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Abstract Amylosucrases and branching sucrases are a-
retaining transglucosylases found in the glycoside-hydro-

lase families 13 and 70, respectively, of the clan GH-H.

These enzymes display unique activities in their respective

families. Using sucrose as substrate and without mediation

of nucleotide-activated sugars, amylosucrase catalyzes the

formation of an a-(1 ? 4) linked glucan that resembles

amylose. In contrast, the recently discovered branching

sucrases are unable to catalyze polymerization of glucosyl

units as they are rather specific for dextran branching

through a-(1 ? 2) or a-(1 ? 3) branching linkages

depending on the enzyme regiospecificity. In addition,

GH13 amylosucrases and GH70 branching sucrases are

naturally promiscuous and can glucosylate different types

of acceptor molecules including sugars, polyols, or flavo-

noids. Amylosucrases have been the most investigated

glucansucrases, in particular to control product profiles or

to successfully develop tailored a-transglucosylases able to
glucosylate various molecules of interest, for example,

chemically protected carbohydrates that are planned to

enter in chemoenzymatic pathways. The structural traits of

these atypical enzymes will be described and compared,

and an overview of the potential of natural or engineered

enzymes for glycodiversification and chemoenzymatic

synthesis will be highlighted.
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Abbreviations

CD Catalytic domain

DSR Dextransucrase

GBD Glucan binding domain

GH Glycoside hydrolase

GS Glucansucrase

MTH Maltooligosyltrehalohydrolase

MTS Maltooligosyltrehalose synthase

Introduction

Compared with most glycoside-hydrolases, glucansucrases

(GSs) are naturally very efficient a-transglucosylases.
From sucrose substrate, they catalyze a-glucan synthesis

with the concomitant release of fructose. Linear and

branched polymers can be formed, which can vary in terms

of type of glucosidic linkages as well as degree and spatial

arrangements of branches [1, 2]. These a-retaining
enzymes are found in the clan GH-H of the CAZy classi-

fication of glycoside-hydrolases, where amylosucrases

belonging to GH13 family synthesize an amylose-like

polymer and can be distinguished from GH70 glucansu-

crases, which display wider linkage specificities [3, 4]. In

particular, GH70 dextransucrases catalyze the formation of

dextrans, polymers mainly composed of a-1,6 linked glu-

cosyl units in their linear chain and harboring various types

of a-(1 ? 2), a-(1 ? 3), or a-(1 ? 4) linked branches.

Over the past years, these transglucosylases have emerged

as valued tools to synthesize well-defined carbohydrate-

based structures [5, 6]. Not only do these enzymes use as
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substrate an abundant agroresource, sucrose, but they also

share a remarkable versatility regarding acceptor substrate.

With the increasing and continuous flux of novel sequen-

ces, data mining has opened the way to the discovery of

new activities, in particular novel enzymes of GH70 family

specialized in dextran branching. In this review, the focus

will be placed on GH13 amylosucrases and GH70 dextran

branching sucrases. These enzymes stand apart in their

respective families. Their particularity in terms of speci-

ficity, mechanism, and structure–activity relationships will

be described. Insight will be provided on their natural

aptitude for synthesizing novel carbohydrate-based struc-

tures. Particular attention will be finally given to protein

engineering strategies that were recently applied to these

catalysts and considerably enlarged the repertoire of

accessible reactions.

GH13 amylosucrases and GH70 dextran
branching sucrases

Atypicity of amylosucrases in GH13 family

Amylosucrase activity was first described in 1946 by Hehre

and Hamilton, who identified in the culture supernatant of

Neisseria perflava the presence of an activity responsible

for the synthesis of an amylose-like polymer, in the

absence of any nucleotide-activated sugars [7–9]. Then,

other intracellular amylosucrase activities were identified

in various species of Neisseria (N. canis, N. cinerea, N.

dentrificans, N. sicca, and N. subflava [10]). These bacteria

belong to the microbiota of the buccal cavity and may be

potentially involved in the formation of dental carries [11,

12]. In 1983, the strain Neisseria polysaccharea was iso-

lated from the throat of healthy children [13] as a producer

of extracellular amylosucrase. The gene encoding this

enzyme was cloned in fusion with a GST encoding tag and

sequenced [14], and the recombinant enzyme was bio-

chemically characterized [15]. The amylosucrase sequence

revealed that it belongs to the a-amylase superfamily

(GH13 family), in which it is, however, the sole enzyme

that catalyzes the formation of an amylose-like polymer

from sucrose alone. Recently, production systems of

recombinant N. polysaccharea amylosucrase in fusion with

His tag were also reported, and it was shown that these

purification tags do not impair the enzyme catalytic prop-

erties [16]. Since 2005, several recombinant amylosucrases

from Deinococcus radiodurans [17], Deinococcus

geothermalis [18], Deinococcus radiopugnans [19],

Arthrobacter chlorophenolicus [20], Alteromonas macleo-

dii [21], Methylobacillus flagellatus [22], cyanobacterium

Synechococcus sp. [23], and thehalotolerant methanotroph

Methylomicrobium alcaliphilum 20Z [24] have been

described, revealing that these enzymes are much more

widespread than previously thought. Among them, the

amylosucrase from N. polysaccharea (NpAs) remains the

most investigated so far in the literature.

The physiological role of amylosucrases has not been

extensively studied yet. Buttcher et al. proposed that its

polymer product might protect the cell [25]. As N.

polysaccharea amylosucrase is very efficient for elongating

glycogen branches, it was suggested that the enzyme could

be involved in energy storage [26, 27]. More recently,

Perez-Cenci et al. proposed that the amylosucrase from the

cyanobacterium Synechococcus sp PCC 7002 could play a

role in sucrose catabolism [23]. In this species, the amy-

losucrase encoding gene (amsA) was co-expressed with

three other genes (sppA, spsA, and frkA), forming the Suc

cluster. SppA and spsA encode a sucrose-phosphate phos-

phatase and a sucrose-phosphate synthase, respectively,

and would be responsible for sucrose synthesis, whereas

amsA and frkA (encoding an amylosucrase and a fructok-

inase) would be involved in sucrose catabolism to yield

maltooligosaccharides and fructose-6P. These results sug-

gest that, in cyanobacteria, amylosucrase participates in

energy storage from sucrose. Investigations on sucrose

metabolism in the halotolerant model methanotroph

Methylomicrobium alcaliphilum 20Z highlighted the pres-

ence of an operon encoding sucrose synthesizing enzymes

(sucrose-phosphate synthase and sucrose-phosphate phos-

phatase) and utilizing enzymes (fructokinase and

amylosucrase) [24]. In such halotolerant organisms, intra-

cellular sucrose accumulation is often one of the responses

to low water activity [28], which led the authors to suggest

that the main function of this operon might be de novo

sucrose synthesis. Being involved in dissipation of energy

excess through glycogen elongation, amylosucrase would

participate in a ‘‘sucrose cycle’’ that could balance the

internal concentration of sucrose. Amylosucrase-like

sequences were revealed in 53 bacterial species, including

21 Proteobacteria, 18 Cyanobacteria, but no Firmicutes.

Analogous gene clusters were identified in various Pro-

teobacteria, showing that such ‘‘sucrose cycles’’ involving

amylosucrase activity are probably widespread [24].

