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Combined with chemical synthesis, the use of glycoenzyme biocatalysts has

shown great synthetic potential over recent decades owing to their remark-

able versatility in terms of substrates and regio- and stereoselectivity that

allow structurally controlled synthesis of carbohydrates and glycoconju-

gates. Nonetheless, the lack of appropriate enzymatic tools with requisite

properties in the natural diversity has hampered extensive exploration of

enzyme-based synthetic routes to access relevant bioactive oligosaccharides,

such as cell-surface glycans or prebiotics. With the remarkable progress in

enzyme engineering, it has become possible to improve catalytic efficiency

and physico-chemical properties of enzymes but also considerably extend

the repertoire of accessible catalytic reactions and tailor novel substrate

specificities. In this review, we intend to give a brief overview of the advan-

tageous use of engineered glycoenzymes, sometimes in combination with

chemical steps, for the synthesis of natural bioactive oligosaccharides or

their precursors. The focus will be on examples resulting from the three

main classes of glycoenzymes specialized in carbohydrate synthesis:

glycosyltransferases, glycoside hydrolases and glycoside phosphorylases.
1. Introduction
1.1. Carbohydrate chemical synthesis: limits and challenges
Carbohydrates are known to play major and complex roles in many biological

systems and recognition processes [1]. As such, they have emerged as invaluable

tools to probe carbohydrate–protein recognition and uncover novel therapeutic

targets. Carbohydrates also have an increasing number of applications in the

food or feed industries as prebiotic compounds able to stimulate the growth of

beneficial bacteria in human and animal microflora [2–4]. Development of syn-

thetic routes to access these carbohydrate structures is thus in high demand.

However, in spite of many great advances in the field, conventional organic

chemical synthesis of carbohydrates, especially oligosaccharides, remains

highly challenging owing to their tremendous structural diversity and complexity

in terms of constituting monosaccharides with numerous reactive hydroxyl

groups and glycosidic linkages. Despite the development of novel methods and

tremendous improvements in selectivities and yields (thoroughly reviewed in

[5,6]), chemical methods still suffer from the challenge of protecting group manip-

ulations of the precursors necessary to obtain a regioselective glycosylation, and

the harsh methods, the use of heavy metal catalysts and often the requirement for

intermediary purification steps to separate stereoisomers. To circumvent some of

these limitations, chemical synthesis is being more and more frequently combined

with (or sometimes replaced by) the use of highly selective enzymatic catalysts

when advantageous for the desired synthetic transformation. Both chemical

and enzymatic approaches used in combination should enable current synthetic

bottlenecks to be overcome and convergent chemo-enzymatic synthetic routes

to be provided to access carbohydrates more easily. In many cases though, chemi-

cal synthesis remains invaluable for either the synthesis of building blocks that are
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further used for enzymatic glycosylation or for the incorpor-

ation of rare monosaccharides for which no enzymatic

transfer has been described.

1.2. Natural glycoenzyme catalysts for
carbohydrate synthesis

Biosynthesis of carbohydrates is usually ensured by a combi-

nation of enzymes, mostly glycosyltransferases (GTs),

glycoside hydrolases (GHs) or transglycosylases (TGs), and

more rarely glycoside phosphorylases (GPs). These enzymes

have been evolved by Nature to endow them with a wide

array of substrate specificities and, in some cases, with

improved stability in harsh environments [7,8]. Utilization of

these enzyme catalysts has provided over recent decades an

alternative to chemical synthesis in order to overcome some

difficulties encountered in glycochemistry by taking advantage

of their high stereo- and regioselectivities for non-protected

substrates, and action in mild, aqueous conditions. However,

utilization of natural enzymes is often hampered by a difficult

recombinant production and the availability of substrates

(in particular nucleotide-activated donors). To avoid these

problems, in vivo production of carbohydrates, including the

use of metabolically engineered whole cells, has been

considered but has remained limited so far to the production

of a few biologically relevant carbohydrate structures [9–11].

1.3. Contribution of enzyme engineering to the
development of novel synthetic tools

In spite of the increasing number of glycoenzyme sequences

identified from –omics technologies and the progress of auto-

mated annotation [12–15], the availability of enzymes with

the requisite substrate specificity remains critical to performing

highly specific glycosylations. With the remarkable progress of

in vitro enzyme evolution, especially supported by in silico
methods including computer-aided design [16,17], it has been

possible to extend the repertoire of accessible reactions and

improve catalytic efficiency and physico-chemical properties

of enzymes.

For a long time, engineering strategies to tune up enzyme

properties have relied on site-directed mutagenesis [18]

guided by various knowledge-based analyses derived from

available sequences or three-dimensional structures to

improve mostly catalytic activity or to alter substrate speci-

ficity. Directed evolution technologies (reviewed in [19]),

mimicking in accelerated the natural evolution of enzymes

by combining cycles of mutagenesis using, for example,

error-prone polymerase chain reaction (epPCR) or gene shuf-

fling with subsequent high-throughput screening (reviewed

in [16]), have also been increasingly used over the years to

enhance enzyme catalytic performances, solubility and stab-

ility to temperature or solvents. Controlled randomization at

specific gene locations can also be achieved using degenerate

oligonucleotides [20]. However, these methods (summarized

in figure 1) require considerable screening efforts to sort out

the requisite enzyme from very large mutant libraries (several

thousand up to millions of mutants). With the development of

more reliable predictive tools, rational and semi-rational strat-

egies which combine several approaches have been

developed. These methods allow the construction of a limited

number of mutants or small-size libraries of controlled diver-

sity focused on key regions for the desired property [31]
(figure 1). Successful examples of enzyme engineering are

abundant in the literature going up to the remarkable de

novo computational design of biocatalysts able to catalyse

new-to-Nature reactions [32]. So far, such computational strat-

egies have been poorly explored with carbohydrate-active

enzymes although they offer good new perspectives in

chemo-enzymatic carbohydrate pathways, notably by

tailoring enzymes to chemically modified substrates and

allowing programing of most convenient chemical and enzy-

matic steps [33,34]. Furthermore, these enzymes acting on

non-natural substrates could open the way to non-natural

glycan structures of potential interest in different fields.

In this review, we aim to provide a concise overview of

the advantageous use of engineered glycoenzymes, some-

times in combination with chemical steps, for the synthesis

of natural bioactive oligosaccharides or corresponding pre-

cursors, leaving aside glycoconjugates, glycopeptides and

glycoproteins, which have been the subject of many recent

studies using native and engineered glycosytransferases or

oligosaccharyltransferases (OSTs) [35–38]. Here, the focus

will be on examples resulting from the three main

families (GTs, GHs and GPs) of carbohydrate-active enzymes

specialized in carbohydrate synthesis [39].
2. Utilization of engineered Leloir-type
glycosyltransferases

