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Abstract: Chemoenzymatic synthesis of glycosides relies on efficient glycosyl donor substrates
able to react rapidly and efficiently, yet with increased stability towards chemical or enzymatic
hydrolysis. In this context, glycosyl thioimidates have previously been used as efficient donors,
in the case of hydrolysis or thioglycoligation. In both cases, the release of the thioimidoyl aglycone
was remotely activated through a protonation driven by a carboxylic residue in the active site of
the corresponding enzymes. A recombinant glucosidase (DtGly) from Dictyoglomus themophilum,
previously used in biocatalysis, was also able to use such glycosyl thioimidates as substrates. Yet,
enzymatic kinetic values analysis, coupled to mutagenesis and in silico modelling of DtGly/substrate
complexes demonstrated that the release of the thioimidoyl moiety during catalysis is only driven by
its leaving group ability, without the activation of a remote protonation. In the search of efficient
glycosyl donors, glycosyl thioimidates are attractive and efficient. Their utility, however, is limited to
enzymes able to promote leaving group release by remote activation.

Keywords: glycoside hydrolase; thioglycosides; biocatalysis

1. Introduction

Enzymes proved to be efficient synthetic tools for the eco-compatible synthesis of many classes of
compounds. Non-organic solvents, mild experimental conditions and high regio- or stereo- specificity
inherent to biocatalyzed reactions have increased the added value of enzymes in transformation
processes, from the laboratory bench to the industrial scale [1]. Moreover, genetic modifications of
recombinant enzymes are now powerful tools to easily alter versatility and properties of the engineered
proteins. Rational mutagenesis, directed evolution, or even de novo design have dramatically
broadened the applicability of enzymes in biocatalysis [2].

In the glycochemistry field, a vast array of carbohydrate-metabolizing enzymes (CAZYmes),
including glycoside hydrolases (GH) or glycosyltransferases (GT), has been engineered and used for the
chemo-enzymatic synthesis of glycosides [3]. The corresponding methodologies have proved useful in
numerous applications ranging from glycosylated natural products to pharmaceuticals [4,5]. However,
only few examples in the literature have been describing the use of CAZYmes for the preparation of
synthetic thioglycosides that exhibit a sulphur atom linking the glycone and aglycone counterparts
instead of more conventional oxygen or nitrogen atoms [6]. Interestingly, when compared to the
corresponding O-glycosides, S-glycosides are highly stable towards enzymatic and acidic hydrolyses.
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As a result, thioglycosides have been used as substrate analogues or inhibitors of O-GH involved in
many diseases including cancer, lysosomal storage disorder, viral and bacterial infections [7,8].

Activated glycosyl donors have been used for a long time, especially in chemoenzymatic synthesis
of oligosaccharides [9–11]. In retaining GH, where the stereochemistry of the anomeric carbon is
conserved, these activated donors are of high interest because they enable the formation of the
glycosyl-enzyme intermediate through the release of the leaving group (Figure 1). This first step
is common to all enzymatic activities (hydrolase [12], transglycosidase [13], halogenase [12] and
thioligase [14]) because the final outcome of the reaction only depends on the nature of the nucleophile
that will attack the glycosyl-enzyme intermediate in the second step. Depending on the reaction and
the substrate employed, this step can be rate-determining.

Figure 1. Schematic mechanism of the first step involving the glycosyl-enzyme intermediate formation
in retaining GH. The leaving group (LG) release can also be catalysed through another catalytic residue
according to its nature. Depending on the nucleophile (Nu) attacking the intermediate, three reactions
can take place—hydrolysis, transglycosylation or thioligation.

