of EV71 in a dose-dependent manner. It had low toxic ef-
fects on cells and inhibited the EV71 infection in its early stage, thereby
using in infant nutrition and providing a novel therapeutic target for the
prevention of HFMD.
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