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Abstract

Helicobacter pylori a1-3/4-fucosyltransferase (Hp3/4FT) was expressed in Escherichia coli at a
level of 30 mg/L culture and used as a diverse catalyst in a one-pot multienzyme (OPME) system
for high-yield production of L-fucose-containing carbohydrates including Lewis antigens such as
Lewis a, b, X, O-sulfated Lewis x, and sialyl Lewis x as well as human milk fucosides such as 3-
fucosyllactose (3-FL), lacto- A-fucopentaose (LNFP) 111, lacto- V-difuco-hexaose (LNDFH) Il and
I11. Noticeably, while difucosylation of tetrasaccharides was readily achieved using an excess
amount of donor, synthesis of LNFP 111 was achieved by Hp3/4FT-catalyzed selective fucosylation
of the N-acetyllactoamine (LacNAc) component in lacto- A-neotetraose (LNNT).

Graphical abstract

Lewis X, a, b, O-sulfated and sialyl Lewis x antigens, and fucosylated human milk
oligosaccharides such as 3-FL, LNFP IIl, LNDFH 11, and LNDFH I11 were efficiently produced
using an Hp3/4FT-catalyzed one-pot multienzyme (OPME) fucosylation system.
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Lewis antigens such as Lewis a (Le?), LeP, Le*, and LeY are Lfucose-containing glycans!
presented abundantly on the surface of human red blood cells, endothelium and epithelium
of various tissues such as kidney, genitourinary, and gastrointestinal tract.2 3 Many of them
are the binding targets for pathogenic bacteria that led to infection.! Le2 and LeP are
fucosylated type I chains containing a Galp3GIcNAc disaccharide sequence and are mainly
expressed in surface epithelia. In comparison, LeX and LeY are fucosylated type Il chains
containing a Gal4GIcNAc disaccharide sequence® and are expressed in deep glands.® The
a1-3- and a1-4-linked Lfucoses are essential structure components of LeX/LeY and Le?/LeP
antigens, respectively.

a1-3/4-Linked fucosides are also abundant in human milk oligosaccharides (HMOS)’
where they have been found to have prebiotic, anti-adhesive antimicrobial, and
immunomodulating activities which contribute significantly to the benefits of breast
feeding.8-12 In general, a1-3-fucosylated HMOS were found to be protective for human
immunodeficiency virus (HIV)-exposed uninfected children during breastfeeding.13 Lewis
antigen-type HMOS were shown to reduce selectin-mediated cell-cell interactions.14 15

Fucosylated glycans have received great attention due to their potential applications as
nutraceuticals and pharmaceuticals. Various synthetic methods have been explored.
Compared to chemical fucosylation approaches which require tedious hydroxy! group
protection and deprotection, efficient and environmentally friendly enzymatic fucosylation
via fucosyltransferase-catalyzed reactions is a preferred route.

Among reported a1-3, al-4, and a1-3/4-fucosyltransferases,16-26 Helicobacter pylori
UA948 a1-3/4-fucosyltransferase (Hp3/4FT) that can use both type I and type 11 glycans as
acceptors22: 25 draw our attention as an attractive catalyst. Nevertheless, its application in
synthesizing fucosylated glycans has not been fully explored. Here, we report the use of
Hp3/4FT in a highly efficient one-pot three-enzyme (OP3E) fucosylation system for the
synthesis of diverse a1-3- and a1-4-linked fucosides, including Le?, LeP, LeX, O-sulfated
LeX, sialyl LeX, and human milk fucosides 3-FL, LNFP 111, LNDFH Il and IlI.