In addition to the well characterized O-glycosides bearing a potent leaving group, some activated
S-glycosides have been reported as efficient substrates for thioligases [15] or glycoside hydrolases [16].
This latter hydrolytic activity is peculiar as very few examples of S-glycosides hydrolysis by glycoside
hydrolases have been reported in literature [16–26]. Among those examples, putting aside GlcNAcase,
GH4 and myrosinase that do not operate through the canonical GH mechanism, only almond
β-glucosidase GH1, Aspergillus niger GH3 [16,22,27], Micromonospora viridifaciens sialidase [21],
Caldocellum saccharolyticum glucosidase [24] and Oryza sativa Os4BGlu12 [23] have been isolated
and identified as thioglycoside hydrolases (Table 1).

Table 1. Comparison of S- and O-glycoside hydrolysis by GH.

Enzyme Organism Substrates Tested Relative Activity S-vs. O-(%) Ref

β-D-Glucosidase Sweet almond pNPSGlc
pNPSGal
pNPSFuc
GlcSBiz

GlcS(N-Me)Biz
GlcSBox

0.13 a

0.07 a

0.06 a

80 a

10 a

5 a

[22]

[16]

β-D-Glucosidase A. niger GlcSBiz
GlcS(N-Me)Biz

5 a

1 a
[16]

Sialidase M. viridifaciens Substituted pNPSNeuAc 0.01–60 [21]

Os4BGlu12 O. sativa pNPSGlc
OctylSGlc

0.5 a

0.1 b
[23]

a ratio of kcat/KM for thioglycoside substrate vs. corresponding para-nitrophenyl glycoside. b ratio of kcat/KM for
octyl S-glucoside vs. octyl O-glucoside.
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In most cases, S-substrate hydrolysis is much less efficient than the rate observed for the
corresponding O-substrate. Indeed, thioglycosides are less efficient substrates because no general
acid/base catalysis is available [28]. Yet, a new class of reactive thioglucosides (Figure 2, Table 1) bearing
a thioimidoyl moiety was reported, which were efficiently hydrolysed by almond GH1, as well as A. niger
GH3 [16]. In both cases, the authors demonstrated that benzoxazolyl 1-thio-β-D-glucopyranoside
(GlcSBox) and benzimidazolyl 1-thio-β-D-glucopyranoside (GlcSBiz) hydrolyses were catalysed by
remote activation of the C-S bond through protonation of the ring nitrogen in the aglycone. Such remote
activation was also described in the case of Araf51 [15], which was able to use similar arabinofuranosyl
thioimidates as glycosyl donors in thioglycoligation reaction [29–35]. In the context of chemoenzymatic
synthesis of glycosides, these substrates are attractive because of their high stability towards chemical
hydrolysis in aqueous solutions, as well as efficient leaving group ability [15].

Figure 2. Substrates used in this study.

In this work, we demonstrated that DtGly, a GH previously used in chemoenzymatic synthesis of
O-glycosides, was able to hydrolyse these glycosyl thioimidates. Combined in vitro enzymatic analysis
with in silico modelling of the enzyme-substrate interaction have helped us to decipher the molecular
mechanism of this rare hydrolysis.

2. Results

2.1. DtGly Can Hydrolyze Thioglycosides

DtGly (uniprot B5YCI2_DICT6) is encoded by dicth_0359 gene in the thermophile Dictyoglomus
thermophilum genome. We have recently reported the cloning, expression and purification of this
protein [36]. As many other D. thermophilum proteins [37–41], DtGly was found to be thermostable
and also exhibited a wide substrate specificity, as it is able to hydrolyse pNP β-D-glucoside, pNP
β-D-galactoside and pNP β-D-fucoside. Moreover, our previous study demonstrated that DtGly could
be used in chemoenzymatic synthesis of glycosides, thereby serving as an attractive biocatalyst that
needed to be assayed for other substrates [36].

In this context, we have focused on thioglycoside hydrolysis, as few examples of S-GH are
available in literature. Three S-containing substrates were tested, namely GlcSBiz, GlcSBox and
GlcSTaz that bear benzimidazolyl, benzoxazolyl and thiazolinyl aglycones, respectively (Figure 2).