Leloir-type GTs are the most common enzymes involved in

carbohydrate biosynthesis. GTs are responsible for the syn-

thesis of most cell-surface glycoconjugates in mammalian

systems and cell-wall carbohydrates in plants, fungi and bac-

teria [40]. These enzymes, which are mostly membrane

associated, act on nucleotide-activated sugars as donor

substrates to catalyse glycosylation reactions, in contrast to

non-Leloir GTs, which use non-nucleotide sugars donors,

such as lipid sugars. Although the in vitro utilization of these

enzymes for synthetic purposes remains difficult owing to

poor expression and the cost of sugar nucleotides, they

remain of utmost interest because of the range of glycosyl

donors and recognized acceptors used. The nine most

common glycosyl moieties transferred by Leloir-type GTs

are D-galactose (D-Gal), N-acetyl-D-galactosamine (D-GalNAc),

D-glucose (D-Glc), N-acetyl-D-glucosamine (D-GlcNAc),

D-glucuronic acid (D-GlcA), L-fucose (L-Fuc), D-mannose

(D-Man), D-xylose (D-Xyl) and N-acetylneuraminic acid

(Neu5Ac, the predominant form of sialic acid) [40]. The tremen-

dous diversity of recognized acceptors (carbohydrates, lipids,

polypeptides, DNA, antibiotics, etc.) is tightly related to the

sequence variability and the structural topology of the acceptor

binding site, which is itself strongly dependent on the overall

fold of the enzyme [41]. Of great interest for synthetic purpose,

GTs catalyse glycosyl transfer reactions with remarkable

efficiency, regio-, stereo- and chemospecificities enabling the

formation of the requisite glycosidic bonds. The Leloir-type

GTs can proceed through either retention (double-displacement

SN1- or dissociative SNi-like mechanisms) or inversion (SN2

mechanism) of the anomeric carbon configuration (figure 2)

[40]. GTs isolated from natural organisms have been extensively

explored in the synthesis of carbohydrates [53,54]. In addition,

many instances of engineering of Leloir-type GTs, resulting

either from rational mutagenesis or from directed evolution

strategies, have been reported in recent years to synthesize
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Figure 1. Random and rational/semi-rational engineering approaches to generate genetic diversity combined with screening methods enabling access to enzyme
biocatalysts with desired and/or improved properties. Semi-rational and rational approaches make use of sequence, structure and mechanism knowledge, often
combined with (a) computational methods [17] in order to target regions or positions to insert mutations into the DNA template. Rational libraries (approx.
10 – 102 variants) can be constructed using simple techniques such as (b) inverse PCR or QuickChange [21] or directly by gene synthesis. Semi-rational libraries
(approx. 102 – 104 variants) can be constructed using for example the NNK or NDT degenerate codons using subsequently different approaches such as (c) iterative
saturation mutagenesis (ISM) [22], (d ) combinatorial active site saturation testing (CASTing) [23], and using molecular biology methods such as: (e) OmniChange
[24], or ( f ) the recently described Darwin assembly method [25]. The resulting smaller libraries can then be screened using low- or medium-throughput screening
assays such as liquid assays in microtitre plates coupled with analytical detection or screening on a solid medium for the isolation of interesting mutants. Random
approaches use either (g – i) random mutagenesis techniques that can insert errors randomly into a specific DNA template [19,26,27] or ( j ) shuffling in order to
create hybrid sequences from different DNA templates [28]. The generated enzyme libraries (approx. 103 – 109 variants) require then a suitable high-throughput
screening method such as cell-surface display or cell-free systems [29,30] coupled with flow cytometry – fluorescence activated cell/droplet sorting (FACS/FADS) to
sort out interesting variants based on specific fluorescent reporters. (Online version in colour.)
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efficiently various complex carbohydrates, glycoconjugates,

glycolipids, glycoproteins and antibiotics, and further extend

the repertoire of accessible reactions [42,55].

In the following, we will exemplify the use of engineered

Leloir-type GTs as synthetic tools, sometimes in combination

with chemical synthesis, to access bioactive oligosaccharides,

leaving aside reactions involving non-carbohydrate aglycones,

which are reviewed elsewhere [42,56].
2.1. Synthesis of cell-surface glycans
Involved in a variety of biological functions such as structural

and modulatory roles, complex carbohydrates, generally

called glycans, are found in bacterial cell walls or attached
to the lipids of the outer membrane of Gram-negative

bacteria cells. These molecules are often targeted to treat

inflammation, or to prevent bacterial infection. Glycans are

also found at the surface of mammalian cells and constitute

potential targets for the development of therapeutics against

cancer [1]. The structure of these glycans is generally com-

plex, involving a wide variety of glycosidic linkages, sugar

types and arrangements of the glycosyl units. In vivo, these

molecules are mostly assembled by the action of GTs.

As the D-galactosyl moiety is often found in glycan struc-

tures, linked through a- or b-linkages, some of the most

explored GTs in oligosaccharide synthesis are galactosyltrans-

ferases (GalTs), which use uridine diphosphate galactose

(UDP-Gal) as glycosyl donors to galactosylate a range of
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Figure 2. Main enzymatic pathways for glycosidic bond formation by wild-type and engineered glycoenzymes mentioned in the manuscript (GT, TG/GH and GS, and
GP). HOR, unprotected acceptor; LG, leaving group; GH, glycoside hydrolase; GP, glycoside phosphorylase; GS, glycosynthase; GT, glycosyltransferase; TG, transgly-
cosylase; NDP, nucleotide diphosphate; ONP, O-nitrophenyl derivative. Only the initial stage of the glycoenzyme-catalysed reactions is summarized. Therefore, the
involvement of the acceptor substrates (ROH) that occurs in the second step of the mechanism for retaining enzymes (c,d,f ) is not depicted. (a) Inverting GTs use a
single-displacement SN2 mechanism through a single oxocarbenium ion-like transition state formed under catalytic assistance from a general base. Retaining GTs
follow either (b) an SNi-like mechanism, with the leaving phosphate group functioning as the catalytic base to deprotonate the ROH acceptor, or (c) a double-
displacement mechanism involving the formation of a covalent glycosyl-enzyme intermediate [40,42]. (d ) Classical Koshland two-step displacement mechanism of
retaining TGs with enzyme nucleophile and acid/base residue proceeds via the formation of a covalent glycosyl-enzyme intermediate that opens access to trans-
glycosylation even for innate hydrolytic GHs [43 – 45]. a-Retaining mechanism differs only from the depicted b-retaining one by the anomeric configurations of the
a-substrate and a-product as well the more reactive b-covalent glycosyl-enzyme intermediate [46]. (e) Single-displacement mechanism of inverting GS combines
the use of both an activated mimic of the covalent glycosyl-enzyme intermediate and a catalytic nucleophile mutant of the retaining GH [45,47]. ( f ) The two-step
displacement mechanism with neighbouring group participation of retaining N-acetylhexosaminidases, also termed substrate-assisted catalysis, proceeds via an
oxazoline or an oxazolinium ion intermediate. The 2-acetamido moiety of the donor substrate plays the role of an intramolecular nucleophile with the assistance
of a helper residue to facilitate the formation of the intermediate [45]. (g) The mutation of the helper, which promotes the intermediate formation during the
catalysis of retaining N-acetylhexosaminidases, coupled with the use of an activated oxazoline derivative leads to glycosynthase-like mutants [45,48]. (h) Inverting
GPs promote synthesis via either axial-to-equatorial or equatorial-to-axial substitution on the anomeric carbon of the glycosyl-1-phosphate donor substrates through
the base catalytic residue. Retaining GPs (not depicted here) are classified within both GH and GT families and, therefore, share common SN1- (c and d ) or SNi-like
(b) mechanisms [49 – 52]. (Online version in colour.)
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acceptor molecules linked via a-(1,3), a-(1,4), a-(1,6), b-(1,3) or

b-(1,4) bonds. Most of these enzymes have been identified from

natural biosynthetic pathways of O-antigens in bacteria (Escher-
ichia coli, Helicobacter pylori, Neisseria meningitidis, Neisseria
gonorrhoeae, etc.) [9,57] and they have been advantageously

used, often in combination with a chemically prepared

oligosaccharide precursor, for the synthesis of glycans [58–61].