To obtain an active C-Hisg-tagged Hp3/4FT, the gene of C-terminal 34 amino acid-truncated
Hp3/4FT from H. pyloristrain UA948 (GenBank Accession number AAF35291.2, full
length 462 aa) was codon optimized and cloned into pET22b(+) vector. Expression in E. coli
BL21(DE3) cells led to about 30 mg of soluble protein that could be routinely purified from
1 liter culture using a Ni2*-column (Figure S1, ESIt). As other bacterial a1-3-, a1-4-, and

TElectronic Supplementary Information (ESI) available: Experimental details for enzyme characterization and glycan synthesis, NMR
and HRMS data, and NMR spectra.
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a1l-3-/4-fucosyltransferases, Hp3/4FT belongs to glycosyltransferase family 10 (GT10) in
the Carbohydrate Active Enzyme (CAZy) database (www.cazy.org).2”- 28 |t shares more than
78% sequence identity with other FTs from H. pylori (Figure S2, ESIt).

Using fluorophore 2-anthranilic acid (2AA)-labeled disaccharides (LacBPro2AA,
LacNACPPro2AA, and GalB3GIcNAcBPro2AA) as acceptor substrates in high-performance
liquid chromatography (HPLC) assays, pH profiles (Figure S3, ESIT) showed similar
patterns although optimal activity of Hp3/4FT was observed in a broader pH range when
LacNACcP2AA was used as the acceptor (6.0-9.0) compared to that (pH 7.0-9.0) for
LacBPro2AA and GalB3GIcNACBPro2AA. In addition, Hp3/4FT was more efficient in using
LacNAcpPro2AA and GalB3GIcNACPPro2AA as acceptors and a lower amount of enzyme
(0.24 pg) was used in the assays compared to LacpPro2AA (1.9 pg enzyme). The
fucosyltransferase activity decreased dramatically when the pH was below 6.0 or above 9.0
(for Lacp2AA and GalB3GIcNAcBPro2AA) or 10.0 (for LacNAcBPro2AA). The thermal
stability assays of Hp3/4FT indicated that the enzyme was stable at 30 °C or lower for at
least 60 min. The enzyme activity decreased dramatically by incubation at 37 °C and an
almost complete loss of activity was observed at 40 °C (Figure S4, ESIt). At 4 °C, Hp3/4FT
was stable for at least two months without activity decrease.

A metal ion was not required for the fucosyltransferase activity of Hp3/4FT as 10 mM of
EDTA did not alter its activity significantly (Figure S5, ESIT). Nevertheless, the presence of
10 mM of divalent metal ions such as Ca%*, Co2*, Mg2*, MnZ*, or Ni2* increased the
enzyme activity slightly while the presence of Cu* decreased the activity about three-fold.
Although Hp3/4FT has three cysteine residues, the presence of 10 mM dithiothreitol (DTT)
did not affect the activity of the enzyme.

As shown in Table 1 (kinetic plots in Figure S6, ESIt), among three 2AA-labelled acceptor
substrates, Hp3/4FT showed the highest catalytic efficiency for LacNACB2AA (Aol Km =
10.87 s mM~1) due to the lowest Kj, value (0.46+0.07 mM) and a medium range Ay
(5.00+0.18 s71). GalB3GIcNACB2AA had a medium catalytic efficiency (5.89 s™1 mM™1)
with the worst Ky (1.3240.24 mM) and the highest Az (7.77+0.45 s71). Lac2AA had the
lowest catalytic efficiency (Aeai/ K = 0.55 s~ mM~1) with a medium Ky value (Aal K =
0.99+0.18 mM) and the lowest k. value (0.5420.03 s~1, more than 9-folder lower than the
other two). Hp3/4FT also showed different catalytic efficiencies (0.80 s~ mM~2, 7.01s71
mM™1, and 11.19 s72 mM™1) for guanosine 5’-diphosphate fucose (GDP-Fuc) when
different acceptors (Lacp2AA, LacNACB2AA, and Galp1-3GIcNACB2AAD were used.