Unlike pNP-Glc, wherein the hydrolysis can be easily monitored by quantification of the released
pNP group, hydrolysis rates of the S-containing substrates were determined by quantification of the
released glucose. This was achieved by monitoring o-dianisidine oxidation enzymatically coupled to
glucose production [42]. This methodology applied to pNP-Glc hydrolysis gave similar kinetic values
to those previously reported using pNP quantification (data not shown).

All three S-containing substrates were hydrolysed by DtGly (Table 2), with KM values higher
but in the same order of magnitude, as those observed for pNP-Glc (2- to 5-fold increase). However,
the catalytic rate kcat was decreased by one order of magnitude, indicating that the reaction is
dramatically slowed in the case of S-containing substrates. Therefore, the catalytic efficiencies of
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GlcSBiz, GlcSBox and GlcSTaz were found to be 20 to 40 times lower than the value determined
for pNP-Glc.

Table 2. Kinetic parameters of WT and acid/base E159Q mutant of DtGly. pNP-Glc hydrolysis activity
was measured by pNP release quantification. Other substrate hydrolysis activities were determined by
quantification of the released glucose. All experiments were done in three independent replicates and
are expressed as Mean ± SD.

Enzyme Substrate KM (µM) kcat (s−1) kcat/KM (s−1.mM−1)

WT pNP-Glc a 460 ± 40 31 ± 0.7 67
WT GlcSBiz 1533 ± 114 0.23 ± 0.01 0.15
WT GlcSBox 2246 ± 289 0.38 ± 0.03 0.17
WT GlcSTaz 880 ± 52 0.31 ± 0.01 0.35

E159Q pNP-Glc 200 ± 20 0.20 ± 0.01 1.0
E159Q GlcSBox 445 ± 40 0.06 ± 0.01 0.13

a Previously reported data [36].

GlcSBiz, GlcSBox and GlcSTaz have previously been used as substrates for sweet almond and
A. niger β-glucosidases [16], yet with a much different behaviour. GlcSBiz was hydrolysed by this
enzyme as efficiently as pNP-Glc. Kinetics analysis proved that GlcSBiz was efficiently hydrolysed by
those glucosidases thanks to the remote protonation of the imidazole ring nitrogen. A much lower
activity was observed for GlcSBox and no activity could be observed for GlcSTaz.

To better understand the chemistry underlying the thioglucoside hydrolysis by DtGly, we first
investigated whether these substrates were efficiently binding in the active site, because low GH
activities can arise from a second binding mode of substrates, as already reported [43]. Inhibition of
pNP-Glc hydrolysis by GlcSBiz demonstrated that the latter is a competitor in the active site to pNP-Glc
(Figure 3). Moreover, it efficiently binds into the active site, as an inhibitory constant Ki of 177 ± 11 µM
was calculated from the inhibition curves.

Figure 3. Lineweaver plot of wild-type DtGly inhibition with increasing concentrations of GlcSBiz.
Data are expressed as mean ± SD from three independent experiments. Inhibitor concentrations are
respectively depicted as crosses (0 µM), circles (100 µM), triangles (250 µM), diamonds (500 µM) and
squares (1000 µM). Inset: 2X zoom on axes origin highlighting the intersection of fitted lines on y-axis.

2.2. Identification of Residues Surrounding the Thioglycoside Substrates in DtGly Active Site

Structural analysis of DtGly was carried out to identify potential residues that might be involved
in S-containing substrate hydrolysis mechanism. Despite our efforts to crystallize DtGly, no diffracting
crystal could be obtained, thus we decided to build a homology model of the enzyme. To do so, a 3D
structure of β-glycosidase from Pyrococcus horikoshii was chosen because of its high sequence identity
(resp. homology) with DtGly of 45% (resp. 63%) [44].
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An initial model of residues 2-416 was built using a ModWeb server (ModPipe Protein Quality
Score of 1.6, considered as reliable); missing residues were then added and the overall model was
equilibrated by several cycles of energy minimization and molecular dynamics (Figure 4A).