Discovery of dextran branching sucrases

The first GH70 glucansucrase was discovered in sucrose-

broth cultures of Leuconostoc mesenteroides lactic acid

bacteria [29]. The enzyme was shown to synthesize a

water-soluble dextran [a-(1 ? 6) linked D-glucan] from

sucrose only, without any mediation of nucleotide-acti-

vated sugars unlike most of the polysaccharide-

synthesizing enzymes. Dextran from L. mesenteroides sp.

was the first microbial polysaccharide to be commercial-

ized for use as blood plasma substitute during the Second
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World War. With the view of finding alternative producers

of clinical dextrans, Jeanes et al. produced and character-

ized 96 glucans synthesized by lactic acid bacteria grown

on sucrose as carbon source [30]. This pioneering study

shed light on the remarkable diversity existing in glucans

produced by these species. In particular, one strain—L.

mesenteroides NRRL B-1299 (today reclassified as Leu-

conostoc citreum)—produces a branched dextran, later

characterized with a high degree of a-(1 ? 2) branching

linkages [30, 31]. The complex structure of the polymer

was extensively studied. Notably, all the dextran fractions

isolated from the fermentation broth contained a high

percentage of a-(1 ? 2) linkages (up to 30 %) and a few

a-(1 ? 3) linkages [32–34]. The physiological role of this

dextran was never investigated in detail. When grown on

sucrose, L. citreum NRRL B-1299 cells are surrounded by

a shell of insoluble dextran, which could protect them and

favor environmental colonization [35, 36]. Furthermore,

this capsular polysaccharide was proposed to entrap glu-

cansucrase activity, explaining why the major part of the

activity is recovered bound to the cell wall [37–39]. Six

other strains of L. citreum sp. (LBAE A7, B7, C10, C12,

K29, and K30), isolated from French sourdough, were also

shown to produce dextrans with a high content of a-
(1 ? 2) linkages. As for L. citreum NRRL B-1299, glu-

cansucrase activities were either soluble or associated with

the cell wall [40–42].

Attempts to clone the enzyme involved in the a-(1 ? 2)

branched polymer formation started in the late nineties.

Three glucansucrase encoding genes (dsrA, dsrB, and

dsrE) were isolated [43–45]. Resulting recombinant DSR-

A and DSR-B dextransucrases were shown to produce

highly linear a-(1 ? 6) linked dextrans. In contrast, DSR-

E was much more atypical compared with other GH70

enzymes. With a molecular mass of 313 kDa, by far the

highest molar mass described for a glucansucrase, DSR-E

was further shown to be a bi-functional enzyme resulting

from the assembly of two catalytic domains (CD1 and

CD2) connected by a domain homologous to the glucan

binding domain (GBD) of glucansucrases (rich in repeated

motifs) [45]. Construction and biochemical characteriza-

tion of DSR-E truncated forms proved that CD1 was

responsible for polymerase activity, whereas CD2 was

specialized in a-(1 ? 2) transglucosylation from sucrose

donor to dextran acceptor. Notably, the degree of a-
(1 ? 2) branching catalyzed by the bi-functional enzyme

DSR-E never exceeded 5 %, a value much lower than that

reported for the a-(1 ? 2) branched polymer produced by

the native strain [46, 47]. In contrast, the engineered forms

derived from DSR-E, namely, GBD-CD2 and DN123
GBD-CD2 (a truncated version of GBD-CD2 that is

deleted of 617 residues from the N-terminal extremity and

results in a protein of 123 kDa), were really efficient for

branching dextran up to 32 % in the presence of equivalent

amounts of dextran and sucrose [48, 49]. Consequently, the

high degree of branching naturally observed in NRRL

B-1299 dextran was until recently attributed to the occur-

rence of degraded forms of DSR-E (comparable with GBD-

CD2) in the fermentation broth of L. citreum NRRL

B-1299 [46].

Another explanation can now be proposed, which results

from the recent sequencing of L. citreum NRRL B-1299

genome [50]. This revealed the presence of three novel

genes dsrDP, dsrM, and brsA coding for three GH70

enzymes named DSR-DP, DSR-M, and BRS-A [51]. Their

biochemical characterization showed that DSR-DP and

DSR-M are glucansucrases, whereas BRS-A catalyzes the

a-(1 ? 2) transglucosylation onto dextran as efficiently as

the GBD-CD2 branching sucrase. The location of DSR-DP

in a prophage provided the first evidence of a phage-me-

diated horizontal transfer in lactic acid bacteria. DSR-M

and BRS-A were co-localized in the genome, in a region

where tandems of GH70 enzymes are often found. DSR-M

catalyzes short chain dextran synthesis. A high degree of a-
(1 ? 2) branching (up to 37 %) is obtained, suggesting

that BRS-A is likely to be the main catalyst responsible for

the in vivo branching of L. citreum NRRL B-1299 dextran.

Thus, DSR-E would not be the major catalyst involved in

a-(1 ? 2) branched dextran synthesis. This hypothesis is

reinforced by other genome sequence analyses. Indeed,

DsrE-like genes (coding for two catalytic domains) were

also identified in the genomes of L. citreum LBAE-C11,

LBAE-E16, and LBAE-C10 (three strains isolated from

sourdough). DsrE-like genes from LBAE-C11 and E16

share 99 and 97 % identity, respectively, with that of

NRRL B-1299 [45, 52, 53], and code for two putative

enzymes differing from DSR-E by only 11 and 35 deleted

amino acids at the N-terminal end. However, neither strain

converts sucrose into a-(1 ? 2) branched dextran despite

the presence of DSR-E-like enzymes (GSC11-2 and

GSE16-2), raising the question whether these genes are

functional or not. In contrast, L. citreum LBAE C10 is a

strain known to produce a glucan rich in a-(1 ? 2) glu-

cosidic bonds, and its genome carries genes homologous to

both dsrE and brsA. However, DsrE-like gene is inter-

rupted by three stop codons, probably resulting in a

pseudogene [51], whereas the brsA-like gene is 99 %

identical to brsA, and is predicted to encode a fully active

protein. This latter seems to be the sole enzyme able to

catalyze a-(1 ? 2) linkage synthesis in this strain [41].

These findings argue in favor of a major involvement of the

branching sucrase BRS-A in vivo. Analyses of the tran-

script level of the various genes found in L. citreum NRRL

B-1299, as gene deletion combined with phenotypic char-

acterization, are still required to provide more definite

conclusions and understand the synergy occurring between
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polymerases and branching enzymes during the course of

highly a-(1 ? 2) branched polymer synthesis.

Since 1950, another strain of L. citreum, L. citreum

NRRL B-742, was known to produce a dextran polymer

with a very high content of a-(1 ? 3) branching (up to

50 %) [30, 54–56]. Looking for the enzymes possibly

involved in the synthesis of this comb-like a-glucan, the
genome of L. citreum NRRL B-742 was sequenced [50].

Genome annotation allowed identification of a new gene

(brsB) encoding a putative GH70 enzyme sharing common

traits with a-(1 ? 2) branching sucrases. The recombinant

forms of this enzyme (BRS-B) as well as a truncated ver-

sion (BRS-BD1, with repeats at the C-terminal of the

protein deleted) were efficiently produced in E. coli. Their

characterization showed that they are specific for dextran

branching via a-(1 ? 3) linkage synthesis. Thus, starting

from sucrose and a high molar mass dextran as acceptor

(2 9 106 g mol-1), the degree of a-(1 ? 3) branch linkage

went up to 50 %, indicating that this enzyme is likely to be

involved in the highly a-(1 ? 3) branched dextran syn-

thesis. Indeed, the comb-like dextran synthesis is proposed

to result from the action of at least one polymerase syn-

thesizing a linear dextran (the genome contains three genes

predicted to encode GH70 dextransucrases) and the a-
(1 ? 3) branching sucrase BRS-B. However, dextransu-

crases working in tandem with BSR-B have not been

precisely identified yet [57].

Structural insight

Primary structure

Amylosucrases have been assigned to sub-family 13_4 of

glycoside-hydrolases in which are also found sucrose-hy-

drolases [58]. Their sequences display the four conserved

regions in which seven residues are highly conserved and

play a critical role [59, 60] (Fig. 1). Among them are found

the amino acids that constitute the subsite -1 of GH13 and

that are involved in the a-retaining mechanism of action of

these enzymes [61]. Using the N. polysaccharea amylo-

sucrase numbering for illustration, these amino acids are:

the nucleophile (D286), the acid–base catalyst (E328), the

third aspartate (D393), and the two histidines (H187 and

H392) involved the transition state stabilization. Two other

highly conserved residues R284 and D182 correspond to

important amino acids for structural integrity. Regions

homologous to these signature sequences were also iden-

tified in the GH70 family, and parental relations between

GH13 and GH70 enzymes were suggested as early as the

nineties [62, 63] (Fig. 1). In particular, secondary structure

prediction combined with sequence comparison allowed

the prediction that GH70 glucansucrases adopt a (b/a)8

barrel structure revealing a circular permutation of the b1
to a3 secondary elements of the a-amylase barrel [64]

(Fig. 2a). This was confirmed later with the resolution of

the three-dimensional structures of GH70 enzymes [49, 65,

66].