Among them are the antigens of ABO blood-group sys-

tems that have shown remarkable differences in antigenicity

related to changes in their structure [62]. In particular, oligo-

saccharide epitopes of antigens A and B composed of a
disaccharide containing L-Fuc and D-Gal residues are differ-

entiated by the presence of an additional D-GalNAc or a

D-Gal residue, respectively, leading to a-D-GalNAc-(1,3)-[a-

(L-Fuc-(1,2)]-b-D-GalOR and a-D-Gal-(1,3)-[a-L-Fuc-(1,2)]-b-D-

GalOR antigens. GTs involved in A/B blood-group differen-

tiation have been well studied, and were shown to be

responsible for the formation of a-D-GalNAc-(1,3)-D-Gal and

a-D-Gal-(1,3)-D-Gal linkages, respectively, on the a-L-Fuc-

(1,2)-b-D-GalOR moieties of blood group O (H) antigens.

The donor substrate specificity (UDP-Gal versus UDP-

GalNAc) of human blood group A and B GTs was found to
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rely on only four amino acid differences located in the bind-

ing pocket of the donor substrate (R176! G, G235! S, L266

!M and G268! A). Interchanges of these amino acids have

led to remarkable changes in donor substrate recognition and

catalytic efficiency of the GTs [63,64]. In particular, mutants,

such as R176G/G235S/L266M, were found with dual speci-

ficity towards UDP-Gal and UDP-GalNAc donors. Others,

like G235S/L266M, displayed broader promiscuity towards

the donor substrate, and were found to accept UDP-Glc

and UDP-GlcNAc as donor. These enzymes were used for

the chemo-enzymatic synthesis of blood group A and B

oligosaccharides and their corresponding analogues [65].

The a-(2,6)-sialosides found at the terminal or internal

D-galactosyl unit of numerous glycan sequences are generally

introduced in humans by two b-galactoside a-(2,6)-sialyltrans-

ferases (SiaTs) that have a narrow substrate specificity.

Conversely, bacterial a-(2,6)-SiaTs such as b-galactoside

a-(2,6)-SiaT from Photobacterium damselae (Pd2,6ST) have been

widely used to produce sialosides as they have a more relaxed

substrate specificity that could be further extended by enzyme

engineering [66]. Combining a structure and sequence analysis,

two non-conserved amino acid residues (A200 and S232) found

at the bottom of the active site of Pd2,6ST, and potentially differ-

entiating D-Gal/D-GalNAc moieties from the glycan acceptor,

were targeted by site-directed mutagenesis to reshape the

binding pocket. Out of 15 single and double mutants, a

double-mutant A200Y/S232Y was found capable of regioselec-

tively sialylating both the D-Gal and D-GalNAc at the non-

reducing end of various glycans with higher efficiency than

parental wild-type Pd2,6ST.

The active site of a GT80 a-(2,3)-SiaT, from Pasteurella dag-
matis, was redesigned in order to switch its regioselectivity

from (2,3) to (2,6). Sequence-based comparison with a-(2,6)-

SiaT guided the identification of putative residues respon-

sible for the (2,3)/(2,6) regioselectivity. The corresponding

P7H/M117A mutant was constructed and used for the syn-

thesis of sialyllactose (SL) from a CMP-Neu5Ac donor and

lactose acceptor in a similar yield (72%) to that of the parental

enzyme (75%). SL proved to be mainly 60-sialyllactose

and only a trace amount of 30-sialyllactose was produced

compared with the wild-type enzyme [67].

A random library of more than 106 variants of GT42 SiaT

from Campylobacter jejuni, CStII, was generated by epPCR and

expressed in modified E. coli strains which were further

screened using a fluorescence-based high-throughput meth-

odology [68]. Sialylated products were produced in vivo in

the engineered cells, which were able to transport both

donor (CMP-Neu5Ac) and fluorescent galactose-containing

acceptor (e.g. bodipy-lactose). Cells accumulating the most

transfer products were isolated by fluorescence activated

cell sorting (FACS), leading to the isolation of a single

mutant F91Y with improved transfer activity towards the

labelled substrate [68].

An elegant strategy combining neutral genetic drift and

site-directed mutagenesis was applied to engineer a polysia-

lyltransferase from Neisseria meningitidis serogroup B and

control polymer products [69]. This enzyme is responsible

for transferring successively a-(2,8)-linked sialic acids onto

the growing end of a polysaccharide chain, polySia. A

single residue (K69) was found to control the size distribution

of the polySia. In particular, mutant K69Q showed a distribu-

tive mechanism of chain elongation with a narrow-size

product profile.
Several other examples of SiaT engineering have been

reported for the production of sialylosides [70–72].
2.2. Production of human milk oligosaccharides
Human milk is composed of lipids, proteins, lactose and

more complex oligosaccharides called HMOs, known to

have a prebiotic effect, especially by providing an advantage

for the growth of beneficial Bifidobacterium species [73], and

also by having various immunomodulating effects [74]. The

core structures of HMOs always display a lactose (Lac)

moiety at the reducing end. This lactose can be branched

with sialic acid (a-(2,3) or a-(2,6) linkages) or L-Fuc (a-(1,2)

or a-(1,3) linkages), which corresponds to short-chain HMOs

(trisaccharides). More complex HMOs are further extended

in a linear or branched pattern with repetitions of lacto-N-

biose (LNB; b-D-Gal-(1,3)-D-GlcNAc) or N-acetyl-lactosamine

(LacNAc; b-D-Gal-b-(1,4)-D-GlcNAc) and can be decorated

with sialic acid and/or L-Fuc residues [75–79].

In vivo, the pathway for the HMO biosynthesis involves

several GTs [80]. Bacterial GTs, in native or engineered

form, have been privileged to mammalian ones for the in
vitro synthesis of HMOs (reviewed in [76]). Synthesis of

HMOs has benefited from chemo-enzymatic strategies. Xiao

et al. [81] produced a library of 31 simple and diverse

HMOs from three chemically synthesized simple building

blocks, comprising the core structure of more complex

HMOs (lactose, D-GlcpNAc extension, and the presence or

not of an additional D-Galp at the non-reducing end). Four

native GTs were used sequentially or in one-pot multi-

enzymatic synthesis in the presence of the chemical building

blocks: a b-(1,4)-galactosyltransferase, an a-(2,6)-sialyltrans-

ferase, an a-(1,3)-fucosyltransferase and an a-(1,2)-

fucosyltransferase. This work relied on the beneficial use of

substrate promiscuity of these enzymes, but, undoubtedly,

enzyme engineering technologies could provide access to

more extended HMO structural diversity, improve enzyme

activity, but also tackle recombinant expression challenges.

For instance, the a-(1,3)-fucosyltransferase from H. pylori
that transfers the L-Fuc moiety from GDP-Fuc to LacNAc is

of great interest to produce various antigen-like glycans (e.g.