Figure 4. (A) Overall representation of DtGly model. Helices and sheets are respectively coloured in
blue and orange. (B) Model of docked GlcSBiz in DtGly active site. Residues surrounding the ligand
binding pocket are depicted as sticks. For clarity purposes, hydrogens are not represented. Catalytic
residues Glu159 (acid/base) and Glu324 (nucleophile) are highlighted in bold. H-bonds are indicated as
dashed lines.

In order to evaluate potential roles of active site residues in sulphur-containing substrate hydrolysis,
modelling of substrate-bound DtGly were done by molecular docking. Using the conformation of
glucosides in other closely related GH1 x-ray structures (β-glucosidase from Thermotoga maritima PDB
1OIM and 1OIF [45]), GlcSBiz, GlcSBox and GlcSTaz were independently docked into the DtGly active
site. Figure 4B depicts the residues surrounding GlcSBiz, as well as the network of H-bonds between
the sugar moiety and several polar residues (Gln20, Glu159, Glu324, Asn367, Glu369). An additional
H-π interaction between glucose and Trp362 is also visible, as already seen for other GH [40]. The same
interactions were found for other substrates or conformations (see the Supplementary Materials).

In the context of identification of potential residues involved in the S-glycoside activation during
hydrolysis this model confirms that no acidic residue except Glu159 was close enough to remotely
protonate aglycone moieties of substrates, as expected considering in vitro assays.

2.3. DtGly Hydrolysis of S-Glycosides Does Not Involve General Acid/Base Catalysis

In our model, the catalytic glutamate Glu159, which acts as the acid/base residue in retaining GH
mechanism [46], is the only one close enough to activate thioglycoside hydrolysis. Although direct
protonation on sulphur cannot occur in the case of thiogycosides [28], examples of distant protonation
of the aglycone by a catalytic residue have been reported [15]. We have thus generated two mutants,
namely Glu159Ala and Glu159Gln to assess the potential role of this residue in the thioglycoside
hydrolysis. Unlike Glu159Gln that could be purified to homogeneity, Glu159Ala mutant was not
soluble after cell lysis and thus could not be purified. This mutant was left aside for further experiments.

Glu159Gln mutation led to a dramatic decrease of catalytic efficiency for pNPGlc, as shown
in Table 2. KM values for this substrate are lower but in the same order of magnitude (200 µM
vs. 460 µM), which can be explained by conservation of the active site structure in the mutant and
decreased kcat value by a factor of 150 because KM is related to kcat. This loss of hydrolytic activity upon
acid/base mutation is usual, as reported in many other studies, especially those concerning thioligase
generation [14,40].

When using GlcSBox as a substrate, DtGly Glu159Gln exhibits a reduced kcat value (0.38 to 0.06 s−1),
as expected because nucleophile water attack is not activated by deprotonation. However, second
order rate constant remains unchanged, indicating that the first step of the reaction is not compromised
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by the removal of the glutamate residue. Thus, the release of the thiol leaving group is not activated by
Glu159 and is only dictated by its leaving capability (i.e., pKa).

3. Discussion

We have previously used D. thermophilum DtGly as a versatile tool for synthesis of glycosides and
looked for alternate substrates for this enzyme. Thioimidate glycosyl donors have been used for a
long time in organic synthesis to generate a wide range of glycosides and glycans [34,47–49]. In this
context, we tested previously reported glycosyl thioimidates as substrates for almond GH1 and A. niger
GH3 [16]. Examples of cloning and characterization of thioglycoside hydrolases are scarcely available
in literature and even fewer studies on mechanism underlying the thioglycoside hydrolysis by GH
have been published.