In the conserved regions II, III, and IV where are found

the three catalytic amino acids, the branching sucrases

(GBD-CD2, BRS-A and BRS-B) share conserved residues,

including F2214 (motif II, GBD-CD2 numbering), and

I2317, H2319, K2323, and V2329 of motif IV. Other

amino acids were uniquely found in BSR-B, including

residues 673-IS of motif II, 711-PKGE of motif III, 796-IH

of motif IV, and F1184 of motif I (Fig. 1, BRS-B num-

bering). Data mining based on the search for these motifs

in GH70 enzymes allowed isolation of other putative

branching sucrases, the enzymes BRS-C from Leuconostoc

fallax KCTC 3537 and BRS-D from Lactobacillus kunkei

EFB6. The recombinant production of these enzymes in

E. coli and their biochemical characterization showed that

both BRS-C and BRS-D act as branching sucrases with a-
(1 ? 3) and a-(1 ? 2) transglucosylation specificity,

respectively. These findings indicate that the conserved

residues of motifs II and IV are good reporters of dextran

branching ability in GH70 family, and that branching

sucrases are not found only in L. citreum species [57].

Three-dimensional structures

GH13 amylosucrases

Several three-dimensional structures of N. polysaccharea

amylosucrase (NpAS) in free form or in complex with

various ligands (including sucrose, glucose, covalently

bound glucosyl, maltoheptaose, and turanose complexes)

[67–70] as well as two structures of D. geothermalis

(DgAS) and D. radiodurans (DrAS) amylosucrases [71,

72] have been characterized. These enzymes are organized

in five domains (Fig. 2). The domains A (residues 90–183,

260–394, and 460–553 according to NpAS numbering,

which form the (b/a)8 barrel), B (NpAS residues 184–259

inserted between b-strand 3 and a-helix 3), and C (the all-b
Greek key domain residues 554–628 in NpAS) are common

to GH13 enzymes, whereas the N (residues 1–89 NpAS

numbering) and B0 domains (NpAS residues 395–459 of an

extended loop arising between b7-strand and a7-helix of the
barrel) are specific to amylosucrases (Fig. 2b). In DrAS

and DgAS, domains B and B0 are 4–5 residues longer than

in NpAS. Notably, DrAS and DgAS crystals both revealed

a dimeric assembly. This correlates with dimer formation

in solution, which is suggested to enhance the stability of

the two enzymes compared with NpAS and AcAS

(Arthrobacter chlorophenolicus amylosucrase), which exist
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as monomers [20, 71, 72]. Mapping of the dimer interfaces

of DrAS and DgAS further showed that a higher number of

polar interactions and a better complementarity between

the monomers are observed in DgAS, which is also in

agreement with the higher thermostability of DgAS com-

pared with DrAS [17, 18]. Notably, DgAS also contains a

higher number of polar charged residues, a lower number

of polar uncharged residues, and more hydrophobic and

proline residues than NpAS, which were also proposed to

contribute to the enhanced thermostability [18, 71]. Of the

characterized amylosucrases, DgAS remains the most

thermostable with half-life times of 22 and 65 h at 50 and

30 �C, respectively.
NpAS superimposes on DgAS and DrAS structures with

rmsd values of 0.9 and 1.5 Å for 462 Ca atoms and 472 Ca
atoms aligned, respectively [71, 72]. More significant con-

formational changes are observed inDrAS, the sole true free

structure devoid of any ligand. DgAS and NpAS active sites

adopt a similar pocket topology at the bottom of which

sucrose binds with the glucosyl and fructosyl rings occupy-

ing subsites-1 and?1, respectively [68]. A dense hydrogen

bond network involving D286, H187, R284, D393, H392, as

well as stacking interactions with Y147 and F250 (NpAS

numbering) firmly maintains the glucosyl ring. Interactions

with the fructosyl ring are scarcer, which accords with the

necessity of fructose release during hydrolysis or transglu-

cosylation. Fructosyl ring interactions involve hydrogen

bonding with D393, D394, and R446 (NpAS numbering). It

is noteworthy that the positions equivalent to D144, R509,

D394, and R446 inNpAS are conserved in all amylosucrases

and might be responsible for their substrate specificity. In

both NpAS and DgAS structures, the catalytic pocket is

blocked at the bottom by a salt bridge formed between

residues D144 and R509 (in NpAS numbering) conserved in

all amylosucrases, which prevents the occurrence of-2,-3

subsites as logically expected for transglucosylases.

Fig. 1 Sequence alignment of the main conserved motifs in GH13

and GH70 families (motifs I to IV). Motif numbering refers to the

motifs originally defined in the GH13 family. The two catalytic

residues (in motifs II and III) and the transition-state stabilizer (in

motif IV) are indicated in red. In GH70 enzymes, the sequence is

permuted, so that motif I occurs after motif IV. Some sequences of

GH70 polymerases are presented in addition to those of branching

sucrases. For Leuconostoc citreum NRRL B1299, the accession

numbers correspond to their locus tag on the genome (PRJEB5537).

Asterisks for Leuconostoc fallax KCTC 3537, the enzyme is the

resulting product of the ORF localized between positions

68,715–63,391 on the reverse strand. For Lactobacillus kunkei

EFB6, the enzyme corresponds to the product of the ORF at locus

tag: LAKU_38c00010
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The inactive mutant E328Q-NpAS/maltoheptaose com-

plex (PDB entry: 1MVY and 1MWO) revealed three

oligosaccharide binding sites OB1, OB2, and OB3 [69].

OB1 spans over the -1 and ?1 subsites and includes five

additional subsites (?2 to ?6), ensuring a strong binding of

the maltoheptaose residues. The OB2 and OB3 sites are

positioned at the surface of B0 and C domains, respectively.

As NpAS is very efficient for elongating glycogen branches

[26], it was suggested that OB2 could assist amylose and

glycogen anchoring during elongation. X-ray data of the

complex between inactive mutant E328Q and maltohep-

taose (G7) fragments bound at the OB1 and OB2 binding

sites were used to model glycogen docking in NpAS active

site and revealed that two residues of the B0 domain, F417

of OB2 and R415 of OB1 in subsite ?4, could provide an

anchoring platform to direct elongation of glycogen

branches. Accordingly, mutation of these two residues

decreased the enzyme activation usually observed in the

presence of glycogen and restored maltooligosaccharide

production from sucrose [73]. No function was attributed to

OB3 so far. Of note, R226 of NpAS subsite ?2 is replaced

by a proline residue in DgAS and DrAS that liberates space

[71]. Replacement of this residue by the 19 possible other

amino acids, in NpAS, led to mutants, showing 1.5- to

6-fold increased activity compared with the wild-type

NpAS. An autoactivation during catalysis was also

revealed because of the improved binding of long mal-

tooligosaccharides that enhance the de-glycosylation rate,

resulting in much higher amounts of insoluble amylose

formed [27, 74].

From soaking experiments of native NpAS with sucrose,

a second sucrose binding site (SB2) with a moderate

Fig. 2 Structural characteristics of NpAS and DN123-GBD-CD2.

a Topology diagrams of members of GH13 and GH70 families.

Cylinders represents a-helices and b-sheets constituting the (b/a)8
barrel, and permuted elements are shown in green. b Schematic

representation of the NpAS (PDB entry: 1G5A) and DN123-GBD-CD2

(PDB entry: 3TTQ) structures with labeling and color-coding of the

five domains (A, B, and C domains common to GH13 and GH70

enzymes; N and B0 for amylosucrases, domains IV and V for GH70

members)
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affinity was revealed at the surface of NpAS just behind the

salt-bridge. Most of the residues in contact with sucrose

belong to the domain B0, suggesting that sucrose could

enter the active site upon a large amplitude motion of this

domain when glycogen branches occupy the OB1 site [68].

