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Lacto-N-tetraose synthesis by wild-type and
glycosynthase variants of the -N-hexosaminidase
from Bifidobacterium bifidum+
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Lacto-N-biose 1,2-oxazoline was prepared chemo-enzymatically
and shown to be a donor substrate for p-1,3-glycosylation of
lactose by the wild-type and glycosynthase variants (D320E,
D320A, Y419F) of Bifidobacterium bifidum f-N-hexosaminidase.
Lacto-N-tetraose, a core structure of human milk oligosaccharides,
was formed in 20-60% yield of donor substrate (up to 8 mM
product titre), depending on the degree of selectivity control by
the enzyme used.

Complex oligosaccharides, like those present in human milk,
are promising ingredients for health-related nutrition." To
advance their applications, these oligosaccharides must be
made available as structurally defined products. An oligosac-
charide synthesis that exploits the high selectivity and reaction
control of enzymes is therefore highly desirable.> A promising
strategy of enzyme development for target-oriented synthesis
builds upon a glycoside hydrolase that is able to hydrolyse
the required oligosaccharide product with high specificity.
Converting that glycoside hydrolase into a “glycosynthase”® by
protein engineering would enable a biocatalytic synthesis in
which the target oligosaccharide is assembled essentially from
the structures of the hydrolytic fragments. The glycosynthase
approach entails mechanistic repurposing of the glycoside
hydrolase active site, so that the re-designed enzyme can still
utilise a suitably activated donor substrate for glycosylation,
but is unable to hydrolyse the oligosaccharide product thus
formed.*

Here, we report different glycosynthase designs for the f-p-
hexosaminidase LnbB from Bifidobacterium bifidum JCM 1254 °
and explore the resulting enzyme variants, together with
wild-type LnbB, in the synthesis of lacto-N-tetraose (LNT;
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Scheme 1).°” LNT represents a core structure of the human
milk oligosaccharides (HMOs)'? and efficient route of its syn-
thesis is of considerable interest.>*”® LNT is hydrolysed by
LnbB into lacto-N-biose (LNB) and lactose, as shown in earlier
studies (Scheme 1a).”> LnbB is a member of glycoside hydrolase
family GH-20 and had its crystal structure determined in
complex with LNB (Fig. 1).>® LnbB is an exo-type enzyme that
cleaves LNB from the substrate’s non-reducing end (Fig. 1).°*?
The proposed enzymatic mechanism involves neighbouring
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Scheme 1 Strategy of lacto-N-tetraose (LNT) synthesis from lacto-N-
biose 1,2-oxazoline (LNB-oxa) by LnbB from B. bifidum. (a) Hydrolysis of
LNT by wild-type LnbB. (b) Proposed catalytic mechanism of LnbB. (c)
LNB 1,2-oxazoline as possible donor substrate for synthesis of LNT via
glycosylation of lactose.
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Fig. 1 Close-up view of the active site in the experimental structure of
LnbB complexed with LNB (PDB code 4H04). Key active-site residues
(Asp320, polarising residue; Glu321, acid/base; Tyr419, stabilisation of
oxazolinium reaction intermediate) are drawn in sticks. LNB (drawn with
green-colored carbon atoms) is shown. The D320A and Y419F variants
involve removal of stabilising interactions due to deletion of functional
groups from the original amino acid residues. The D320E variant may
involve weakened electrostatic stabilisation due to increased steric
demand for the side chain of Glu as compared to the side chain of Asp.

group participation from the 2-acetamido group during glyco-
sidic bond cleavage.’® The catalytic reaction proceeds through
an oxazolinium ion intermediate (Scheme 1b) and has an
overall retaining (B — B) stereochemical course. As suggested
from studies of the mechanistically related p-p-glycosamini-
dases of glycoside hydrolase families GH-18,” GH-20° and
GH-85,""° a promising glycosynthase strategy for LnbB
involved site-directed substitution of the protein residues facil-
itating the attack of the 2-acetamido group, that is, Asp320 and
Tyr419 (Fig. 1). Note: The LNB-thiazoline binds to LnbB very
similarly as LNB does (Fig. S1, ESI).>* To perform the glycosy-
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lation reactions, therefore, the resulting LnbB variants are to
be combined with an oxazoline-activated LNB donor substrate
(Scheme 1c).