Lewis x, Lex, and Lewis y, Ley, epitopes) and HMO com-

ponents, e.g. the trisaccharide block 3-fucosyllactose (3-FL).

To improve soluble expression of this enzyme, Lin et al. [82]

truncated the C-terminal region, which is constituted by 2–

10 repeats (depending on the strain) of seven amino acids

named heptad repeats, required for enzyme dimerization. By

removing five out of the 10 heptad repeats together with 80

additional residues, the soluble expression of the enzyme

was improved without any alteration of the structure or

enzyme activity. A similar strategy was followed by Choi

et al. [83] to improve the expression of an a-(1,3)-fucosyltrans-

ferase from another H. pylori strain. The C-terminal 52 amino

acids truncated enzyme (D52 FutA) was left with only one

heptad. The truncated enzyme gene was then synthesized

after codon optimization for expression in E. coli. The solubi-

lity of the enzyme was found to be greatly improved,

leading to better yields for the production of 3-FL (from 2%

to 45%). This template was then used for further enzyme

engineering using a two-step strategy of computer-aided

analysis and iterative saturation mutagenesis (ISM) [22].

Among the several mutants tested, a quadruple mutant

A128N/H129E/Y132I/S46F revealed a 15.5-fold increase in
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specific activity towards 3-FL with a 96% yield achieved (cor-

responding to a 40-fold improvement) in only 1 h of reaction.

2.3. Synthesis of GAG oligosaccharides
Glycosaminoglycans (GAGs, i.e. heparin, heparan sulfate,

chondroitin, sulfate, dermatan sulfate, hyaluronans) are com-

posed of repeating disaccharide building blocks formed by a

hexosamine (D-GlcNAc or D-GalNAc) and a uronic acid residue

(either D-glucuronic acid and/or L-iduronic acid) or D-Gal.

Owing to the presence in their structure of negatively charged

carboxylic groups and often sulfates, these polysaccharides

exhibit a hydrophilic and anionic physico-chemical nature

that confers on them key roles in biological interactions (cell

adhesion, differentiation, signalling, etc.) and allows them to

maintain the structural integrity of tissues [84]. Given the diffi-

culty of producing large and complex GAG oligosaccharides by

chemical synthesis, many chemo-enzymatic routes have been

proposed using notably bifunctional GTs involved in GAG bio-

synthesis and sulfotransferases (O- and N-STases) that use

high-cost 30-phosphoadenosine-50-phosphosulfate (PAPS) as

donor as well as epimerases converting D-glucuronic acid (D-

GlcA) into L-iduronic acid (L-IdoA) [85–89]. To diversify and

better control the accessible structures of GAGs, limited studies

report the use of engineered enzymes. While investigating the

mechanism of the bifunctional chondroitin synthase K4CP

that catalyses b-(1,3)-D-glucuronyl and b-(1,4)-N-acetyl-D-

galactosaminyl transfer reactions to polymerize D-GlcA and

D-GalNAc into a chondroitin chain, b-D-GlcA-(1,3)-b-D-

GalNAc-(1,4), Sobhany et al. [90] identified amino acid residues

in the N-terminal region that affect polymerase activity while

retaining transfer activities. Targeting this region bysite-directed

mutagenesis, mutants were obtained that enable transfer of both

D-GlcA and D-GalNAc moieties without any polymerization, or

transfer only D-GalNAc with no D-GlcA transfer or polymeriz-

ation, allowing a fine tuning of the reaction. Site-directed

mutagenesis performed on the DXD amino acid motifs of

processive bifunctional GTs involved in heparan sulfate (HS)

synthesis resulted in mutants associated with a single action,

processing one type of glycan unit only that could be used to

better control the oligosaccharide synthesis [91].
3. Engineered glycoside hydrolases
as synthetic tools

In Nature, GHs are responsible for the cleavage of glycosidic

linkages between carbohydrate moieties or between a carbo-

hydrate and a non-carbohydrate moiety. These retaining or

inverting enzymes usually proceed to the hydrolysis along

one of the two most common types of mechanism but with

several additional variations, which lead to two different

stereochemical outcomes, either the retention or the inversion

of the anomeric configuration (figure 2) [43]. The catalytic

reaction includes two key amino acid residues: a general

acid/base (proton donor) and a catalytic nucleophile or a

general acid and a general base. Both retaining and inverting

glycosidases are also classified as either endo- or exo-glycosi-

dases, depending on whether they cleave within the middle

or at the end of an oligosaccharide chain, respectively. Most

glycosidases used for synthetic purposes have an exo-

mechanism, catalysing glycosyl transfer to the non-reducing

terminal monosaccharide unit of acceptor substrates [92].
The use of endo-glycosidases is scarcer. These enzymes

could be appealing for synthetic purposes because they are

quite robust and tolerant to solvents [92,93]. However, their

synthetic efficiency remains limited owing to their high

activity towards water.

Despite their hydrolytic activity, some retaining GHs also

display naturally efficient transferase activities and have thus

been denominated ‘transglycosylases’. Out of the 153 GH

families currently defined in the CAZy database [39], TGs

can be mainly found in families GH2, 13, 16, 31, 70, 77, 23,

102, 103 and 104 [94]. They are known to function with

diverse non-nucleotide sugar donors and preferentially

transfer the glycosyl moiety in a regio- and stereoselective

way onto a broad variety of acceptors distinct from water

to synthesize a wide range of glycosides.

Both endo- and exo-GHs have also been engineered in order

to limit the hydrolytic activity, meaning their ability to transfer

the carbohydrate moiety onto water, and favour transglycosy-

lation reactions [44]. Among them are the so-called

‘glycosynthases’ (GSs) that have been mutated on the catalytic

nucleophile residue and are therefore devoid of their innate

hydrolytic activity. The resulting enzymes are still able to cat-

alyse the glycosyl transfer using a fluoride- or azide-activated

glycosyl moiety, which mimics the covalent glycosyl-enzyme

intermediate of the natural reaction, to perform the formation

of glycosidic linkages (figure 2). GSs can be effective biocata-

lytic tools for carbohydrate synthesis, achieving high yields

in spite of a limited donor substrate selectivity and the

relatively poor stability and availability of glycosyl

fluorides [95–97]. The GS approach has been implemented

in many chemo-enzymatic pathways for the synthesis of

oligosaccharides [47].

Overall, engineering of GHs has enabled not only

improvements in catalytic activity, but also access to diversi-

fied oligosaccharides, often new to Nature, with altered chain

length, polydispersity and glycosidic linkage specificities. It

has also helped to remove unwanted side reactions, for

example primary or secondary hydrolytic activities, or to

improve enzyme expression, stability and solubility. This

section will focus on the use of engineered GHs, mostly

TGs and GSs, for the synthesis of a variety of relevant

oligosaccharides.
3.1. Synthesis of cell-surface glycans
Endo-b-N-acetylglucosaminidase (Endo-M) is a retaining

GH85 endo-glycosidase that cleaves the b-(1,4)-glycosidic

linkage in the N,N0-diacetylchitobiose core of N-glycans.

The enzyme can also transfer whole sugar chains onto a

D-GlcNAc residue from a peptide or a protein. However,

the secondary hydrolysis of the transglycosylation product

obtained using Endo-M is a key limitation of the approach.

