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A novel p-galactosyl-p1-3-/V-acetyl-p-hexosamine phosphorylase
cloned from Bifidobacterium infantis (BiGalHexNAcP) was
used with a recombinant E. coli K-12 galactokinase (GalK) for
efficient one-pot two-enzyme synthesis of T-antigens, galacto-/V-
biose (Galp1-3GalNAc), lacto-/N-biose (Galp1-3GlcNAc), and
their derivatives.

B1-3-Linked galactosides such as galacto-N-biose (GNB,
GalB1-3GalNAc) and lacto-N-biose (LNB, GalB1-3GlecNAc)
are key carbohydrate structures in nature. They are themselves,
or are part of, important carbohydrate epitopes involved in cell
adhesion, signalling, fertilization, differentiation, development,
and cancer metastasis. For example, GNB with an a-configuration
at the anomeric carbon of GalNAc (Galpfl-3GalNAca) is
named Thomsen—Friedenreich antigen (TF or T-antigen,
GalB1-3GalNAcaSer/Thr) disaccharide. It is the glycan of
the Core 1 mucin-type O-GalNAc glycopeptides/glycoproteins
and can be branched/extended to form Core 2 as well as
extended Core 1 and Core 2 glycans.! On the other hand,
GNB with a B-configuration at the anomeric carbon of
GalNAc (Galpl-3GalNAcP) is an essential part of the
carbohydrate moieties of complex glycosphingolipids such as
GA1, GMI1, GDI1, GT1, GQ1, and GP1, etc. In comparison,
LNB is a common structure presented broadly in human milk
oligosaccharides (e.g. lacto-N-tetraose and its sialylated/
fucosylated derivatives) and in the carbohydrate moieties
(e.g. type I glycans, Lewis a, sialyl Lewis a, and Lewis b
antigens) of glycoproteins and glycolipids. !

To use these P1-3-linked galactosides as probes or glycan
building blocks for biological studies, GNB and LNB have been
synthesized by chemical’ and enzymatic approaches using
B-glycosidases* or P1-3-galactosyltransferases.’ Nevertheless,
these methods have limitations. Chemical synthesis requires
multiple tedious protection—deprotection and purification
procedures. Glycosidase-catalyzed reactions usually result in
low yields and poor regioselectivity. The formation of
B1-3-linked galactosidic bonds using f1-3-galactosyltransferases
has been proven efficient, but its application is hampered by
limited access to a sufficient amount of highly efficient glycosyl-
transferases and the required sugar nucleotide, uridine
5’-diphosphate galactose (UDP-Gal).
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Carbohydrate phosphorylases catalyze the reversible
formation of monosaccharide-1-phosphate from an oligo-
saccharide or a polysaccharide and an inorganic phosphate.
Their ability in catalyzing the reverse reaction has been used
for the synthesis of oligosaccharides. Based on their protein
sequence similarity, carbohydrate phosphorylases have been
grouped into several families of glycoside hydrolases (GH13,
GHG65, GH94, GH112) and glycosyltransferases (GT3, GT4,
GT20, GT35) in the Carbohydrate Active Enzymes (CAZy)
database (http://www.cazy.org).® Among them, p-galactosyl-
1-3-N-acetyl-p-hexosamine phosphorylase (GalHexNAcP,
EC 2.4.1.211), a member of CAZy glycoside hydrolase
GHI112 family, was initially reported in Bifidobacterium
bifidum DSM 20082 in 1999.7 It reversibly phosphorolyzes
GNB and LNB to produce o-p-galactose-1-phosphate
(Gal-1-P) and the corresponding N-acetyl-pD-hexosamine. The
partially purified enzyme (MW: 140 kDa)” was used in the
synthesis of Galfl-3GIcNAcaOR containing  different
aglycones with low yields.® The GalHexNAcP gene was later
found in Clostridium perfringens ATCC13124, Vibrio vulnificus
CMCP6, and several strains of bifidobacteria and was believed
to contribute to the intestinal colonization of the bacteria.’
The enzyme has been cloned and used with a sucrose
phosphorylase, a UDP-glucose-hexose-1-phosphate uridylyl-
transferase, and a UDP-glucose 4-epimerase for one-pot
four-enzyme high-yield large-scale production of LNB or
GNB from sucrose and GIcNAc or GalNAc in the presence
of UDP-glucose and phosphate.'®

Crystal structure of a recombinant GalHexNAcP from
Bifidobacterium longum JCM1217 reveals a partially broken
TIM barrel fold resembling a thermophilic B-galactosidase.'!
Nevertheless, the acceptor substrate specificity of GalHexNAcP
has not been studied in detail and its application in efficient
synthesis of GNB and LNB derivatives has not been fully
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Scheme 1 Synthetic scheme for one-pot two-enzyme synthesis of
B1-3-linked galactosides. GalK, E. coli K-12 galactokinase;
BiGalHexNACcP, Bifidobacterium infantis p-galactosyl-B1-3-N-acetyl-
D-hexosamine phosphorylase.
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Scheme 2 One-pot two-enzyme synthesis of T-antigen Galfl—
3GalNAcal-O-Ser/Thr.
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Table 1 One-pot two-enzyme synthesis of f1-3-linked galactosides from Gal, ATP, and N-acetyl-hexosamine (HexNAc) derivatives using GalK

and BiGalHexNAcP
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explored. Here, we report a highly efficient one-pot two-enzyme
approach for the synthesis of diverse 1-3-linked galactosides,
including T-antigens, GNB, LNB, and their derivatives using a
novel D-galactosyl-f1-3-N-acetyl-pD-hexosamine phosphorylase
cloned from Bifidobacterium infantis (BiGalHexNAcP)
and a recombinant galactokinase (GalK) cloned from E. coli
K-12."