We prepared three LnbB variants (D320E, D320A, Y419F;
for methods used and for protein sequence information; see
ESI}) expected to show a considerably perturbed anchimeric
assistance from the 2-acetamido group in their catalytic reac-
tions (Fig. 1). The D320Q variant was also considered, but its
expression in E. coli failed in our hands. Using a 4-nitro-
phenyl-p-LNB (LNB-B-pNP) substrate (20 mM) for trans-glycosy-
lation, indeed, these LnbB variants exhibited drastically (10°-
10*-fold) decreased LNT hydrolase activity as compared to the
wild-type enzyme (~1 U mg™'; 37 °C; 15% DMSO). Previous
evaluation of D320A and Y419F variants in the hydrolysis of
LNB-B-pNP is consistent with this activity decrease.’®
Enzymatic reactions in the presence of lactose (600 mM)
showed the formation of a single ¢rans-glycosylation product,
identified as LNT by reference to an authentic standard in
HPLC and TLC (Fig. S2, ESIt). However, the LNT was released
in less than 13% yield of donor substrate that was converted
primarily via hydrolysis. Reaction time course analysis (Fig. S3,
ESIT) revealed marked differences between the individual
enzymes as regards their ability to degrade the LNT formed.
The wild-type enzyme hydrolysed the LNT quickly. The specific
hydrolysis rate of LNT was about 100-fold lower than that of
LNB-B-pNP. The Y419F variant also hydrolysed the LNT, albeit
at a 25-fold slower rate than the wild-type enzyme. With both
Asp320 variants, the LNT hydrolysis was barely detectable. In
the D320E variant, the hydrolysis of LNT was ~3000-fold
slower than the hydrolysis of LNB-p-pNP. Reaction parameters
for enzymatic conversions of LNB-f-pNP in the presence of
lactose are summarised in Table 1.

To synthesise the LNB 1,2-oxazoline (LNB-oxa), we first pre-
pared LNB from o-galactose 1-phosphate (5.4 mmol) and
GleNAc (1.8 mmol) using LNB phosphorylase'® (50 pg mL™%;
0.6 uM) in pH-controlled reaction (pH 6.8; 37 °C; 40 mL total
volume). The LNB was recovered in an overall isolated yield of
80% by anion exchange chromatography for removal of excess
a-galactose 1-phosphate. The LNB thus purified contained less
than 5% GlcNAc (Fig. S4, ESIf). The 1,2-oxazoline was pre-
pared according to a modified protocol of Shoda and co-
workers (ESIT),"" applying 2-chloro-1,3-dimethyl-1H-benzimi-

Table 1 Activity and selectivity parameters of wild-type LnbB and site-directed variants thereof

LNB-oxa“®

LNB-p-pNP”

trans-Glycosylation® LNT hydrolysis

d

trans-Glycosylation® LNT hydrolysis

LnbB (kmol mg™" min™") Ry (kmol mg™" min™") (rmol mg™" min™") Roy® (kmol mg™" min™")
WT 25 (~15) 1.7 9.5x107" 4.0 (~100) 0.04 1.0

D320E 2.2x107" (~6x107) 0.4 n.d.” 2.1x107" (~7x 107 0.3 2.3x107*

D320A 8.9 x 107" (~4 x 107°) 0.2¢ n.d.” 8.0 x 107 (~5 x 1073) 0.2 n.d./

Y419F 7.5x107% (~9 x 107?) 0.8 4.8x107° 3.3x107%(~3x 107 0.1 3.8x1072

%12 mM LNB-oxa, 600 mM lactose, 37 °C, pH 7.5. ©20 mM LNB-B-pNP, 600 mM lactose, 15% DMSO, 37 °C, pH 5.8. ¢ Hydrolase activity toward

the donor substrate is given in brackets (=trans-glycosylation/Ryy ratio).

4 Ry is the ratio of LNT to LNB concentration at maximum LNT yield.

° Ryy is the ratio of the enzyme activities for trans-glycosylation and LNB-p-pNP hydrolysis. / Not detectable. ¢ Calculated based on 22 h values.

Significant contribution of spontaneous LNB-oxa hydrolysis.
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dazol-3-ium chloride (CDMBI) in 2-fold molar excess over LNB
(0.7 mmol) at 3 °C. The CDMBI was added in portions over
15 min and the reaction continued for 1 h. The reaction
mixture was filtered, washed and freeze-dried as described in
the ESL{ Solid product was obtained at 0.5 mmol scale in
about 79% yield from LNB (quantitative '"H NMR spectroscopy,
Fig. S5, S6a, ESI;+ *C NMR spectroscopy, Fig. S6b, ESIT) and
could be stored at —20 °C for several weeks. Extraction into
acetonitrile was used to desalt the product before applying it
to the enzymatic reactions (ESIt).

