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Promiscuous activity of a glycosyltransferase was exploited to
polymerise glucose from UDP-glucose via the generation of $-1,4-
glycosidic linkages. The biocatalyst was incorporated into biocata-
lytic cascades and chemo-enzymatic strategies to synthesise cello-
oligosaccharides with tailored functionalities on a scale suitable
for employment in mass spectrometry-based assays. The resulting
glycan structures enabled reporting of the activity and selectivity
of celluloltic enzymes.

Cellulose, a linear polysaccharide consisting of f-1,4-linked
glucose, is of critical importance in biotechnology, nutrition
and microbial pathogenicity. As the major structural com-
ponent of plant cell walls, it is exploited as a renewable
resource in the bio-economy, enabling sustainable production
of fuels and chemicals." Cellulose and its oligosaccharides
play key roles in health and disease, for example as dietary
fiber® and have a broad range of applications as biosurfac-
tants, nanomaterials and biogels.> The production of cell-
ulose-based structures has therefore attracted much attention.

Chemical synthesis of cellulose derivatives is complex due
to the required stereo- and regioselectivity." Enzymatic syn-
thesis of cellulose in vitro is challenging because the natural
biosynthetic machinery consists of membrane-embedded,
multi component systems.” Native and derivatised cellulose
(oligosaccharides) have been generated from glucose-1-phos-
phate and cellobiose via the reversible reaction mechanism of
cellodextrin phosphorylases, whereby reaction conditions can
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A promiscuous glycosyltransferase generates
poly-g-1,4-glucan derivatives that facilitate mass
spectrometry-based detection of cellulolytic
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direct the degree of polymerisation (DP).°® Furthermore,
exploitation of enzymes that utilise activated glycosyl donors
(e.g. glycosyl fluorides) such as glycosynthases, have opened up
a raft of new options for synthesising glycosides.”™" However,
such systems require unnatural donors or are biased towards
production of very long oligomers. Despite these advances, it
remains challenging to generate soluble cello-oligosaccharides
from natural donors due to the limited availability of suitable
biocatalysts.

Glycosyltransferases (GT) synthesise highly regio- and
stereospecific glycosidic bonds between glycan acceptors and
activated sugar donors.'” Enzymatic synthesis of Gle-p-1,4-Gle
linkages from nucleotide sugars has been restricted to plant
and bacterial cellulose synthases. However, GTs can be pro-
miscuous in acceptor and donor substrates, thereby providing
biocatalysts with potentially exploitable side reactions with
rates that in many cases were demonstrated to be sufficient for
exploitation in glycoside synthesis.">™*®> Therefore, an GT able
to accommodate both UDP-Glc as donor and a Gle-terminated
structure as acceptor would in effect function as glucose poly-
merase (Fig. 1A), whereby the DP may be tuned via reaction
optimisation or enzyme engineering.

Here we describe how the rational exploration of galactosyl-
transferase substrate promiscuity resulted in the identification
of a broad-specificity biocatalyst that functions as a glucose
polymerase in vitro. We demonstrate the synthesis of cello-
oligosaccharides and their derivatives to a scale suitable for
mass spectrometry-based detection and exemplify how these
compounds facilitate the profiling of hydrolytic and oxidative
biomass-degrading enzyme activities.

With the aim to identify a GT capable of generating p-1,4-
linked glucose (Glc) oligosaccharides, we assembled a panel of
five recombinantly expressed galactosyltransferases and
screened it for promiscuous acceptance of Glc-based donor
and acceptor substrates. Transfer of UDP-Glc to an acceptor
with a terminal Gle-R motif would result in reaction products
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Fig. 1 Promiscuous galactosyltransferase activity results in f-1,4-linked
glucose polymerisation. A, Reactions catalysed by biocatalyst LgtB, blue
and yellow circles represent Glc and Gal respectively, following symbol
nomenclature for glycans.282° B, LgtB acceptor substrate for LgtB, glu-
coside derivatised with ITag-1 (1). C, Incubation length and UDP-Glc
concentration alters length and ratio of oligosaccharides produced,
shown after 2 d with Glc-ITag-1 (1), 1.5 mM UDP-Glc and D, after 7 d
with 15 mM UDP-Glc.

that can be re-used as an acceptor, thus enabling the desired
Glc polymerisation. As the acceptor structure can potentially
affect the generated glycosidic linkage type,'® enzymes with a
variety of reported specificities were included.