MD simulations of NpAS and DgAS showed that loop 3 (B

domain) and loop 7 (B0 domain) moved away from each

other, thus opening the active site [71]. However, such

large conformational rearrangements were never observed

in the crystal structures of NpAS and DgAS. The presence

of a ligand in -1 subsite of all of the crystal structures is

thought to force a closed conformation. In contrast and

compared with NpAS and DgAS structures, the crystal

structure of DrAS (the sole true free form) revealed a

profound rearrangement around -1 subsite characterized

by a disordered loop 2 that could not be modeled, as well as

a shift of B and B0 domains that exposed -1 subsite to the

solvent. Loop 2 disorder combined with B and B0 domain

motions was attributed to protein flexibility rather than to

proteolytic degradation. The consequence is that the salt

bridge that closes up the active site was not formed in

DrAS structure. Opening of -1 and ?1 subsites through

such conformational changes could thus facilitate sucrose

supply and fructose release while maintaining mal-

tooligosaccharide acceptors or glycogen branches in

proximity of ?1 subsite, altogether these interpretations

more generally raise the question of the dynamics of the

transglucosylation reaction which is, up to now, far from

being understood at the molecular level and necessitates

further investigations.

GH70 GBD-CD2 branching sucrase

All attempts to crystallize the full length DSR-E failed. As a

consequence, crystallization trials were rather focused on the

second catalytic domain (CD2), specific for dextran

branching, which was the most atypical with regard to

linkage specificity. No crystals were obtained with the pro-

tein GBD-CD2 that contains the entire GBD and the second

catalytic domain of DSR-E. Truncated forms with a reduced

GBD were constructed. The shortest active one (DN123-
GBD-CD2, 123 kDa; 1108 residues) was successfully

crystallized. Two X-ray structures were solved at 1.90 and

3.3 Å resolution in different space groups [49]. In addition,

three additional structures of native DN123-GBD-CD2 in

complex with glucose, isomaltose, and isomaltotriose were

recently released (PDB entries: 4TVD, 4TTU, 4TVC).

The 3D-structure of the a-1,2 branching sucrase DN123-
GBD-CD2 is organized in five domains (A, B, C, IV, and

V) like the 3D-structures of glucansucrases GTF180-DN
from Lactobacillus reuteri 180 [65] and GTFA-DN from

Lactobacillus reuteri 121, which were, respectively,

deleted of 741 and 739 amino acids at their N-terminal

extremity (DN) for crystallization [75] (Fig. 2b). The

enzyme adopts the typical U-shape fold encountered in this

family. The A, B, IV domains result from the three

dimensional organization of non-contiguous fragments of

sequence, whereas the domain C consists of one continuous

polypeptide segment (G2425 to D2560) at the bottom of

the U-fold. The domain A is built up of three polypeptide

segments (L2173-S2424, S2561-V2695, and G2731-

S2796). As in GTF180-DN and GFT-SI, these fragments

form the (b/a)8 barrel in which the catalytic cleft is situated
and reveal a circular permutation compared with GH13

family barrel [65, 66] (Fig. 2a). The domain A also dis-

plays some specific traits, and helix a5 is shorter than in

GTF180-DN and GTF-SI. The loops from G2731 to S2796

and from D2292 to I2299 are 25 and 4 residues longer,

respectively, than their homologues in GTF180-DN. These
loops are specific to GBD-CD2 but their involvement in the

enzyme specificity has not been investigated yet. Domain B

results from the assembly of three polypeptide segments

(R2124-L2172, Y2696-V2730, and W2797-G2811), and is

comprised of a five-stranded b-sheet that superimposes

well on the domain B of GTF180-DN, with 94 Ca aligned

out of 99 Ca. However, one loop inserted between R2157

and F2163, at the upper part of the catalytic cleft, is eleven

residues shorter than its counterpart in GTF180-DN.
Domain IV consists of two polypeptide segments (D1991-

N2123; M2812-T2831) and appears to be specific to the

GH70 family from DALI analysis. Finally, domain V of

DN123-GBD-CD2 is formed by only one single continuous

fragment (A1723-L1990) emerging at the N-terminal of the

protein [49], contrary to domains V of GTF180-DN and

GTF-A-DN that are composed of fragments from the N and

C-terminal extremities.

Superimposition of DN123-GBD-CD2 with GTF180-

DN:sucrose complex revealed a good conservation of the

residues defining the subsites -1 and ?1 with 17 residues

aligning with an rmsd of 0.53 Å on Ca. Moreover, a glu-

cose molecule was found in the presumed -1 subsite in the

recently released DN123-GBD-CD2:glucose complex

(PDB entry: 4TVD). The molecule interacts with residues

R2208, D2210, E2248, H2321, D2322, D2643, and Y2650,

which are all conserved in GH13 family. By analogy,

residues D2210, E2248, and D2322 were putatively

assigned the role of nucleophile, acid–base catalyst and

transition state stabilizer, respectively. Two other residues,

Q2694 and D2643, are also hydrogen bonded with the O4

and O6 of the glucosyl ring, as observed in GTF180-

DN:sucrose complex. Q2694 is equivalent to NpAS residue

H187 that assists catalysis by stabilizing the transition state

[70, 76]. In -1 subsite, residues D2643 and N2596 (cor-

responding to D1458 and N1411 residues in GTF180)

could also be responsible for the closure of the subsites -2

and -3, but this should be verified by mutagenesis.
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No sucrose complexes were obtained with DN123-
GBD-CD2. However, the residues L2166, L2167, E2248,

D2322, and Q2326 adopt the same position as in GTF180-

DN subsite ?1 suggesting that, as observed for GTF180-

DN, the two leucine residues of the B domain could

interact through van der Waals interactions with the fruc-

tosyl moiety, and that Q2326 could be H-bonded with the

O6 of the fructosyl ring [49]. In GTF180-DN:sucrose
complex, the fructosyl ring of sucrose also establishes

weak interactions with N1029 and W1065 [65]. These two

residues are strictly conserved among the characterized

GH70 glucansucrases. In DN123-GBD-CD2, N1029 is

substituted by F2214 (also conserved in BRS-A and BRS-

B) and W1065 superimposes with neither A2249 nor

G2250, although it aligned correctly with G2250 in

sequence alignments. Consequently, these residues are not

correctly positioned to interact with the fructosyl ring that

would be rather maintained via H-bond between K2323

(equivalent to K 789 in BRS-B) and O4. Overall, this

suggests a weaker binding of sucrose in branching sucrases

compared with glucansucrases. The residues F2214,

A2249, and G2250 were mutated to restore the motifs of

glucansucrases. Four mutants were constructed A2249W,

G2250W, A2249D/G2250W, and F2214N [49]. All of

them still consumed sucrose but with significantly reduced

hydrolytic activity. However, no polymerization activities

were detected, indicating that more complex modifications

are necessary to change a branching sucrase into a glu-

cansucrase, and vice versa. Notably, residue F2214

appeared critical for dextran binding and branching, as

mutant F2214 N was unable to use 1 kDa dextran as an

acceptor, in contrast with the wild-type enzyme.

The DN123-GBD-CD2:glucose complex revealed in

total 9 glucose binding sites (PDB entry: 4TVD). Four of

them are located in the domain A (including -1 subsite)

and the others in the domains B, IV, and V. The functional

significance of these sites remains to be established, con-

sidering that their abundance on the protein surface is

probably not fortuitous for a dextran-branching enzyme

showing protein/dextran Kd estimated, by affinity gel

electrophoresis, at 0.3 and 104 lM for dextrans of

22.5 MDa and 68.4 kDa, respectively. Two other struc-

tures in complex with isomaltosyl and isomaltotriosyl units

were also recently solved, at 2.2 and 1.85 Å, respectively,

from soaking experiments with isomaltotriose or glu-

cooligosaccharides (PDB entries: 4TTU and 4TVC).

Electron density corresponding to glucose, isomaltosyl and

isomaltotriosyl groups, was uniquely observed in domain

V, providing the first evidences of molecular interactions

occurring between carbohydrates and the domain V of

GH70 enzymes. Domains V are non-catalytic domains

found in almost all GH70 enzymes at the N and/or C-ter-

minal extremities of domain IV [1]. In GBD-CD2, domain

V is composed of one fragment of sequence situated at the

N-terminal, whereas in BRS-A and BRS-B, sequence

analyses suggest that domain V could be formed by two

discontinuous fragments at N- and C-terminal ends. The

ability of GH70 domain V to bind dextran was first shown

with non-catalytic tryptic digests of several streptococcal

glucansucrases [77]. Sequence analyses suggested that

dextran binding was related to the presence of repeated

motifs, which were classified in different groups [78–82]

and proposed to have evolved from a common YG repeat

[83]. Several studies report that some domains V separated

from their catalytic domains also bind dextran [84–87],

which demonstrates that domains V can fold in an auton-

omous way. Very low Kd in the range of nM were

described. However, these reported Kd values cannot be

easily compared due to variations in the sequences and

numbers of the repeated motifs. DN123-GBD-CD2
branching sucrase was recently proved to bind dextran and

the presence of isomaltosyl and isomaltotriosyl groups in

the domain V of the crystal structures 4TTU and 4TVC

suggest that domain V is involved in dextran binding.