To obtain BiGalHexNAcP, Blon_2174 gene (GenBank
NC 011593) was amplified from the genomic DNA of

Bifidobacterium longum subsp. infantis ATCC 15697'% by
polymerase chain reaction and cloned into pET15b vector.
Optimal expression of the recombinant N-Hise-tagged protein
(MW: 86.5 kDa) was achieved by incubating E. coli Origami™
B(DE3) cells containing desired plasmids at 25 °C for
18-20 h with vigorous shaking (250 rpm) after the addition
of isopropyl-1-thio-B-p-galactopyranoside (IPTG) (0.1 mM).
Ni>"-NTA column purification using an AKTA FPLC
system yielded 55 mg pure protein per litre of cell culture.
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As shown in Scheme 1, the synthesis of GNB, LNB, and
their derivatives was carried out using a one-pot two-enzyme
system containing BiGalHexNAcP and a recombinant E. coli
GalK. GalK catalyzed the formation of a-p-Gal-1-P from
inexpensive D-Gal in the presence of ATP. The in situ generated
a-D-Gal-1-P was used as the donor substrate by the
phosphorylase to form diverse Pl1-3-linked galactosides.
Excess amounts of p-Gal and ATP (1.2 or 1.5 equiv.) were
used to drive the reaction towards disaccharide formation.

HPLC-based pH profile study of BiGalHexNAcP revealed
that its catalytic activity was optimum in a relatively narrow
pH range of 5.0 to 6.5. Extremely low activity was observed
when the pH of the reaction reached 7.0 or higher (see ESI¥).
For GalK, it prefered a pH higher than 7.0 for optimum
activity, showed medium activity at pH 6.5 and low activity at
pH lower than 6.5. Therefore, pH 6.5 was chosen for the
one-pot two-enzyme reactions. The reactions were carried out at
37 °C for 48 h. Products were purified using the combination of
size exclusion chromatography and silica gel chromatography.

As shown in Table 1, BiGalHexNACcP exhibits promiscuous
acceptor substrate specificity and has comparable levels of
activity toward GIcNAc and GalNAc-based structures. For
example, free GIcNAc (1) and GalNAc (11), their B-glycosides
(2 and 12, respectively) and a-glycosides (3 and 13, respectively)
are superb acceptors for BiGalHexNAcP to produce LNB
(21-23) and GNB (31-33) disaccharides in excellent 92-96%
yields. Apparently, the configurations of the C-4 hydroxyl
group and the anomeric center of the N-acetyl hexosamine do
not affect the activity of BiGalHexNAcP.

Similarly, N-acetyl group derivatization with small acyl
groups or derivatives does not affect the BiGalHexNAcP
activity significantly. For example, GIcNTFA 4 and GaINTFA
14 with an N-trifluoroacetyl group or GIcNAcNj; 5 and
GalNAcN; 15 with an N-azidoacetyl group in the hexosamines
are excellent acceptors to produce disaccharides 24-25 and
34-35 in 91-94% yields. However, larger N-acyl groups
differentiated glucosamine and galactosamine-based acceptors.
For example, GIcNPr 6 and GIcNBu 7 with an N-propyl and
an N-butyl group, respectively, at glucosamine, are good
acceptors for BiGalHexNACP to synthesize disaccharides 26
and 27 in 86% and 78% yields, respectively. The synthetic
yield decreases moderately as the size of the N-acyl group on
the glucosamine increases. In contrast, the corresponding
galactosamine derivative GalNPr 16 leads to disaccharide 36
in a moderate 69% yield while GalNBu 17 is not a suitable
acceptor for BiGalHexNAcP. A bulky N-benzoyl group prevents
both glucosamine and galactosamine derivatives (8 and 18) from
being suitable BiGalHexNAcP acceptors. Quite interestingly,
GlcN3 9 and GalN3 19, the C2 derivatives of GIcNAc and
GalNAc with the N-acetyl group being replaced by a relatively
small azido group (—N3), are not tolerable acceptors.

BiGalHexNAcP also shows good tolerance towards
Cé6-modification. Both 6-deoxy-GIlcNAc (GIcNAc6Deoxy) 10
and 6-azido-6-deoxy-GlcNAc (GIcNAc6N3) 20 are very good
acceptors for the enzyme to synthesize disaccharides 30 and 40
in high yields (84 and 87%, respectively).

The BiGalHexNAcP and the one-pot two-enzyme system
have also been successfully applied in the efficient synthesis of
biologically important T-antigens GalB1-3GalNAcal-O-Ser

and Galpfl-3GalNAcal-O-Thr. As shown in Scheme 2,
incubating GalNAcal-O-Ser 41 or GalNAcal-O-Thr 42 with
Gal and ATP in the presence of GalK and BiGalHexNAcP
successfully produced the desired disaccharide products 43
and 44 in excellent 92% and 91% yields, respectively.

In summary, taking advantage of the acceptor substrate
promiscuity of BiGalHexNAcP, we have developed a highly
efficient one-pot two-enzyme approach for the synthesis of
diverse P1-3-linked galactosides. Compared to galactosyl-
transferase-catalyzed approaches, the BiGalHexNAcP-catalyzed
reactions do not require the use, in situ generation, or regeneration
of expensive sugar nucleotides, and thus are more efficient and
simplified systems for producing galactosides. We believe that
this synthetic route will contribute greatly to obtaining and
elucidating the important roles of B1-3-galactosides as well as
1-3-galactoside-containing glycans and glycoconjugates.
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