To monitor enzyme activity we employed a sensitive and
fast assay based on glycosylation of sugar acceptors labelled
with imidazolium-based probes (ITags), such as 4-(1-methyl-3-
methyleneimidazolium)benzyl carbamate f-glucoside'>'” Gle-
ITag-1 (1) (Fig. 1B). Such cationic ITags generate strong signals
in mass-spectrometry that dominate the analyte ionisation
and can be used as soluble handles that support immobilis-
ation and purification of glycosides during chemical
derivatisation.'®'® To aid subsequent assessment of the type
of glycosidic linkage produced during polymerisation, we
chemically synthesised the less complex, novel 4-(1-methyl-3-
methyleneimidazolium) benzyl p-glucoside Gle-ITag-2 (2)
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(Fig. S1At) in 4 steps (Fig. S5T) with a yield of 49%. The trans-
fer of galactose (Gal) from UDP-Gal to ITagged acceptors was
detected as an activity displayed by all tested panel members
(Fig. S1 and S2t). In contrast, activity with UDP-Glc was
detected only for Homo sapiens BAGALT4 and Neisseria menin-
gitidis LgtB, with multiple reaction products due to polymeris-
ation observed in the latter case. LgtB was therefore identified
as the biocatalyst most suitable for our target activity, ie.
glucose polymerisation.

After incubation of LgtB with 1 or 2 and an excess of
UDP-Glc at 37 °C, a range of ITagged glucose oligosaccharides
with DPs of up to 7 and 9, respectively (Fig. S9f) were
observed. Adjustment of reaction conditions such as incu-
bation time and donor concentration allowed direction of
glucose polymerisation towards a desired product range
(Fig. 1C, D and S67). In reactions optimised towards high DP
products, a >99% conversion of the initial acceptor (based on
Maldi-ToF MS spectral intensity) into oligosaccharides of up to
DP12 was detected. Chromatographic separation of the gener-
ated oligosaccharides proved challenging in our hands due to
the chemical and structural similarities between the products
and the limited amount of material available, and therefore
the isolation and quantification of individual oligosaccharides
and determination of their isolated yields could not be realised
within the project constrains. 2D HSQC NMR analysis of puri-
fied ITagged oligosaccharides generated from (2) confirmed
that the Glc residues were connected by f-1,4-glycosidic lin-
kages (Fig. S81), demonstrating the strict selectivity in anome-
ric configuration and position of the glycoside linkage that is
formed by LgtB.

LgtB was also able to polymerise Glc onto a broad range of
other acceptor substrates (Table S1f) including native cello-
oligosaccharides and derivatives with reducing end conjugates
e.g. Gle(n)-pNP (Fig. S47). This agrees with the reported broad
acceptor substrate scope of this enzyme, which has been
exploited for chemo-enzymatic synthesis of $-1,4-linked galac-
tosides incorporating e.g. GlcNAc(-pNP), Man-pNP, Glc(-pNP)
and various C2-derivatives.">™"*2° No activity was found using
Gal, xylose (Xyl), arabinose (Ara), lactose (Gal-p-1,4-Glc), treha-
lose (Glc-a-1,1-Glc) or UDP-Glc as acceptors. Acceptor sub-
strates thus require an equatorial configuration of the C4 -OH
group and the presence of a C6 -OH group while both the C1
and C2 substitutions are highly flexible. Limited transfer of Xyl
and GalNAc but not GlcNAc from their respective UDP-conju-
gates to acceptors was also detected (Fig. S371). Taken together,
LgtB was identified as a promiscuous biocatalyst with glucose
polymerase activity that can be exploited for polymerisation of
glucose onto a broad range of acceptors on a scale suitable for
detection by mass spectrometry.

Polymerisation allows cello-oligosaccharide biosynthesis in
biocatalytic cascades, such as those enabling regeneration of
UDP-glucose. We combined LgtB in a one pot, two enzyme
cascade (Fig. S7¥) with Solanum lycopersicum sucrose synthase
(SLSUS6)*!, hereafter SuSy. In the presence of UDP, SuSy con-
verts relatively inexpensive sucrose into fructose and UDP-Glc,
this biocatalyst is therefore widely employed for the synthesis

This journal is © The Royal Society of Chemistry 2021
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ITagged cello-oligosaccharides as probes for LPMO activity. A, Selective activity on ITagged glucose oligosaccharide substrates by a panel of