However, it is difficult to distinguish the binding contri-

bution of the catalytic domain and that of the domain V to

Kd values. Truncated forms devoid of the catalytic domain

should be constructed and tested for their binding ability to

estimate the Kd value of dextran due to interactions with

domain V only.

Domain V of GBD-CD2 adopts a modular b-solenoid
fold that superimposes well with domain V of the crystal

form GTF-180DN-II [49, 88]. The protein is compact.

Domain V is in interaction with domains B and IV and is

rotated by 120� relative to the location of domain V in

GTF-180DN-I that crystallized in a different space group

and is more extended [65]. The two crystal forms of GTF-

180DN as well as SAXS experiments provided the first

evidence of conformational flexibility of domain V around

a hinge located between domain IV and V, which is con-

served in DN123-GBD-CD2, indicating that a similar

flexibility could exist in the branching sucrases [88]. The

analysis of the complexes of DN123-GBD-CD2 obtained

with glucose, isomaltose, and isomaltotriose allowed the

study in more detail of the topology of two sugar pockets

named V-K and V-L. These pockets comprised approxi-

mately 80 residues and are defined by three super-

secondary motifs of either b-hairpins or three-stranded

antiparallel b-sheets and were exposed to the solvent.

Typically, the three glycosyl rings (Glc1, Glc2, and Glc3)

of isomaltotriose group found in V-K pocket were main-

tained through stacking interaction between Glc2 and

Y1834 and hydrogen bonds with W1849, Q1870, Q1879,

K1881, G1897, and K1898 (Fig. 3). Residues Y1834,

K1881, Q1879, and K1898 were conserved in the V-L

pocket that bound glucose, suggesting that these pockets
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may contribute together to binding of longer dextran

chains, but structural evidences are still lacking. Sequence

and structural alignments further allowed identification of

similar pockets in GTFA-DN and GTF-180DN, as well as
in domains V of other GH70 enzymes that were proved to

independently bind dextran [84–87]. Sequence analysis

was extended to the entire domain of DSR-E allowing the

identification of ten putative binding pockets. The role of

these binding pockets in dextran elongation or branching

remains to be investigated. In GBD-CD2, the entire dele-

tion of domain V totally abolished branching activity,

whereas maintaining a part of domain V in DN123-GBD-
CD2 results in an enzyme as efficient as GBD-CD2, indi-

cating that domain V and its sugar binding pocket are

important for branching activity and may act in synergy

with the catalytic domain [46].

Mechanism, product profile, and kinetics of GH13
amylosucrases and GH70 branching enzymes

Reactions with sucrose alone

Amylosucrases follow the double-displacement mechanism

common to all enzymes of the GH13 family (Fig. 4). In the

first step, the donor binds at the bottom of the catalytic

pocket with the glucosyl ring occupying the -1 subsite and

the fructosyl ring the ?1 subsite. Next, the acid/base (E328

in NpAS) assists the nucleophilic attack exerted by the

aspartate nucleophile (D286 in NpAS). The reaction goes

through the formation of an oxocarbonium ion leading to

formation of the covalent b-glucosyl-enzyme intermediate

and fructose release. In the second step, the deprotonated

acid–base catalyst serves as base to activate the hydroxyl

group of an acceptor molecule, which can be either water

(hydrolysis reaction) or an acceptor (transglucosylation).

Km values for sucrose are in the range of mM. Ratio of

transglucosylation versus hydrolysis initial rate varies

among amylosucrases from 0.26 for SyAS (amylosucrase

from Synechococcus sp.) [23] to 1.8 for AmAS (amylosu-

crase from Alteromonas macleodii) [21], the amylosucrase

from Synochococcus being the less efficient transglucosy-

lase. The values reported for amylosucrase specific activity

range from 400 (AmAS) to 0.005 U/mg (SyAS) depending

on the enzyme source and temperature. The molecular

traits at the origin of these variations remain to be

investigated.

Amylose-like formation was shown to result from suc-

cessive transglucosylations occurring at the non-reducing

end of maltooligosaccharides through a multi-chain pro-

cess of elongation [27]. Glucose is first released from

sucrose hydrolysis and then acts as acceptor to yield mal-

tose which in turn will be glucosylated and so forth.

Sucrose isomers, turanose and trehalulose, are also usually

synthesized. They result from transfer of the glucosyl units

to fructose. The relative amount of isomers is dependent on

the enzyme. NpAS synthesizes preferentially turanose,

whereas DgAS produces equal amounts of trehalulose and

turanose. DgAS and NpAS turanose complex analysis

revealed that two residues (R226 and I330 in NpAS num-

bering) are likely responsible for the preferential formation

of turanose by NpAS. In DgAS, R226 is not conserved, and

the equivalent of I330 is not similarly placed. These

topologic changes give thus more flexibility for fructose

accommodation that could account for the amount of tre-

halulose produced by DgAS [71]. Notably, the formation of

sucrose isomers can be significantly increased up to 50 %

by using high sucrose concentration [89] or by adding

fructose acceptor in the reaction mixture [71]. The profile

of products obtained from NpAS and DgAS has been fully

Fig. 3 Representation of the

sugar binding pocket K in

domain V of DN123-GBD-CD2

(PDB entry 4TVC). Left

molecular surfaces are shown in

light gray, and bound

isomaltotriose is represented in

yellow lines. Right zoom on the

amino acids involved in

interactions with isomaltotriose
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described. Typically, in NpAS, the glucosyl residues issued

from 100 mM sucrose are retrieved in glucose (4 %),

sucrose isomers (19 %), soluble (20 %), and insoluble

maltooligosaccharides (57 %). Degree of polymerization

of the a-(1 ? 4) linked-chains can go up to 80 and pre-

cipitation occurred during the course of the reaction due to

chain self-association. Yield, morphology, and degree of

crystallinity of insoluble amylose can be modulated by

varying sucrose concentration. All types of particles exhibit

an exceptionally high B-type crystallinity conjugated to a

high resistance to digestive enzymes and valuable fiber

properties [90]. The conformational changes of amylose

during reactions catalyzed by NpAS and DgAS were

tracked by SAXS experiments. At the early stage, amylose

produced by NpAS and DgAS associates in worm-like

double helical cylindrical structures that later form clusters

and aggregates that precipitate. With DgAS, amylose

chains did not entangle to yield aggregates in the experi-

mental conditions used. The reaction was monitored at

higher temperature than with NpAS, preventing self-asso-

ciation in clusters [91].

With the view of designing a-glucans with controlled

properties, NpAS was also used in tandem with the

branching enzyme from Rhodothermus obamensis to

establish a biomimetic system of glycogen synthesis from

sucrose only. By adjusting sucrose concentration and the

ratio of branching enzyme versus elongating enzyme,

hyperbranched polymers varying in size (10–150 nm),

branching degree (10–13 %), and molar mass (3.7 9 106–

4.4 9 107 g mol-1), and showing similarity to glycogen

were obtained. Their detailed characterization (involving

enzymatic cleavage of external branches, chromatographic

analysis, transmission microscopy, and asymmetrical flow

field flow fractionation (AF4) coupled to quasi-elastic light

scattering) showed that these polymers have a more

homogeneous branching pattern than that of glycogen [92,

93]. Of note, amylopectin-like polymers could not be

synthesized with this approach. Another original combi-

nation of enzymes involving amylosucrase was recently

proposed for the production of trehalose, an important

disaccharide in the food industry [94]. The process was

based on the use of DgAS simultaneously or successively

Fig. 4 Main reactions catalyzed by a-transglucosylases from GH13 and GH70 families. Structures of luteolin, L-rhamnose, N-acetyl-

glucosamine, and maltitol are shown as an example of exogenous acceptors
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with a fusion protein (MTSH) made up of the mal-

tooligosyltrehalose synthase (MTS) and the

maltooligosyltrehalohydrolase (MTH) from Brevibac-

terium hevolum. MTS was expected to convert the a-
(1 ? 4) linkage of the maltooligosaccharides produced by

DgAS into an a-(1 ? 1) linkage, and to produce mal-

tooligosyltrehalose that was known to be cleavable to give

trehalose and maltoligosaccharides with MTH. From

20 mM sucrose and without any optimization, the trehalose

production yield attained 14 % in one pot reaction, and

31.5 % when DgAS and MTSH were used in cascades.