DtGly is able to hydrolyse S-glycosides, with lower activities than those observed for O-glycosides.
This hydrolytic activity is rate-limited by release of the thiol-containing leaving group and not water
nucleophilic attack, unlike generally accepted mechanism for the O-glycoside hydrolysis [19,28].
The modelling of substrate-DtGly complexes as well as mutagenesis of the acid/base residue also
demonstrated that no residue was able to remotely protonate the benzimidazole group nor the sulphur
atom. If DtGly is able to hydrolyse S-containing substrates without general acid catalysis, the hydrolysis
rate is limited by the leaving group capability, as no remote activation is possible. The pKa of leaving
groups 2-mercaptobenzimidazole (for GlcSBiz) and 2-mercaptobenzoxazole (for GlcSBox) have been
experimentally determined at 5.8 [50] and 6.58 [51]. To our knowledge, no value is available for
2-mercaptothiazoline (for GlcSTaz).

In the case of almond and A. niger glycosidases, a remote protonation occurring on a nitrogen
atom of the benzimidazole moiety of GlcSBiz was shown to accelerate the leaving group release, thus
increasing the catalytic rate to a value close to those observed for O-glycosides. Another GH exhibiting
thioglycosidase activity on 2’-thio-benzimidazolyl arabinosides activated by remote deprotonation,
namely Araf 51 [15], was also reported. The modelling of Araf 51/substrate complex demonstrated that
the nucleophile catalytic residue was responsible for the remote protonation on imidazole nitrogen,
mostly because a furanosyl ring is much more flexible than a pyranosyl ring and allows the nucleophile
residue to interact with the aglycone.

4. Materials and Methods

4.1. Materials

para-Nitrophenyl β-D-glucopyranoside (pNP-Glc) was purchased from Carbosynth (Oxford,
UK). 2-benzoxazolyl 1-thio-β-D-glucopyranoside (GlcSBox) [52], 2-benzimidazolyl 1-thio-β-D-
glucopyranoside (GlcSBiz) [16] and 2-thiazolinyl 1-thio-β-D-glucopyranoside (GlcSTaz) [49] were
prepared as previously described. Otherwise specified, all other chemicals were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) and were of purest quality available. Mutagenic primers
were purchased from Eurofins Genomics (Ebersberg, Germany) and WT DtGly coding expression
plasmid (pET28a-dtgly) was prepared as previously described [36].

4.2. Production of WT and E159Q DtGly

pET28a-dtgly was used as a template for mutagenic PCR in the Quikchange Site-directed
mutagenesis kit (Agilent, Les Ulis, France). Primers containing desired mutation on acid/base
residue position (E159) were constituted of a pair of complement oligonucleotides designed
using Agilent tools website (www.genomics.agilent.com, mutated codons are highlighted
in bold): DtGly E159A: 5’-gaattactggatgactataaatgcgcccaatgcttatgccttt-3’ and DtGly E159Q:
5’-atcttgtgaattactggatgactataaatcagcccaatgcttatg-3’. Mutagenesis procedure was performed according
to the kit procedure. Sequences of pET28a-dtglyE159A and pET28a-dtglyE159Q were verified by Sanger
sequencing at Eurofins Genomics (Ebersberg, Germany).

www.genomics.agilent.com
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Production and purification of DtGly variants was done as previously reported [36]. Briefly,
Escherishia coli Rosetta(DE3) transformed with expression plasmids were grown in LB medium
supplemented with chloramphenicol (34 µg/mL) and kanamycin (30 µg/mL) at 37 ◦C until OD600

reached 0.6. Induction was then done by addition of 1 mM IPTG and incubated overnight a 25 ◦C.
Cells were harvested, lyzed by freeze-thaw cycles and sonication and supernatant was clarified by heat
treatment for 15 min at 70 ◦C before centrifugation. Finally, supernatant was loaded on a Nickel column
(HisPure, Thermo Scientific) and purified by elution with lysis buffer containing 500 mM imidazole.