LPMOs. B, The products of NcLPMO9C activity on ITagged cello-oligosaccharides include those with a mass corresponding to C4-ketone (M — 2)
and gemdiol (M + 16) disaccharides, confirming C4-oxidative activity.
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Fig. 3 Chemo-enzymatic derivatisation of cello-oligosaccharides to selective endo-cellulase substrates. A, Representative MALDI-TOF MS spectra
demonstrating ITagged cello-oligosaccharides after incubation without enzymes and B, with p-glucosidase from almond. C, Derivatisation strategy
employed to protect LgtB product termini against hydrolytic activity; D, probes after oxidised galactose and nicotinic hydrazide ligation after incu-
bation with p-glucosidase and p-galactosidase; E, same probes after incubation with A. niger cellulases. Asterix indicates a glycosylated hydrazide

product.
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of nucleotide sugars and glucosides.*” Incubation of SuSy with
LgtB, sucrose and 1 or 2 resulted in formation of ITagged
cello-oligosaccharides (Fig. S91) with DP ranges and ratios
similar to those observed using UDP-Glc directly. Thus,
UDP-Glc generated via SuSy activity can be used as a donor
substrate by LgtB, in a one-pot biocatalytic cascade that poly-
merises glucose from inexpensive sucrose.

To exemplify LgtB utility in mass-spectrometry based
assays, we exploited ITagged glucose oligosaccharides gener-
ated via LgtB activity to rapidly profile activity of lytic polysac-
charide monooxygenases (LPMOs), copper dependent enzymes
that oxidatively degrade oligosaccharides and polysaccharides.
LPMOs insert a single oxygen atom into the C1-H and/or C4-
H bond of saccharide substrates, ultimately producing aldonic
acids or 4-gemdiol-aldoses, respectively (Fig. $10%).>* This
activity enables more cost-effective production of biofuels from
lignocellulose®! and holds promise in carbohydrate functiona-
lisation. Sensitive assays to profile libraries of LPMO variants
with regard to activity on soluble oligosaccharides and selecti-
vity for C1- vs. C4-oxidation, are therefore of interest. A small
panel of LPMOs was produced in E. coli as the expression host;
Lentinus similis Ls(AA9)A,*® Neurospora crassa NCLPMO9C*® and
Thermobifida fusca Tf(AA10)B*® (see ESIf for detailed proto-
cols). Biotransformations were performed with purified
enzymes using an envelope of ITagged glucose oligosacchar-
ides (DP 1-10) in the presence of H,0O, and ascorbate as a
reducing agent. The distribution of labelled oligosaccharides
was unchanged following incubation with Tf(AA10)B (Fig. 2A),
confirming lack of activity towards the oxidation of soluble
cello-oligosaccharides with DP < 10. Conversely, reactions with
Nc(AA9)C and Ls(AA9)A led to complete consumption of oligo-
saccharides with DP > 6 and 4, respectively (Fig. 2A), with con-
comitant formation of labelled C4-oxidised products (DP 2-4
and DP 2-3, respectively) with molecular weights of [M — 2]
(C4-ketone) and [M + 16] (C4-gemdiol) (with M as the mole-
cular weight of corresponding non-oxidised labelled carbo-
hydrate) (Fig. 2B). These data are consistent with reported sub-
strate profiles. Notably, the ITag cationic nature avoids for-
mation of sodium or potassium adducts'® that complicate
interpretation®® of MS-based detection of LPMO products.
Selective detection of endo-cellulase activity in glycoside hydro-
lase (GH) preparations is in principle enabled via an enzyme
substrate that cannot be hydrolysed from its termini.
Exploiting LgtB, we generated such a ‘blocked’ substrate probe
compatible with fast and sensitive detection of enzyme activity
via MS. Initially we confirmed commercially available celluloly-
tic GHs degrade unmodified ITagged cello-oligosaccharides
(Fig. 3A and B). ‘Blocked’ ITagged oligosaccharides were then
generated via a chemo-enzymatic approach (see ESIf for
detailed methods) based on the creation of a bio-orthogonal
aldehyde on the non-reducing, Gal-capped termini of oligosac-
charides. The aldehydes were subsequently derivatised with a
nicotinic hydrazide group (Fig. S13BT) via previously described
methodologies.”” Derivatisation of the reducing end, here
accomplished via ITag, was required to ensure generation of a
homogenous end product (Fig. S127).
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With the blocked substrates in hand, we confirmed their
protection against exo-acting enzyme activity. Terminal galac-
tose addition was sufficient to protect cello-oligosaccharides
against fB-glucosidase activity, while hydrazide derivatisation
was required and sufficient to protect structures against a set
of p-galactosidases (Fig. 3D and Fig. S14%). Finally, we
employed the blocked substrates to monitor endo-acting cellu-
lases activity, and validated the presence of this activity by
MALDI-TOF MS (Fig. 3E). The observed degradation profile
was similar to that generated by the same enzyme incubated
with unblocked oligosaccharides. We conclude these probes
enable selective detection of endo-cellulase activity via MS.