The residues lining OB1 binding site are important for

maltooligosaccharide elongation. In NpAS, mutation of

D394 and R446 into alanine resulted in enzymes that were

less active on sucrose (23.5 and 15 %, respectively, com-

pared with the wild-type enzyme) and lost their ability to

produce long chain maltooligosaccharides [27]. High-rate

segmental random mutagenesis was also applied to the

sequence fragment from R390 to G396 of NpAS containing

residues of subsites -1 to ?3. Of a library of 1000 vari-

ants, only 6.8 % of the clones retained sucrose cleavage

ability. Most of these clones (82 %) were unable to pro-

duce iodine-stainable products. Analyses of the mutant

deficiency for polymer elongation revealed that mutations

at position 394 and 396 were critical to maintain elongation

of maltose and/or maltotriose [95]. In a similar way,

R415A mutation terminated elongation at the maltotetraose

stage, confirming the role of R415 that provides a stacking

platform at subsite ?4 shown to be crucial for chain

elongation [27]. All these mutants are promising candidates

to generate transglucosylation products devoid of long

chain amylose. In contrast, introduction of mutations at

position 226 of NpAS allowed improved amylose forma-

tion up to 80 % by reducing steric hindrance and

facilitating deglucosylation steps by maltooligosaccharide

acceptors [27, 74].

When using only sucrose as substrate, the GH70

branching sucrases do act almost exclusively as hydrolases

with specific activities around 35 U/mg. Approximately

10 % of the glucosyl residues of sucrose are also trans-

ferred to fructose to yield leucrose. Additional small size

oligosaccharides were also identified by HPAEC analysis.

Their structures have not been elucidated to date due to

their very low amount of production [51, 57].

Reactions with sucrose and amylaceous or dextran

polymers

Steady-state kinetics of NpAS in the presence of glycogen,

proposed to be the natural acceptor of amylosucrase,

showed that the reaction rate progressively increases with

increasing glycogen amounts. A 100-fold increase in the

initial velocity was observed with 30 g/L glycogen and

34.2 g/L sucrose as compared with the value obtained with

sucrose only. In these conditions, linear amylose synthesis

is considerably reduced down to 1 %, to the profit of

extension of glycogen branches [26, 96]. Accordingly,

morphology of the modified glycogen was shown to be

highly dependent on the sucrose/glycogen weight ratio. At

high ratio (34.2/0.1 g/L), dendritic nanoparticles are

obtained, which show a 4–5 increased diameter compared

with the initial particle. Linear amylose is also co-synthe-

sized and all the products revealed a B-type crystal

structure [96]. At low ratio (34.2/30 g/L), glycogen bran-

ches were less elongated yielding a polymer similar to

glycogen, but less homogeneous, and showing small

crystallites at the surface of the glycogen particles. NpAS

was also shown to modify other amylaceous products, such

as amylopectin, waxy-maize starch (phytoglycogen), limit

dextrins, hydrothermally treated flours, rice starch, and

barley starch [97–99]. After NpAS action, the resistant

starch content increases, emphasizing the potential of

amylosucrase treatment to modulate the digestibility of a

wide range of amylaceous products.

Dextran is the natural acceptor of the branching sucra-

ses. A steady-state kinetic analysis conducted with sucrose

and 70-kDa dextran showed that the enzyme GBD-CD2

displays a ping-pong bi–bi mechanism of transglucosyla-

tion, for sucrose concentrations ranging from 10 to

300 mM. Notably, transglucosylation velocity is much

higher than that for hydrolysis [48]. The kcat value of

transglucosylation reaction was estimated at 970 s-1, one

of the highest catalytic constants ever reported for glu-

cansucrases, suggesting that dextran may accelerate

deglucosylation of the glucosyl–enzyme intermediate. Of

note, the kinetic parameters of the truncated forms DN123-
GBD-CD2 and BRS-B-D1 were close to those determined

for GBD-CD2 [48, 51]. Furthermore, the degree of a-
(1 ? 2) or a-(1 ? 3) linkages incorporated in dextrans

was shown to be controllable by the initial [sucrose]/

[dextran] molar ratio [48, 51, 57]. Thus, by varying this

ratio from 0.92 to 4.74, the degree of a-(1 ? 2) branching

varies from 10 to 30 %, respectively. With BRS-B, the

branching degree can reach 50 %, every glucosyl unit of

the chain being branched by one additional glucosyl unit.

Investigation of the kinetics of oligosaccharide branching

further revealed that the branching process of GBD-CD2 is

stochastic and that linear oligosaccharides can bind at the

active site in various ways, as revealed by the profile of

branched oligosaccharides formed during the reaction

course [100]. The a-(1 ? 2) branched oligosaccharides

with 10 of 30 % of a-(1 ? 2) linkages are highly resistant

to digestive enzymes [101]. Furthermore, they were shown

to be metabolized by various species of beneficial gut

microbiota [5, 102, 103] and to promote change in gut

microbiota of mice and metabolic adaptation independently
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of their genetic background and diets [104, 105]. All these

properties indicate that a-(1 ? 2) branched products may

be promising dietary fibers.

Glycodiversification with GH13 AS

Glucoconjugates and oligosaccharides play an important

role in host-defense, cell–cell recognition, ligand–receptor

binding, and cell signaling. They find numerous applica-

tions as therapeutics, food ingredients, and/or fine

chemicals. However, their chemical synthesis can be

tedious due to the lack of regiospecificity of glycosylation

reactions, thus requiring multiple protection–deprotection

steps of reactive hydroxyl groups under harsh conditions

that limit yields and production rates. In this context,

enzymatic synthesis offers an attractive alternative, thanks

to the regioselectivity and stereoselectivity of enzymes and

their mild reaction conditions. While most of the effort has

been concentrated on dextran branching, the glycodiversi-

fication and glucosylation of unnatural acceptors with

branching sucrases have not been investigated yet. In

contrast, the ability of amylosucrases to glucosylate

exogenous acceptors has been widely explored to produce

novel carbohydrate-based molecules [2].

Glycosylation of sugars and polyols

To get better insight into the donor and acceptor ambiguity

of NpAS, twenty non-native acceptors, including L- and D-

monosaccharides (arabinose, galactose, altrose, fucose,

xylose, allose, and mannose) and sugar alcohols (D-sor-

bitol, xylitol, D-arabitol, D-mannitol, myo-inositol, and

maltitol), were tested for glucosylation [16, 106]. Of the 20

acceptors, 19 were glucosylated to various degrees ranging

from 3 to 100 % with the exception of L-fucose, thus

highlighting the remarkable plasticity of NpAS subsite ?1.

Interestingly, the comparison of glycosylation levels of L-

and D-monosaccharides clearly underlines the enantio-

preference of NpAS, which could also be exploited for

racemic resolution of diverse types of hydroxylated mole-

cules. Depending on the acceptor, single or

polyglucosylation was observed as well as new linkage

specificity. This was attributed to the compatibility

between the topology of subsite ?1 and the acceptor

conformation, which is the determinant to force the

acceptor molecule to adopt the most suitable conformation

for productive catalysis. A deoxysugar, 2-deoxyglucose,

was efficiently elongated with NpAS to generate traceable

material used to analyze glucose absorption from starch

digestion in human gut. Results indicate that interactions

with O2 are not critical for a correct positioning in subsite

?1 [107]. Trans-piceid glucosides (a glucosylated form of

resveratrol) were also synthesized with AmAS or E.coli

cells producing AmAS with 35 % and 75 % conversion

yields, respectively [108]. Glucosyl transfer occurred on

the glucosyl unit of trans-piceid through the formation of

an a-(1 ? 4) linkage and enhanced trans-piceid solubility.