To avoid hydrolysis of the product (secondary hydrolysis),

the active site of the enzyme was engineered to yield GS-

like enzymes. The putative helper residue, which acts to

facilitate the formation of the oxazoline or oxazolinium ion

intermediate, was substituted by Gln or His amino acids.

The corresponding mutants N175H, N175Q and its evolved

N175Q/W251N version showed diminished primary and

secondary hydrolysis activity as well high transglycosylation

activity to form the N,N0-diacetylchitobiose core in the pres-

ence of activated oligosaccharide oxazoline, which mimics

the intermediate formed during the reaction [98,99].
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Therefore, Endo-M and its related enzymes embody powerful

tools for the glycoengineering and glycodiversification of

glycoproteins [45].

The transglycosylating activity of GHs has also been engin-

eered to produce bioactive oligosaccharides (such as HMOs,

oligosaccharide antigens displayed on proteins or lipids and

tumour-associated antigens) that often contain the core

galacto-N-biose (GNB; b-D-Gal-(1,3)-D-GalNAc) and LNB

moieties. As an example, the retaining GH35 b-galactosidase

from Bacillus circulans (BgaC) suffering from low yields due

to re-hydrolysis of the transfer products [100] was further

engineered by Henze et al. [101] into a galactosynthase

mutant by substituting the catalytic nucleophile glutamate

into a glycine (E233G mutant), enabling transfer of the galacto-

syl residue from a-D-Gal fluoride to different b-linked N-acetyl-

D-glucosamine acceptor substrates. The resulting b-(1,3)-linked

D-galactosides, LNB conjugates, were stereo- and regioselec-

tively synthesized in good yield (40–90%) without—as

expected—any trace of secondary hydrolysis [101].

In order to recover its innate (1,3) regioselectivity during

the b-D-Gal transfer for the synthesis of LNB, the substrate

specificity of the TtbGly E338G GS derived from a GH1

retaining b-glycosidase from Thermus thermophilus was

expanded. The use of the 2-amino-2-deoxy-b-D-glucoside

instead of its bulky 2-acetamido derivative reoriented the

regioselectivity of this GS-catalysed reaction towards the for-

mation of (1,3) instead of (1,4) linkages; the use of the

thiophenyl group at the anomeric position of the acceptor

was already a prerequisite to ensure correct positioning of

the acceptor in the active site and allowing the catalysis to

proceed. Following the enzymatic coupling performed in

88% yield, additional sequential selective acylation of nitro-

gen followed by anomeric deprotection led to the

production of pre-activated or free LNB disaccharides in

94% and then 97% yields [102].

Fucosynthases were obtained from the retaining GH29

a-(1,3/4)-fucosidase BbAfcB from Bifidobacterium bifidum. For

instance, the D703S a-L-fucosynthase mutant regioselectively

catalysed the synthesis of valuable biomimetic tri- and

pentasaccharides, including the HMOs 3-FL and lacto-N-

fucopentaose II (LNFP-II; b-D-Gal-(1,3)-[a-L-Fuc-(1,4)]-b-D-

GlcNAc-(1,3)-b-D-Gal-(1,4)-D-Glc) in 13% and 41% yield,

respectively) [103]. The D242S a-L-fucosynthase based on the

GH29 retaining a-L-fucosidase from Sulfolobus solfataricus
catalysed fucosylation of pNP-b-D-Gal to generate various

regioisomers in an overall yield of 26% using the stable

b-fucosyl azide as donor. Furthermore, pNP-b-D-GlcNAc was

regioselectively fucosylated on its O-3 in 86% yield [104]. Like-

wise, b-D-Gal azide was converted with high regioselectivity to

a-Gal-disaccharides in 33–51% yields, depending on the

acceptor, using the D327G galactosynthase mutant based on

the GH36 a-galactosidase from Thermotoga maritima [105].

A GH98 enzyme from Streptococcus pneumoniae SP3-BS71

was used to cleave respectively the A- and B-trisaccharides

from type 2 core chains (LacNAc), responsible for determi-

nation of blood groups, with the objective of producing

universal blood [106]. However, some linkages (e.g. LNB

from type 1 core chains) were resistant to the activity of the

wild-type enzyme. Following a structure-guided directed

evolution strategy, involving several iterations of site-selected

randomized mutagenesis combined with high-throughput

screening, Kwan et al. [106] isolated a mutant displaying

170-fold higher activity towards the cleavage of the LNB
linkage compared with parental wild-type enzyme, while

preserving high activity towards type 2 core chains

(LacNAc). This exemplifies the potential of building specific

glycans or glycan building blocks with exo-enzymes by

de-constructing more complex glycan structures.
3.2. Targeting bacterial polysaccharides
Pathogenic bacteria surface carbohydrates, either capsular

polysaccharides (CPSs) when bacteria produce a capsule,

cell wall-associated glycans in Gram-positive bacteria or lipo-

polysaccharides (LPSs) in Gram-negative bacteria are targets

of choice for the development of glycoconjugate vaccines

[107,108]. Various strategies have been proposed to access

the relevant immunogenic oligosaccharides that could elicit

an immune response and therefore be used in the compo-

sition of glycovaccines: extraction from natural sources,

chemical synthesis (which remains the most used approach

for the development of glycoconjugate vaccines in general),

chemo-enzymatic synthesis and in vivo production by

whole-cell biocatalysts.

Recently, programmed in vitro chemo-enzymatic routes

have been reported by our group that take advantage of TG

engineering to produce complex microbial cell-surface oligo-

saccharides and circumvent the synthetic boundaries of

glycochemistry. The different studies targeted more specifi-

cally the synthesis of oligosaccharides, mimicking the O-

antigen of several Shigella flexneri serotypes. Most known S.
flexneri O-antigen repeats share a linear tri-L-rhamnosyl-N-

acetyl-D-glucosamine tetrasaccharide backbone and the sero-

type specificity is partly defined by the a-D-glucosyl

branched to the backbone. In the synthetic pathway foreseen

for the production of the O-antigen repeats, regioselective

glucosylation was considered using a-transglucosylases in

order to overcome the poor a/b stereoselectivity of the

chemical glucosylation process. Given that no native

enzyme has been reported for this reaction, computer-aided

engineering approaches were followed to redesign their

active site in order to render them able to act on non-natural

substrates, carrying protecting groups compatible with a

subsequent chemical elongation. These chemically modified

substrates were designed in order to integrate the enzymatic

step at different stages of the synthesis, while taking into

account the inherent constraints of chemical reactivity

and enzyme-based catalysis. Different lightly chemically

protected substrates derived from O-antigen repeats, and well

suited for further chemical elongation leading to the S. flexneri
haptens, were thus targeted to set up the programmed

chemo-enzymatic routes of monosaccharide analogues such

as methyl a-L-rhamnoside and allyl 2-acetamido-2-deoxy-a-D-

glucoside [33,109], or disaccharide derivatives such as allyl 2-

deoxy-2-trichloroacetamido-b-D-glucosyl-(1,2)-a-L-rhamnoside

or allyl a-L-rhamnosyl-(1,2)-2-deoxy-2-trichloroacetamido-b-D-

glucoside [34,110].