Conclusions

In conclusion, LgtB has a broad substrate scope that includes
polymerase activity with UDP-Glc as donor and Gle-terminated
glycosides as acceptors. We successfully exploited this pro-
miscuous activity to polymerise glucose via -1,4-glycosidic lin-
kages onto a variety of acceptors containing chemical handles,
producing functionalised, tailored cello-oligosaccharide
derivatives as detectible by mass spectrometry. We demon-
strated the incorporation of LgtB-mediated glucose polymeris-
ation into chemo-enzymatic derivatisation strategies, via pro-
duction of probes to selectively detect endo-acting cellulolytic
enzyme activities in a sensitive, MS-based assay. Further work
regarding scalability of the LgtB reaction including determi-
nation of isolated yields should confirm if LgtB would be suit-
able as catalyst for glucose polymerisation in reactions at pre-
parative scale and upwards. As LgtB can be obtained via facile
heterologous expression in E. coli, this biocatalyst for the syn-
thesis of p-1,4-glycosidic linkages is very well suited to be
engineered to accept desired non-natural substrates, which
may open up novel routes to enzymatic synthesis of cellulose
derivatives.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 C. O. Tuck, E. Pérez, I. T. Horvath, R. A. Sheldon and
M. Poliakoff, Science, 2012, 337, 695-699.

2 Y. Uyeno, S. Shigemori and T. Shimosato, Microbes
Environ., 2015, 30, 126-132.

3 D. Klemm, B. Heublein, H. P. Fink and A. Bohn, Angew.
Chem., Int. Ed., 2005, 44, 3358-3393.

4 A. Pardo-Vargas, M. Delbianco and P. H. Seeberger, Curr.
Opin. Chem. Biol., 2018, 46, 48-55.

5 O. Omadjela, A. Narahari, J. Strumillo, H. Melida,
O. Mazur, V. Bulone and J. Zimmer, Proc. Natl. Acad.
Sci. U. S. A., 2013, 110, 17856-17861.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00971k

Open Access Article. Published on 01 June 2021. Downloaded on 1/21/2026 3:08:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

6 D. M. Petrovi¢, I. Kok, A. J. J. Woortman, J. Ciri¢ and 22
K. Loos, Anal. Chem., 2015, 87, 9639-9646.
7 C. Zhong, C. Luley-Goedl and B. Nidetzky, Biotechnol.
Bioeng., 2019, 116, 2146-2155. 23
8 E. C. O'Neill G. Pergolizzi, C. E. M. Stevenson,
D. M. Lawson, S. A. Nepogodiev and R. A. Field, Carbohydr.
Res., 2017, 451, 118-132.
9 S. Fort, V. Boyer, L. Greffe, G. ]J. Davies, O. Moroz,
L. Christiansen, M. Schiilein, S. Cottaz and H. Driguez,
J. Am. Chem. Soc., 2000, 122, 5429-5437.
10 E. Brun, H. Brumer, L. F. MacKenzie, S. G. Withers and 24
L. P. McIntosh, J. Biomol. NMR, 2001, 21, 67-68.
11 S. Kobayashi, K. Kashiwa, T. Kawasaki and S. Shoda, J. Am.
Chem. Soc., 1991, 113, 3079-3084. 25
12 D.-M. Liang, J.-H. Liu, H. Wu, B.-B. Wang, H.-J. Zhu and
J--J. Qiao, Chem. Soc. Rev., 2015, 44, 8350-8374.
13 D. J. Namdjou, H. M. Chen, E. Vinogradov, D. Brochu,
S. G. Withers and W. Wakarchuk, ChemBioChem, 2008, 9, 26
1632-1640.
14 X. Lau, V. Thon, H. Yu, L. Ding, Y. Chen, M. M. Muthana,
D. Wong, R. Huang and X. Chen, Chem. Commun., 2010, 27
46, 6066-6068.
15 K. Huang, F. Parmeggiani, H. Ledru, K. Hollingsworth,
J. Mas Pons, A. Marchesi, P. Both, A. P. Mattey, E. Pallister,
G. S. Bulmer, J. M. van Munster, W. B. Turnbull, 28
M. C. Galan and S. L. Flitsch, Org. Biomol. Chem., 2019, 17,
5920-5924.
16 L. L. Lairson, A. G. Watts, W. W. Wakarchuk and
S. G. Withers, Nat. Chem. Biol., 2006, 2, 724-728.
17 1. Sittel and M. C. Galan, Org. Biomol. Chem., 2017, 15,
3575-3579.
18 M. C. Galan, A. T. Tran and C. Bernard, Chem. Commun.,
2010, 46, 8968-8970. 29
19 A. T. Tran, R. Burden, D. T. Racys and M. C. Galan, Chem.
Commun., 2011, 47, 4526-4528.
20 O. Blixt, J. Brown, M. ]J. Schur, W. Wakarchuk and
J. C. Paulson, J. Org. Chem., 2001, 66, 2442-2448. 30
21 X. C. Duan, H. Chen, F. F. Liu, L. Conway, S. Wei, Z. P. Cali,
L. Liu and J. Voglmeir, Anal. Chem., 2015, 87, 9546-9550.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