Glycerol was also shown to be glycosylated by Methy-

lobacillus flagellatus amylosucrase (MfAS) yielding three

products: (2S)-1-O-a-D-glucosyl-glycerol or (2R)-1-O-a-D-
glucosyl-glycerol and 2-O-a-D-glucosyl-glycerol [22].

Glucosylation of flavonoids

Flavonoids represent an important class of plant secondary

metabolites. Thousands of structures have been identified,

which provide protection against UV radiation, pathogen

infections, or are involved in plant colors [109]. Further-

more, a continuously increasing number of studies show

that flavonoid-rich diets are associated with a low inci-

dence of chronic diseases, such as cardiovascular diseases,

type II diabetes, neurodegenerative diseases, and possibly

cancers. Thus, interest in understanding the relation

between flavonoid structure, reactivity, and health benefits

has rapidly increased over the past decades [110]. Notably,

the presence of one or several sugars attached to the fla-

vonoid backbones significantly impacts their properties, in

particular their solubility, stability, bioavailability, and

their biological activities [111, 112]. These findings have

greatly stimulated the search for new flavonoid glycosides

and the exploration of novel enzymatic routes of synthesis

to facilitate their production and investigate their properties

as new medicines, functional foods, or cosmetics. An

active field of research deals with in vitro glycosylation

using natural or engineered uridine diphosphate-dependent

glycosyltranferases (UGTs), the natural catalysts involved

in flavonoid glycosylation [113].

As nucleotide sugars are expensive substrates, the use of

glycoside-hydrolases represents an interesting alternative

pathway to flavonoid glycosides that is actively explored,

especially with glucansucrases from GH13 and GH70

families [2, 114]. Using these enzymes for glucodiversifi-

cation of flavonoids is also advantageous due to the fact

that they give access to a-derivatives that are very rarely

found in plant material. The potential of glucansucrase

usage for flavonoid glucosylation was first demonstrated by

Nakahara et al. [115]. They converted 0.55 mM (160 mg/

L) of (?)catechin into catechin glucosides from 4-mM

catechin and 60-mM sucrose. Later, Meulenbeld et al.

compared the efficiency of catechin glucoside formation

using several recombinant glucansucrases from Strepto-

coccus sobrinus SL-1 and Streptococcus mutans GS-5—

(GTF-B and GTF-D) [116]. GTF-D exhibited the highest

efficiency, with a (?)-catechin conversion rate of approx-

imately 80 % yielding 7.9 mM of (?)-catechin glucosides

2672 C. Moulis et al.

123



from 10-mM catechin and 100- or 60-mM sucrose. Three

flavonoid glucosides were obtained [(?)-catechin-40-O-a-
D-glucopyranoside, (?)-catechin-40,7-O-a-di-D-glucopyra-
noside, and catechin-7-O-a-D-glucopyranoside] indicating

that glucosylation could target ring A or B of flavonoids

[116, 117]. Successful glucosylation of luteolin [118],

myricetin [118], quercetin [118, 119], epigallocatechin

[119, 120], ampelopsin [120], and astragalin (kaempferol-

3-O-b-D-glucopyranoside) [121] with dextransucrases from

L. mesenteroides sp was later reported. When investigated,

the solubility of the flavonoid glycosides was always

improved compared with that of aglycons.

The use of amylosucrases for flavonoid glucosylation

was first reported in 2011 by Cho et al. [122]. DgAS was

employed to convert 90 % of (?)-catechin into catechin

glucosides from 25-mM (?)-catechin and 25-mM sucrose

donor. Two major products were obtained, i.e., (?)-cate-

chin-30-O-a-D-glucopyranoside and (?)-catechin-30-O-a-D-
maltoside. The presence of maltooligosyl (?)-catechin was

also identified. The enzyme was also shown to catalyze the

glycosylation of hydroquinones yielding a-arbutin with

90 % conversion using 10:1 sucrose/hydroquinone ratio

[123, 124]. Baicalein-6-a-glucoside was also produced

with DgAS from sucrose and baicalein (a flavonoid

extracted from the roots of Scutellaria baicalensis and used

against infections and inflammatory diseases in Asia)

[125]. This compound was 26 times more soluble than the

aglycon and was more resistant to chemical and enzymatic

oxidation, suggesting that it could be a good substitute of

baicalein as a therapeutic drug. Glucosylation by NpAS of

phloretin, a dihydrocalchone occurring in plants, was also

recently reported. Phloretin a-glucosides were more sol-

uble and showed a reduced cytotoxicity compared with the

aglycon [126].

Flavonoid glucosylation with amylosucrases and GH70

enzymes highlights the remarkable plasticity of glucansu-

crase acceptor subsites. No doubt that, in the future, such

glucosylation processes will be applied to larger sets of

polyphenolic compounds. However, although broad, the

acceptor promiscuity of these enzymes is nevertheless

limited. Enzymes have not naturally evolved to transform

non-natural acceptors and may not even exist in nature. To

overcome these current limitations, progress in genomics,

bioinformatics, protein computational design, enzyme

engineering, and high-throughput screening of carbohy-

drate-active enzymes offers profitable and versatile

solutions [127]. First, the immense and continuously

growing reservoir of gene and protein databanks can be

consulted, and high-throughput functional genomics and

metagenomics can be performed to decipher promiscuity

and hopefully find an enzyme with the required property.

Another alternative is to take advantage of protein engi-

neering, supported by impressive advances in in vitro

enzyme evolution and computationally guided design [128,

129]. In particular, computer-aided approaches, including

sequence alignments combined with or without structural

data, phylogenetic analyses, and identification of mutation

correlations within protein superfamilies, occupy a

prominent place in the rationalization of enzyme evolution

to design focused libraries, guide amino acid substitutions,

and narrow down the size of the library [130]. In addition, a

computational protein design allowing total in silico con-

ception of new-to-nature enzymes is developing quickly

with outstanding achievements [131, 132].

Engineering specificity toward non-native
acceptors

In the last decade, engineering of amylosucrases has

mainly targeted the development of chemo-enzymatic

routes for the synthesis of complex carbohydrates. Such

synthesis is often hampered by the lack of appropriate

enzymatic tools having the required substrate specificity

for new reactions, especially those envisaged to enter at a

programmed stage of a chemo-enzymatic synthesis. This

concept was investigated to explore the development of

chemo-enzymatic pathways dedicated to the synthesis of

O-antigenic oligosaccharides mimicking the lipopolysac-

charide of Gram negative Shigella flexneri pathogenic

strains. Such fragments could enter into the development of

carbohydrate-based multivalent glycovaccines against

Shigellosis, also called bacillary dysentery, which is among

the four major causes of diarrheal disease in children under

5 years old and for which no vaccines and, a fortiori, no

multivalent vaccines are yet available [133].

The S. flexneri O-antigen is formed by a pentasaccharide

repeating motif encompassing a tetrasaccharide backbone

composed of three L-rhamnopyranosyl units (A,B,C) linked

by a-(1 ? 2) and a-(1 ? 3) glucosidic linkages and

attached to N-acetyl-glucosamine (D) by an a-1,3 linkage

(Fig. 5). This linear tetrasaccharide is usually decorated

with either a glucosyl unit or an O-acetyl group [134], the

position and regiospecificity of the glucosylation being

specific to each serotype. At an early stage of development,

the introduction of the a-D-glucopyranosyl side-chains

featuring in all relevant S. flexneri polysaccharides was

seen as the most limiting factor for the development of

efficient syntheses of type-specific O-Ag fragments.