In this context, sucrose-using transglucosylases from

GH13 and GH70 families, well known for their remarkable

versatility regarding the acceptor substrate [46,111–113],

were selected as starting scaffolds to adapt the active site to

the target molecules. Recombinant amylosucrase from

Neisseria polysaccharea (NpAS) was used as a scaffold to

tailor enzymes for the glucosylation of the monosaccharides.

By randomizing mutations at seven positions identified by

molecular modelling in the acceptor binding site, a library
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of 133 single mutants followed by pairwise recombination of

the mutations led to a library of approximately 20 000

mutants which was screened. Amylosucrase variants with

either completely new specificity towards methyl a-L-rham-

noside or significantly enhanced (by up to a 400-fold

compared with NpAS) toward allyl 2-N-acetyl-2-deoxy-a-D-

glucoside were isolated. Although limited, the catalytic effi-

ciency of the engineered enzymes towards the target

acceptors was found to be considerably improved compared

with the parental wild-type enzyme. The best variants were

then used to synthesize glucosylated building blocks that

were converted into acceptors and donors compatible with

chemical elongation towards oligosaccharide fragments of

the O-antigens of the targeted serotypes 1b and 3a [109].

A more ambitious design was then undertaken to

re-engineer several binding subsites of NpAS and render it

able to glucosylate a partially protected disaccharide acceptor

(allyl (2-deoxy-2-trichloroacetamido-b-D-glucosyl)-(1,2)-a-L-

rhamnoside) to generate a precursor of S. flexneri. An approach

combining molecular docking, computational protein design

and sequence coevolution-derived information was devel-

oped to design libraries containing a limited number of

authorized mutations at 23 selected positions of the active

site. From a designed library of 63 000 clones selected from a

set of 2023 theoretical combinations, one NpAS mutant dis-

playing seven mutations in the active site of the enzyme

(R226L/I228V/F290Y/E300V/V331T/G396S/T398V) was

able to glucosylate the disaccharide of interest using sucrose

as a readily available donor substrate. A reaction for which

there is no equivalent yet which has been reported in the litera-

ture was made possible, generating the S. flexneri type 1b

glucosylation pattern [110].

Targeting another lightly protected disaccharide acceptor:

allyl a-D-glucosyl-(1,4)-a-L-rhamnosyl-(1,3)-2-deoxy-2-trichlor-

oacetamido-b-D-glucoside, which is well suited for further

chemical elongation leading to the S. flexneri serotype 2a, an

engineered dextransucrase (GBD-CD2 branching sucrase)

was able to achieve a remarkably high yield of site-selective

a-D-glucosylation (94%) of the targeted disaccharide. The

product of enzymatic glucosylation was then chemically

converted into the pentadecasaccharide hapten present in

S. flexneri 2a-TT15, the first synthetic carbohydrate-based

vaccine candidate against endemic shigellosis [34].
3.3. Production of human milk oligosaccharides
L-Fuc residues are present in 50% of the HMOs. Alternatively

to the use of Leloir-type a-fucosyltransferases [78], fucosyla-

tion can also be achieved by a-fucosidases endowed with

transfucosylating activity with yields between 5% and 40%,

depending on the donor/acceptor ratio, although hydrolysis

remains largely observed. To improve the transfucosylating

activity, a directed evolution strategy was applied to intro-

duce random mutations on the full-length gene

corresponding to the enzyme TmaFuc from T. maritima by

epPCR [114]. Five thousand clones of the a-fucosidase were

first screened on a solid medium in the presence of the chro-

mogenic X-a-L-Fuc susbtrate. From this first screening, 100

mutants were retained for further assessment of their transfu-

cosylation activity using pNP-a-L-Fuc as the donor substrate

and pNP-b-D-Gal or b-D-Gal-(1,3)-b-D-Glc-O-phenyl (phenyl

laminaribioside) as the acceptor. From analysis of the

mutations found in the best mutants, combined with
structural analysis, a triple mutant T264A/Y267F/L322P

was constructed that exhibited improved transfucosylation

activity yielding 59% for the production of a-L-Fuc-(1,2)-b-

D-Gal-OpNP compared with 7% for the parental wild-type

enzyme, in agreement with a considerable decrease in the

hydrolytic activity (around 100-fold) [114]. The same group

later employed a semi-rational approach to design an a-L-

transfucosylase starting from the retaining exo-GH a-L-fucosi-

dase from Bifidobacterium longum ssp. infantis (BiAfcB).
Structural and sequence comparison of the latter with

TmaFuc guided the construction of several mutants contain-

ing the equivalent L321P substitution combined with

neighbouring mutations at the donor binding site that

aimed at improving the transglycosylation/hydrolysis ratio

as devised by Teze et al. [115]. The double-mutant L321P/

F34I yielded the best production of LNFP-II from the 3-FL

donor and lacto-N-tetraose (LNT) acceptor going from 12%

for the wild-type enzyme to 32%, and lowered secondary

product hydrolysis. The mutant was also able to transfer

the L-Fuc from the 3-FL donor to three other acceptors:

lacto-N-neotetraose (LNnT), lacto-N-fucopentaose I (LNFP-I)

and 20-FL, opening the way for the synthesis of more complex

fucosylated HMOs [116]. More recently, a loop engineering

strategy was applied to enhance the transfucosylation/

hydrolysis ratio of a GH29 a-(1,3/4)-fucosidase from

B. bifidum (BbAfcB). A 23 amino acid long a-helical loop

located near the active site was replaced by the corresponding

17 amino acid long loop from the a-(1,3/4)-fucosidase from

Clostridium perfringens to confer better shielding from water

molecules to BbAfcB. The hydrolytic activity on 3-FL was

almost abolished (6000 times lower than for wild-type

enzyme) and the engineered enzyme transferred l-Fuc with

a 39% yield from LNT to LNFP-II using 3-FL as donor [117].

Synthetic routes to access sialylated HMOs have attracted

increasing attention (see review [118]). A trans-sialidase from

Trypanosoma cruzi (TcTS), able to transfer a-(2,3) sialic acid

from sialoglyconjugate donors onto b-D-Gal glyconjugate

acceptors, was used in various studies for the sialylation of

different HMO precursors using a wide array of donors

(casein glycomacropeptide, fetuin, a-Sia-(2,30)-Lac, pNP-a-

Sia) and acceptors (Lac, LNT, galacto-oligosaccharides

(GOS), LacNAc, LNB, LNnT, lacto-N-fucopentaose V (LNFP-

V), GNB, b-D-Gal-(1,6)-D-Gal, etc.) [118]. An issue encountered

with the use of TcTS is related to the virulence factor of

Trypanosoma cruzi, making it less interesting for food-related

processes. A highly homologous enzyme, the sialidase from

Trypanosoma rangeli (TrSA), was thus thought to be a good

alternative to TcTS. To confer trans-sialidase activity to TrSA,

various engineering approaches have been used over the

years. Structural comparison of TrSA and TcTS revealed simi-

lar topology of the active site with the exception of three amino

acid residues (S120, G249 and Q284 in TrSA, corresponding to

Y119, Y248 and P283 in TcTS), assumed to be important for

transferase activity [119–121]. The amino acid interchanges

at these three positions were not sufficient to confer a trans-

sialidase activity [121,122]. Additional mutations were thus

introduced to recreate a favourable environment for binding

the sialic acid moiety of the substrate. As a result, the variant

TrSA5mut containing five mutations (G249Y/Q284P/S120Y/

M96V/A98P) displayed 1% of trans-sialidase activity com-

pared with TcTS, transferring sialic acid from a-sialyl-(2,3)-

lactose to the lactose acceptor. Adding a sixth mutation in

the active site led to mutant TrSA6mut having a trans-sialidase
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activity enhanced up to 11% [122]. In addition, Jers et al. [123]