With no noticeable fucosidase activity observed when tested using Le*BProNs, LeXppNP, or
Le?BProN3 as a substrate, Hp3/4FT was readily applied in a one-pot three-enzyme (OP3E)
fucosylation system for the synthesis of various a1-3- and/or a1- 4-linked fucosides
(Scheme 1). In this system, GDP-Fuc was formed from L-fucose, adenine 5’-triphosphate
(ATP), and guanosine 5’-triphosphate (GTP) using a bifunctional Bacteroides fragilis
enzyme (BfFKP) with both L-fucokinase and GDP-Fuc pyrophosphorylase activities.2®
Pasteurella multocida inorganic pyrophosphatase (PmPpA)30 was used to break down the
pyrophosphate byproduct to drive the formation of GDPFuc which was used as the donor
substrate for Hp3/4FT for the formation of fucosides.
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As shown in Table 2, all disaccharides (1-6), and tetrasaccharides (7-9) tested were well
suited acceptor substrates for Hp3/4FT for the production of mono- or difucosylated
products (11-19). These included type | disaccharide Galp3GIcNACBOR (1)3! and its
analog GalB3GIcNAcaOR (2)31 where R was a propyl azide (ProN3 aglycon). They were
al-4-fucosylated by Hp3/4FT to produce mono-fucosylated products
Galp3(Fuca4)GIcNAcBProNs (11, Le? antigen) and GalB3(Fuca4)GlcNAcaProNz (12) in
excellent 95% and 96% yields, respectively. Type Il disaccharide Galp4GIcNACBOR (3)3°
and its 6- O-sulfated analog GalB4GIcNAC6SBOR (4)32 were also excellent acceptors for
al- 3-fucosylation by Hp3/4FT to produce Galp4(Fuca3)GIcNAcBProNs (13, Le* antigen)
and Galp4(Fuca3)GIcNAc6SEProNs (14) in 98% and 93% yields, respectively. Mono-
fucosylation of Type VI disaccharide Galp4GIcBOR (5)33-3% and lactose (6) led to the
formation of Galp4(Fuca3)GlcpProNs (15) and 3-fucosyllactose [16, 3-FL,
Galp4(Fuca3)Glc] in 92% and 90% yields, respectively. 3-FL is one of the most abundant
fucosylated HMOS that could inhibit bacterial or viral adhesion to human epithelial cells.36

Both Galp3/4GIcNAc and Galp4Glc components in lacto- Vtetraose (7, LNT,
GalB3GIcNAcp3Galp4Glc) and lacto- V-neotetraoside (9, LNNTRProNg,
Galp4GIcNACB3Galp4GIcBProN3)3": 38 are suitable fucosylation sites for Hp3/4FT.
Fucosylation with an excess amount of Lfucose, ATP, and GTP (3 equivalents each) led to
the formation of difucosylated hexasaccharides Galp3(Fuca4)GIcNAcp3Galp4(Fuca3)Glc
(17) and Galp4(Fuca3)GIcNAcB3Galp4(Fuca3)GlcpProNs (19) in excellent 98% and 99%
yields, respectively. Compound 17 (lacto-A-difuco-hexaose II, or LNDFH 11)3 is a
hexasaccharide containing both a1-3- and a1-4-linked fucose and is presented in human
milk at a level of 0.08-0.1 g L~1.40 While compound 19 is the glycoside of another human
milk hexasaccharide lacto-A-neodifucohexaose 11 (LNNDFH 11 or LNDFH 111).12 Quite
remarkably, if the ratio of GDP-Fuc to lacto-A-neotetraose (8, LNNnT) was set to 1.2:1,
Hp3/4FT selectively catalyzed the transfer of fucose to the LacNAc (instead of lactose)
component in LNnT and led to the formation of LNFP 111 (18) as characterized by MALDI-
TOF tandem mass spectrometry and 2D nuclear magnetic resonance (NMR) spectroscopy
(Figure S7, ESIt). This acceptor site preference was consistent with the Kinetics study
results.

Sialylated type 11 glycan Neu5Aca3Galp4GIcNACBOR was also a good acceptor for f1-3-
fucosylation by Hp3/4FT to produce NeuSAca3GalB4(Fuca3)GIcNAcBProNs (20, sialyl
LeX antigen) in 84% yield. In comparison, NeuSAca3Galp4GIcBOR and sialyl type I glycan
Neu5Aca3Galp3GIcNACBOR were poor acceptors for Hp3/4FT.