Instead of relying on the strongly membrane-associated S.

flexneri type-specific glucosyl transferases [135] to achieve

the required high stereoselective and regioselective a-D-
glucosyl introduction, the potency of NpAS amylosucrase

was first examined. A structurally guided approach was

conducted to engineer the required biocatalysts from

NpAS. According to molecular modeling studies and
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docking analyzes, 7 positions (I228, A289, F290, I330,

V331, D394, and R446) out of the 18 residues of the first

shell of subsite ?1 were judged to be critical for acceptor

binding. They were systematically replaced by the 19 other

possible residues, to generate a small library of 133

mutants of which several variants showed the required

regioselectivity and stereoselectivity. The acceptor binding

site of the enzyme was reshaped to enable the site-selective

a-D-glucosylation of two non-natural acceptor monosac-

charides, namely, methyl a-L-rhamnopyranoside and allyl

2-acetamido-2-deoxy-a-D-glucopyranoside [136, 137]. A

product of enzymatic glucosylation—methyl a-D-glucopy-
ranosyl-(1 ? 3)-a-L-rhamnopyranoside—was further

chemically elongated into a known building block com-

patible with chain extension at both sides to provide

various fragments of the O-Ag from S. flexneri 3a, a

prevalent serotype [135].

A more ambitious design relied on the engineering of

several binding subsites of NpAS to render it able to gluco-

sylate a partially protected disaccharide acceptor (allyl

2-deoxy-2-trichloroacetamido-b-D-glucopyranosyl-(1 ? 2)-

a-L-rhamnopyranoside) and generate a precursor of S. flexneri

Fig. 5 Computer-aided strategy applied to engineer NpAS amylosucrase for the glucosylation of a disaccharide of relevance for the chemo-

enzymatic synthesis of Shigella flexneri antigens [138]
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1b O-antigen fragment [138]. An approach combining

molecular docking, computational protein design, and infor-

mation coming from amino acid conservation or pair

correlation found in homologous enzymes was developed to

design libraries containinga limited number ofmutations at 23

selected positions of ?1 and ?2 subsites (Fig. 5). From the

designed libraries of 63,000 clones selected from a set of 2023

theoretical combinations, one NpAS mutant was able to glu-

cosylate the disaccharide of interest. A reaction for which

there is no equivalent yet reported in the literature was made

possible, generating the S. flexneri type 1b glucosylation

pattern.

Following the same strategy, GH70 glucansucrases,

NpAS, and GBD-CD2 branching sucrase were also tested

in the glucosylation reaction of another lightly protected

disaccharide acceptor: allyl a-L-rhamnopyranosyl-(1 ? 2)-

2-deoxy-2-trichloroacetamido-b-D-glucopyranoside, which
is well suited for further chemical elongation leading to the

S. flexneri type II glucosylation pattern. An incredibly high

yield of site-selective a-D-glucosylation was obtained

(80 %) without any additional engineering steps showing

that screening natural diversity is worth being tried before

starting any engineering work. Remarkably, the product of

enzymatic glucosylation was chemically converted into the

pentadecasaccharide hapten present in S. flexneri 2a-TT15,

the first synthetic carbohydrate-based vaccine candidate

against endemic shigellosis [139]. Whereas the overall

yield of the chemo-enzymatic process does not necessarily

compete with that of the chemical synthesis, these impor-

tant achievements are strong cases to proceed forward.

One important fact to keep in mind is that once variant

libraries are created for a specific purpose, they constitute a

toolbox of catalysts diverging in specificity ready to be

assayed with other unnatural substrates. A library of 171

single mutants targeting eight positions of subsite ?1 and

one position in subsite ?2 of NpAS, which had been ini-

tially generated for rhamnoside and N-acetyl glucosamine

glucosylation [135], was tested for luteolin glucosylation

[140]. A preliminary molecular docking allowed checking

that mutations in subsite ?1 could also be beneficial for

glucosylation of this flavonoid. Of 171 single mutants, 50

mutants synthesized luteolin glucosides with higher yield

than the wild-type NpAS. Various profiles of glucosylation

were obtained in which the relative amounts of mono-, di-,

and tri-glucosylated luteolin varied. With mutant I228A of

NpAS, 60 % of 5-mM luteolin was converted into gluco-

sides versus 7 % for the parent enzyme. Further

optimization allowed conversion of 72 % of 19-mM lute-

olin (4 g/L) to luteolin-40-O-a-D-glucopyranoside and two

di- and tri- glucosides, whose structures were never pre-

viously reported. These compounds were 2280-fold and

17,000-fold more water soluble than luteolin, respectively,

showing that polyglucosylation profoundly modifies

luteolin hydrophobic-lipophilic balance. UV absorption

spectra of the various glucosides were similar to luteolin

spectrum, and glycosylation was shown to protect the fla-

vonoid against oxidation. All these results highlight the

power of enzyme engineering to expand flavonoid gly-

coside libraries and promote investigations of their

physicochemical and biological properties.

Conclusion/perspectives

Even though numerous data on amylosucrases and

branching sucrases are available, biochemical characteri-

zation of these enzymes has remained limited to nine

amylosucrases and five branching sucrases, and the 3D

structure of only four of them has been determined. The

available genomic data reveal that amylosucrases are much

more widespread in the microbial world than branching

sucrases, which have only been found in lactic acid bac-

teria to date. In the near future, biochemical

characterization of a larger number of putative amylosu-

crases and branching sucrases should provide a wealth of

data that will help us to understand their evolution, phys-

iological role, and structure–activity relations.

The characterization of the branching sucrase particu-

larities as compared with glucansucrases should also be a

priority. In this view, replacement of amino acids con-

served only in the branching enzymes by those conserved

in glucansucrases through multiple-site mutagenesis should

allow a better insight into the structural features that dis-

tinguish branching sucrases from glucansucrases.

Structural comparison of the a-1,2 branching sucrase

DN123 GBD-CD2 with glucansucrases also revealed sig-

nificant differences in several loops of the (b/a)8 barrel.

Structurally guided loop exchange could also be envisaged

to investigate their roles in branching specificity. However,

in the absence of crystal structures of enzyme complexes

with long oligosaccharides bound in the active site, these

approaches are drastically limited. Efforts must be pursued

to obtain X-ray information from complexes and map the

acceptor binding subsites to establish a more rational

experimental design of mutagenesis experiments. Another

important issue concerns the mode of branching. Do these

enzymes release dextran (distributive mode) or retain

dextran (processive mode) between two separate branching

events? The a-1,2 branching enzyme DN123 GBD-CD2

was shown to be distributive to catalyze the glucosylation

of oligosaccharides, and proposed to be semi-processive in

the presence of high molar mass dextrans [100]. With the

a-1,3 branching enzyme BRS-B, no experiment has been

performed yet to investigate the processivity. However,

acceptor reaction with BRS-B can yield branched dextrans

containing up to 50 % a-1,3 linkages, with the implication

GH13 amylosucrases and GH70 branching sucrases, atypical enzymes in their respective families 2675

123



that every single glucosyl unit of the main chain is bran-

ched. It is tempting to suggest that a certain degree of

processivity could take place and that the polymer chains

are not released during branching. In such a scenario,

domain V could be a key partner. Designing a set of

experiments allowing these questions to be answered is

essential to better control the incorporation of branching in

the dextran acceptor.

Finally, the most challenging task to further elucidate

enzymatic mechanisms is to tackle the question of the

molecular dynamics of these catalysts. To date, it is impos-

sible to have a full representation at the molecular level of the

succession of events occurring at each enzyme cycle. Sucrose

binding, fructose release, acceptor binding and glucosylation,

and release of glucosylated product may be accompanied by

conformational changes, as strongly suspected for both

amylosucrases and branching sucrases. Tracking these con-

formational changes should also be a priority, altogether this

shouldhelp tobridge structural and functional data and clarify,

for example, the role of the secondary sugar binding sites SB2

and OB2 of NpAS, or that of the multiple sugar binding

pockets at the surface of DN123 GBD-CD2 domain V. Fur-

thermore, advances in these issues are essential to further

develop knowledge-based methodologies of enzyme engi-

neering and to incorporate this information into computer-

based enzyme engineering strategies. This should improve the

accuracy of the models, and accelerate reshaping of multiple

binding sites to further expand the use of these enzymes for

glycodiversification purposes.
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132. Kiss G, Çelebi-Ölçüm N, Moretti R et al (2013) Computational

enzyme design. Angew Chem Int Ed 52:5700–5725

133. Phalipon A, Mulard LA, Sansonetti PJ (2008) Vaccination

against shigellosis: is it the path that is difficult or is it the

difficult that is the path? Microbes Infect 10:1057–1062

134. Jennison AV, Verma NK (2004) Shigella flexneri infection:

pathogenesis and vaccine development. FEMS Microbiol Rev

28(43–58):140
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