4.3. pNP Release Quantification Assay

DtGly variants (WT or mutants) activity towards pNP-Glc hydrolysis was determined at 37 ◦C in
a 200 µL incubation containing 5 ng of the enzyme, 0.01–10 mM pNP-Glc, Citrate-Phosphate buffer
(20 mM, pH 6) and 0.1–1 mM GlcBox for inhibition studies. After 20 min of incubation, 100 µL of
Na2CO3 1 M was added and released pNP was quantified at 405 nm (ε405 = 19,500 cm−1.M−1). Prism 4
(GraphPad) was used to fit data according to Michaelis-Menten model, or competitive inhibition model
and retrieve kinetic parameters.

4.4. Glucose Release Assay

To determine GlcSBox, GlcSTaz and GlcSBiz hydrolysis rate by DtGly variants, produced glucose
was quantified using a continuous coupled enzyme assay [42]. Incubations were similar as those
for pNP-Glc hydrolysis with the addition of glucose oxidase from Aspergillus niger (Sigma-Aldrich,
Saint Louis, MO, USA, 0.4 u), horseradish peroxidase (Sigma-Aldrich, 0.4 u) and o-dianisidine
(Sigma-Aldrich, 100 µM). Dianisidine oxidation coupled to glucose production was monitored at
442 nm during 30 min. Prism 4 (GraphPad) was used to fit data according to Michaelis-Menten model
and retrieve kinetic parameters.

4.5. Computational Studies

The structure of β-glycosidase from Pyrococcus horikoshii [44] (PDB 1VFF, 45%/63% sequence
identity/homology) was used as a template for homology model building using a ModWeb server
from the A. Sali Laboratory (https://modbase.compbio.ucsf.edu/modweb/). The resulting model was
prepared with AmberTools [53] and equilibrated using NAMD software [54] and Amber fb15 force
field [55] (3 cycles of 10,000 minimization steps and 0.5 ns dynamics at 100 K).

Docking of GlcSBox, GlcSTaz and GlcSBiz substrates into DtGly active site model was done
by firstly applying AM1-BCC charges on ligands [56]. Then each substrate was placed 10 Å away,
facing the active site (according to PDB 1VFF). DtGly-substrate complexes were formed using steered
molecular dynamics [57] at 100 K using the structural alignment of glucose moiety in its binding
pocket as the final orientation according to closest structures bearing a ligand in their active site
(β-glucosidase from Thermotoga maritima PDB 1OIM, 1OIF and 1OIF) [45]. DtGly backbone was kept
constrained during the whole procedure. Finally, protein-ligand complexes models were equilibrated
by releasing substrate constraints and applying several cycles of energy minimization (10,000 steps,
steepest descent) followed by molecular dynamics (100 K, 1 ns). Final complex models were obtained
by a final energy minimization. For each substrate, several initial conformations were tested, mostly
by rotation of the glycosidic bond. All structural figures were drawn using the PyMOL Molecular
Graphics system 1.8 (www.pymol.org).

5. Conclusions

This study demonstrates that glycosyl thioimidates are not universal glycosyl donors for
chemoenzymatic syntheses. While the above examples of efficient enzymatic activities using such
substrates were reported in literature, they rely on an activation by protonation of the aglycone
moiety, either with a distant carboxylic acid residue (almond GH1) or the catalytic nucleophile (Araf 51,
Figure 5). DtGly seems to be the paradigm of the general case of an enzyme that can use those substrates

https://modbase.compbio.ucsf.edu/modweb/
www.pymol.org
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without acid catalysis, yet with a much lower activity. This study paves the way for broadening DtGly
applications in biocatalysis. Identification of efficient substrates and mutation into a thioligase are
currently under further investigation.

Figure 5. Glycosyl thioimidates require remote activation to promote the leaving group release.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/826/s1,
Figure S1: Model of docked GlcSBox and GlcSTaz in DtGly active site.
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