identified a positively charged motif in region 197–203 of

TcTS, near the substrate binding cleft, that differed from

TrSA. Hypothesizing its importance in trans-sialidase activity,

a TrSA mutant incorporating this motif, Tr13mut, was con-

structed that contained a total of 13 mutations. This mutant

showed a reduced hydrolytic activity compared with parental

TrSA6mut enzyme (around 80% less hydrolysis of 3-SL), but

still maintained trans-sialidase activity. It was thus used for

the sialylation of various acceptors: GOS, isomalto-oligosac-

charides (IMOs), lactulose, melibiose, maltose and L-Fuc. To

further improve its trans-sialidation activity, a computer-

aided design approach was applied to TrSA5mut, described

earlier [124]. Five additional mutations were proposed (I37L,

T39A, F59N, D285G, G342A) to help the stabilization of the

transition state. Starting from Tr13mut, the best mutant

described in the literature at the time, Nyffenegger et al.
[125] added three of these mutations, T39A, F59N and

D285G, resulting in mutant Tr16mut containing a total of 16

mutations and that showed a 13.6-fold improved overall trans-

ferase activity over hydrolysis ratio compared with parental

TrSA5mut.
3.4. Production of other prebiotics
Food bioactive oligosaccharides have gained interest as

potent health-benefitting ingredients over recent years. They

are not digested by human hydrolytic enzymes and reach

the lower gastrointestinal tract where they are metabolized

by beneficial intestinal microbiota, which in turn produce

short-chain fatty acids providing health benefits to the host,

as well as preventing the growth of harmful bacteria [126].

Several studies have suggested that prebiotic intake plays a

role in the immune system, may protect against colon

cancer and may prevent cardiovascular diseases and meta-

bolic syndromes. Their beneficial properties depend on the

monosaccharide composition [127], and current applications

mainly concern fructo-, galacto-, xylo-, gluco-oligosacchar-

ides (FOS, GOS, XOS) and lactulose, especially for food and

beverage processing, dietary supplements and animal feed

[128]. Utilization of microbial GHs (including glycosidases

and TGs) for a controlled regio- and stereoselective synthesis

of prebiotic oligosaccharides has been extensively reviewed

[129]. Nonetheless, the search for new TGs, the development

of processes, as well as the improvement or redesign of cata-

lysts by enzyme engineering is still relevant in order to

develop new applications and/or to optimize the production

yields.

For instance, an elegant engineering strategy of B. circulans
b-galactosidase was proposed by Tanaka et al. [130] to alter its

substrate specificity and enhance the production of short-chain

GOS (DP2 and DP3 only) from lactose substrate. For that pur-

pose, they designed and screened a library of synthetic binding

proteins (monobodies) that specifically targeted the þ3 accep-

tor subsite. This local constraint prevented the accommodation

of oligosaccharides of DP3 in the active site and their further

elongation into DP4. At the same time, enzyme properties for

lactose recognition and production of short-chain GOS were

not altered, allowing their accumulation in the medium [130].

Concerning XOS production, the X-ray structure resol-

ution of an inactive mutant of the Bacillus pumilus IPO

b-xylosidase in complex with xylobiose (DP2) enabled the

identification of amino acid residues involved in xylobiose
recognition. Notably, a tight binding of D-Xyl at subsite þ 1

was reinforced by mutating a phenylalanine (F503) into

tyrosine, leading to a 20% increase of xylobiose production

from xylose, compared with the wild-type enzyme. Xylobiose

presents the highest prebiotic properties among xylo-oligo-

saccharides, and this study opened the route for a similar

engineering strategy within this family of enzymes [131].

Other interesting examples deal with microbial TGs that

use readily available sucrose as a donor substrate to effi-

ciently polymerize either the D-fructosyl or the D-glucosyl

moiety of sucrose to produce b-D-fructan of a-D-glucan-

type polysaccharides (i.e. fructansucrase or glucansucrase

enzymes of GH families). By adding exogenous monosac-

charides in the reaction medium with sucrose, these

enzymes have the ability to transfer the D-fructosyl or D-glu-

cosyl units onto these acceptor molecules to yield interesting

dietary oligosaccharides. To lower the cost of such processes,

enzyme engineering has been used to produce oligosacchar-

ides from only sucrose. For instance, the production of

levan-type FOS (FOS with b-(2,6) glycosidic linkages) from

DP2 to DP10 was developed owing to the construction of a

levansucrase–levanase fusion enzyme (levansucrase SacB

from Bacillus subtilis and endolevanase LevB1 from Bacillus
licheniformis). Interesting yields of about 40% were obtained

from sucrose substrate, to access 6-kestose, levanbiose and

blastose among other FOSs [132]. Concerning the production

of gluco-oligosaccharides, determination of the three-

dimensional structure of the dextransucrase DSR-M from

Leuconostoc citreum NRRL B-1299, free or in complex with

an isomalto-oligosaccharide (IMO) of DP4, allowed the

design of variants producing short a-(1,6) chains of around

16 kg mol21 (80% yield) by altering aromatic residues located

in a glucan-binding domain shown to be involved in the

anchoring of dextran chains [133]. Gluco-oligosaccharides

rich in a-(1,6) linkages (IMO) are well-known prebiotic

compounds that have been used in Asian countries for

many years. However, their prebiotic properties would be

enhanced by increasing the content of rare a-(1,2) glycosidic

bonds. For that purpose, an engineered enzyme specialized

in the a-D-(1,2) glucosylation of IMO acceptor molecules,

called GBD-CD2 branching sucrase, was used for the con-

trolled introduction of a-(1,2)-branched D-glucosyl moieties,

from 1% to 37% following the reaction conditions used

(sucrose/donor ratio) [134,135].

To finish, the amylosucrase from N. polysaccharea (NpAS) is

another a-TG that uses sucrose as D-glucosyl donor to catalyse

the formation of soluble malto-oligosaccharides and insoluble

amylose-like polymer. Using a computer-aided approach,

semi-rational libraries of 2.7 � 104 mutants targeting as

many as 23 amino acid positions of the active site were con-

structed and screened in the presence of only sucrose [136].

This allowed identification of 17 mutants able to synthesize

molecules which are not synthesized by the parental wild-

type enzyme. Characterization of the three most promising

mutants (namely 47A10, 37G4 and 39A8), containing, respect-

ively, 7, 10 and 11 mutations in the active site, showed the

production of a sucrose derivative, named erlose (a-D-gluco-

syl-(1,4)-a-D-glucosyl-(1,2)-b-D-fructose) and panose (a-D-

glucosyl-(1,6)-a-D-glucosyl-(1!4)-a-D-glucose). These pro-

ducts, reported to have potential interest as sweeteners or

prebiotic molecules, were never obtained using either natural

amylosucrases previously characterized or engineered

variants [137,138].
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4. Exploitation of engineered glycoside
phosphorylases in synthesis

Non-Leloir GTs called glycoside phosphorylases (GPs) cleave

oligosaccharides in the presence of inorganic phosphate, pro-

ducing a glycosyl phosphate and a shorter oligosaccharide

(figure 2). This so-called phosphorolysis is reversible and

can therefore be used to catalyse the stereospecific synthesis

of glycosides using cheap phosphorylated glycosyl donors.