The Hp3/4FT was also used for the synthesis of a LeP antigen which has both a1-2- and
al-4-linked fucose residues (Scheme 2). The a1-2-fucose was installed to type |
disaccharide Gal3GIcNACBProN; (1) to produce H type | trisaccharide®?
Fuca2Galp3GIcNACcBProNs (21) by a one-pot three-enzyme fucosylation system containing
BfFKP, PmPpA, and a highly efficient a1-2-fucosyltransferase cloned from
Thermosynechococcus elongatus (Te2FT).4! LeP tetrasaccharide
Fuca2Galp3(Fuca4)GIcNACBProNs (22) was successfully obtained in 98% yield,
indicating a1-2-fucosylation of type I glycan did not affect its recognition by Hp3/4FT as
an acceptor. However, attempts to alter the fucosylation sequence by performing Te2FT-
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catalyzed a.1-2-fucosylation of Le? (11) was not successful, indicating that a1-3-
fucosylation of type | glycan blocked Te2FT activity. The result was similar to that reported
previously.22

In conclusion, the recombinant Hp3/4FT was readily expressed in £. coli and purified with a
high expression level (30 mg/L culture). It was used as an efficient catalyst in an OP3E
fucosylation system for synthesizing various a1-3- and/or a1-4-linked mono- and
difucosylated compounds including Lewis X, a, and b antigens, sialyl LeX, and fucosylated
human milk oligosaccharides such as 3-FL, LNFP 111, LNDFH I, and LNDFH IIl. These
fucosides are important probes for biological studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Hp3/4FT-catalyzed one-pot three-enzyme (OP3E) synthesis of fucosides. Enzyme

abbreviations: FKP, Bacteroides fragilis strain NCTC9343 bifunctional L-fucokinase/GDP-
fucose pyrophosphorylase; PmPpA, Pasteurella multocida inorganic pyrophosphatase;
Hp3/4FT, H. pylori a.1-3/4-fucosyltransferase.
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Scheme 2.

Enzymatic synthesis of LeP antigen (22) by Hp3/4F T-catalyzed OP3E fucosylation of H type
I trisaccharide (21) formed by Te2FT-catalyzed OP3E fucosylation reaction.
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Table 1
Apparent kinetic parameters of Hp3/4FT
Substrate Keat 67 Km (MM)  Kkeo/Ky (572 mMY)
LacBPro2AA 0.54£0.03  0.99:0.18 055
aGDP-Fuc 0.30£0.14  0.380.07 0.80
LacNACBPro2AA 5.00£0.18 0.4620.07 10.87
bGDP-Fuc 6.02£0.26  0.8620.13 7.01
GalB3GIcNACBPro2AA  7.77+0.45  1.32+0.24 5.89
CGDP-Fuc 3.9240.16  0.35:0.06 11.19

a . .
Determined using LacBPro2AA as an acceptor

b . .
Determined using LacNACcBPro2AA as an acceptor

cDetermined using GalB3GIcNACBPro2AA as an acceptor.
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Table 2
One-pot three-enzyme (OP3E) synthesis of a1-3/4-linked fucosides
Entry Acceptor Product Yield (%)
HO _OH OH HoOH 95
8 HO&%&“W"; wo ww'za_d;&
oH AcHN o o _99_1";:»0».»“*;
1 ] 11
b HO _OH OH o OH 96
HO Q1% 2 "°'r’.?.‘7.o-n
oH “H"I)W N, no_i’og 00-_ -
2 v
0.~ 12
c e o om "o o 98
“é&-%\wi: CR 5"{“;‘: i‘: Gt
3 med 13
HO _OH . HO OH o850y
d “ol 2, o 0:0’ "°k""‘*‘:’° °o.é‘-s,n LI %
'on ncé\h\—“m‘ OumMy g&’io:‘“
4 oS 14
e 92
f 90
g 98
h 88
i 99
j 84
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