X. Chen, J. Fang, J. Zhang, Z. Liu, J. Shao, P. Kowal,
P. Andreana and P. G. Wang, J. Am. Chem. Soc., 2001, 123,
2081-2082.

K. E. H. Frandsen, T. J. Simmons, P. Dupree,
J. C. N. Poulsen, G. R. Hemsworth, L. Ciano,
E. M. Johnston, M. Tovborg, K. S. Johansen, P. Von
Freiesleben, L. Marmuse, S. Fort, S. Cottaz, H. Driguez,
B. Henrissat, N. Lenfant, F. Tuna, A. Baldansuren,
G. ]. Davies, L. Lo Leggio and P. H. Walton, Nat. Chem.
Biol., 2016, 12, 298-303.

G. Vaaje-Kolstad, B. Westereng, S. J. Horn, Z. Liu, H. Zhai,
M. Sorlie and V. G. H. Eijsink, Science, 2010, 330, 219-
222.

J. W. Agger, T. Isaksen, A. Varnai, S. Vidal-Melgosa,
W. G. T. Willats, R. Ludwig, S. J. Horn, V. G. H. Eijsink and
B. Westereng, Proc. Natl. Acad. Sci. U. S. A., 2014, 111, 6287-
6292.

Z. Forsberg, A. K. Rohr, S. Mekasha, K. K. Andersson,
V. G. H. Eijjsink, G. Vaaje-Kolstad and M. Sorlie,
Biochemistry, 2014, 53, 1647-1656.

A. P. Mattey, W. R. Birmingham, P. Both, N. Kress,
K. Huang, J. M. van Munster, G. Bulmer, F. Parmeggiani,
J. Voglmeir, J. E. R. Martinez, N. J. Turner and S. L. Flitsch,
ACS Catal., 2019, 9, 8208-8212.

A. varki, R. D. Cummings, M. Aebi, N. H. Packer,
P. H. Seeberger, J. D. Esko, P. Stanley, G. Hart, A. Darvill,
T. Kinoshita, J. J. Prestegard, R. L. Schnaar, H. H. Freeze,
J. D. Marth, C. R. Bertozzi, M. E. Etzler, M. Frank,
J. F. G. Vliegenthart, T. Liitteke, S. Perez, E. Bolton,
P. Rudd, J. Paulson, M. Kanehisa, P. Toukach, K. F. Aoki-
Kinoshita, A. Dell, H. Narimatsu, W. York, N. Taniguchi
and S. Kornfeld, Glycobiology, 2015, 25(12), 1323-1324.

S. Neelamegham, K. Aoki-Kinoshita, E. Bolton, M. Frank,
F. Lisacek, T. Liitteke, N. O’Boyle, N. H. Packer, P. Stanley,
P. Toukach, A. Varki, R. J. Woods and SNFG Discussion
Group, Glycobiology, 2019, 29(9), 620-624.

V. G. H. Eijsink, D. Petrovic, Z. Forsberg, S. Mekasha,
A. K. Rohr, A. Varnai, B. Bissaro and G. Vaaje-Kolstad,
Biotechnol. Biofuels, 2019, 12, 58.

Org. Biomol. Chem., 2021,19, 5529-5533 | 5533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00971k

	Button 1: 