When combined with a second appropriate phosphorylase,

the said phosphorylated glycosyl donor can be produced in
situ from the corresponding readily available glycosyl,

making these enzymes suitable synthetic tools for the

scaled-up production of carbohydrates [139]. GPs have scar-

cely been used for this purpose mainly because of a lack of

diversity among the available enzymes. The known phos-

phorylases as well as their mechanism, structure and use in

the synthesis of oligosaccharide have been extensively

reviewed [49–52,140,141]. Around 30 phosphorylases have

been reported and were classified in the CAZy database as

either GT or GH members. Furthermore, GPs can adopt

either retaining or inverting mechanisms. GPs have a broad

acceptor specificity as they can act on various carbohydrates

(such as trehalose, kojibiose, sucrose, nigerose, maltose, etc.)

but their donor specificity is quite narrow [51,142]. Several

recent studies report the characterization and the engineering

of GPs that could be used for glycoside synthesis [143–146].

4.1. Production of oligosaccharides
De Groeve et al. [147] engineered both the donor and acceptor

specificities of a cellobiose phosphorylase (CP), first discov-

ered in extracts from the bacterium Clostridium thermocellum
and belonging to the GH94 family. This enzyme catalyses

the reversible phosphorolysis of cellobiose into a-D-glucosyl

1-phosphate (a-D-Glc-1P). To diversify the products obtained

by GPs, the donor specificity of CP from Cellulomonas uda
was changed from cellobiose to lactose using a two-step strat-

egy of directed evolution. First, random mutagenesis was

applied by epPCR on part of the gene, targeting more specifi-

cally amino acid residues contained between T216 and V757

(out of the 822 amino acid enzyme), which includes all resi-

dues located within 15 Å of the catalytic site. Altogether,

10 000 mutants were generated and subsequently selected

for their activity towards lactose using a growth-selective

assay on minimal solid medium containing lactose as the

sole carbon source. Three active mutants were retained and

further sequenced, showing the presence of a set of six

amino acid substitutions in all mutants. All mutations except

N667T occurred at more than 15 Å from the donor subsite.

The variant LP1 (A397V/T508A/A512T/D557N/N667T/

G681S) showed a threefold improved activity towards lactose

and a sixfold decreased activity towards cellobiose compared

with parental wild-type enzyme. Mutant LP1 was then sub-

jected to additional rounds of site-directed mutagenesis in

order to decipher the role of each mutation by partial deconvo-

lution. Mutations T508A present near the entrance to the active

site and N667T located close to the donor site were the only

mutations that conferred an activity towards lactose. The cor-

responding double-mutant T508A/N667T named LP2 was

further engineered on these two positions by site-directed sat-

uration mutagenesis. This yielded the double-mutant T508I/

N667A, named LP3, which had the best activity towards
lactose with a 50% increase compared with LP2, leading to a

7.5-fold increase compared with that of the parental enzyme

[148]. Mutant LP3 was ultimately used for the production of

lactose in a completely new way compared with the usual

GalT enzymes that use expensive UDP-Gal as a donor.

CPs have a broad acceptor promiscuity and they are able

to recognize several mono- and disaccharides such as D-Glc,

D-Man, D-GlcNAc, D-Xyl, L-Fuc, D-Ara, melibiose, gentiobiose,

isomaltose, . . . which is particularly valuable for glycoside

synthesis [147]. To further expand the acceptor specificity,

De Groeve et al. [149] identified a residue (E649) in the struc-

ture of CP from C. uda, whose side chain has hydrogen

bonding with the D-Glc acceptor. Upon saturation mutagen-

esis of this residue, the mutant E649C was identified as

being able to recognize new glucoside acceptors. Mutation

E649C was then combined with mutations present in

mutant LP3. Three additional amino acid positions located

at the entrance to the active site were then identified for

saturation mutagenesis on the basis of structure analysis.

The resulting mutant (N156D, N163D, T508I, E649G

and N667A) revealed a broad acceptor specificity towards

a- and b-glycosides [149].

Using the ISM technology, Chen et al. [150] engineered

the specificity of a trehalose phosphorylase for the pro-

duction of b-D-Gal-1P instead of b-D-Glc-1P produced by

the parental enzyme. Computational modelling of the lacto-

trehalose binding in the enzyme active site enabled

identification of three amino acid residues that were further

targeted by mutagenesis. Altogether, 600 variants were

screened and the triple mutant L649G/A693Q/W371Y was

identified with a 2196-fold increase in activity for the release

of b-D-Gal-1P. The reverse reaction allowed lactotrehalose to

be produced from b-D-Gal-1P and D-Glc.

Other examples of GP engineering can be found in

[151–155].

5. Outlook and future directions
Significant advances have been made over recent years regard-

ing the enzyme-based in vitro synthesis of complex

carbohydrates with the development of enzyme cascades,

one-pot synthesis, and the combined use of chemical and

enzymatic approaches. Progress has been noticeably boosted

by the advent of enzyme engineering technologies that

enabled a whole new diversity of enzymes to be accessed.

This has strongly benefitted in recent years from the tremen-

dous developments in bioinformatics [156,157] and

computer-aided design of enzymes [17] that nowadays

allows reprogramming of the substrate specificity towards

the desired glycosylation reaction, with sometimes the tailor-

ing on purpose of enzymes to be able to act on non-natural

chemically modified carbohydrate precursors. Despite the

impressive advances in rational engineering, semi-rational

approaches to medium to large libraries of variants still require

the development of high-throughput screening methods. In

the field of glycoenzymes, those methods cannot always be

easily implemented when looking for very specific sugar

structures. They often necessitate the adjunction of analytical

techniques, which are highly accurate but remain time con-

suming. Progress in nuclear magnetic resonance and mass

spectrometry should help to tackle this question more effi-

ciently in the near future. The field is rapidly evolving with

the democratization of these technologies, which could also
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be combined with post-synthesis and specific chemical

labelling of the reaction products to facilitate product analysis

at high throughput. In parallel, cell development for specific

carbohydrate production inspired from existing biosynthetic

pathways is also rapidly progressing [9,158]. The incorpor-

ation of engineered enzymes gives total freedom to even

more creative pathways to produce in vivo bioactive oligosac-

charides and glycoconjugates at large scale and offers

exciting perspectives.

When targeting a specific carbohydrate structure, several

bio- and/or chemo-synthetic approaches can thus be

employed. Of course, there is no easy way to anticipate the

most appropriate one as the choice will depend on many

factors, including the structural complexity of the target mol-

ecules, the chemical difficulties, the enzyme and substrate

availability, the environmental impact, regulation and ethical
considerations, and most importantly the economic advantage

of the process knowing that production of oligosaccharides is

expensive. All these constraints and issues will have to be

considered. To develop innovative processes with the highest

possible discernment, there is no doubt that strong interactions

and interfacing between all these disciplines will be essential,

with hybrid and composite approaches constituting the future

of synthetic glycobiology.
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