The wild-type LnbB showed high hydrolase activity toward
LNB-oxa (>15 U mg™"). All LnbB variants were substantially
(>100-fold) less active (Table 1). Time courses of LNT for-
mation from LNB-oxa (12 mM) and lactose (600 mM) are sum-
marised in Fig. 2. trans-Glycosylation was selective for -1,3-gly-
cosylation of lactose, giving LNT (Fig. S7-S9, ESI}). Reaction of
the wild-type enzyme (Fig. 2a) involved an almost instan-
taneous release of LNT in ~60% yield of the LNB-oxa donor
present. However, the LNT was degraded rapidly afterwards
and almost none of it was left after 23 h. The specific activity
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of wild-type LnbB for hydrolysis of LNT (Table 1) was ~5% that
of the enzyme for the hydrolysis of LNB-oxa under the con-
ditions used. The initial “burst” of LNT formation was used to
determine the selectivity of LnbB for utilising the LNB-oxa
donor substrate for glycosylation of lactose as compared to uti-
lising it for hydrolysis (Rry). The Ryy value of ~1.7 thus
obtained was considerably higher than the Rry value of 0.04
obtained for LnbB utilising LNB-$-pNP as the donor substrate.
The D320E variant was employed in 8-fold higher concen-
tration than the wild-type LnbB to compensate its lower activity.
The reaction time course for this variant showed a fast release
of LNT in a yield of ~30% of the LNB-oxa donor used (Fig. 2b).
The initially formed product was stable over extended reaction
times, thus demonstrating the absence of LNT hydrolase
activity, and therefore the successful glycosynthase design, for
this LnbB variant. However, limitation on the LNT yield in
reactions of the D320E variant arose from the enzyme’s rela-
tively high activity for hydrolysis of the LNB-oxa donor sub-
strate under the conditions used. We performed the enzymatic
reaction under exactly the same conditions as in Fig. 2b but
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Fig. 2 LNT synthesis from LNB-oxa (12 mM) and lactose (600 mM) by wild-type LnbB and mutants thereof. (a) Wild-type, 0.5 pM; (b) D320E, 4 pM;
(c) D320A, 20 pM; (d) Y419F, 4 pM. LNT, black circles; LNB, green reverse triangle. The LNT and LNB concentrations used for Ry calculation are indi-

cated by an arrow.
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used a 5-fold higher concentration of the D320E variant
(20 pM) (Fig. S10, ESIf). The LNT yield was still ~30%.
Therefore, this result showed that that the product yield was
limited by enzyme selectivity (Rry). The spontaneous hydro-
lysis of LNB-oxa could be excluded as a relevant factor. The
Ry value of ~0.4 determined for the D320E variant from the
time course data in Fig. 2b revealed the significant (~4-fold)
decrease in selectivity brought about by the site-directed sub-
stitution of Asp320 by a glutamic acid. Decreasing the activity
for LNB-oxa hydrolysis is a clear task for further engineering of
the D320E variant to optimise the synthetic utility of this glyco-
synthase for LNT production.

The D320A variant showed very low specific trans-glycosyla-
tion activity, about 10°-fold lower than the specific activity of
the wild-type enzyme (Table 1). It was no longer possible for
this variant to compensate the low specific activity by the
enzyme amount applied to the reaction. Due to the slow enzy-
matic reaction rate, spontaneous hydrolysis of the LNB-oxa
became a significant path of the overall conversion of the
donor substrate. The LNT formation by the D320A variant was
therefore low, about 12% after 22 h (Fig. 2c). At this time of
the reaction, all of the LNB-oxa substrate was used up.
Degradation of LNT by the D320A variant was not observed.

Contrary to the D320E and D320A variants, the Y419F
variant retained a substantial level of LNT hydrolase activity
that was ~6% of the activity for conversion of LNB-oxa
(Table 1). The reaction time course (Fig. 2d) therefore involved
characteristically the formation and degradation of LNT. The
LNT accumulated to a yield of up to 30% but was completely
hydrolysed at extended reaction times.

In summary, this study establishes LNB-oxa as donor sub-
strate for trans-glycosylation by LnbB. The enzyme is of interest
for target-oriented synthesis of complex oligosaccharides, but
lacking a suitable donor its significant potential could hitherto
not be realised.*” Here, the enzymatic LNB transfer from LNB-
oxa to lactose yielded LNT in a single-step, regioselective trans-
formation. Glycosynthase variants of LnbB, the D320E variant
in particular, appear useful due to their diminished activity for
product hydrolysis. However, optimized balance between LNT
hydrolysis and hydrolysis of the LNB-oxa donor substrate
remains a challenge for LnbB biocatalyst development.
Generally, exo-acting p-glycosaminidases are less well studied
for  synthetic  application than their  endo-acting
counterparts,*>50728@0:12,13 por synthesis of free oligosacchar-
ides, in contrast to synthesis of glycoconjugates, however, the
exo-acting enzymes might offer better control over the product
structure(s) obtained. In harnessing an exo-acting enzyme for
disaccharide transfer, this study extends the scope of
p-glycosaminidase-catalysed oligosaccharide synthesis.
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