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ABSTRACT   13 

Osmolytes are produced by various microorganisms as a defense mechanism to protect cells and macromolecules 14 

from damage caused by external stresses in harsh environments. Due to their useful stabilizing properties, these 15 

molecules are applied as active ingredients in a wide range of cosmetics and healthcare products. The metabolic 16 

pathways and biocatalytic syntheses of glycosidic osmolytes such as 2-O-α-D-glucosyl-D-glycerate often involve the 17 

action of a glycoside phosphorylase. Here, we report the discovery of a glucosylglycerate phosphorylase from 18 

carbohydrate-active enzyme family GH13 that is also active on sucrose, which contrasts the strict specificity of known 19 

glucosylglycerate phosphorylases that can only use α-D-glucose 1-phosphate as glycosyl donor in transglycosylation 20 

reactions. The novel enzyme can be distinguished from other phosphorylases from the same family by the presence 21 

of an atypical conserved sequence motif at specificity-determining positions in the active site. The promiscuity of the 22 

sucrose-active glucosylglycerate phosphorylase can be exploited for the high-yielding and rapid synthesis of 2-O-α-23 

D-glucosyl-D-glycerate from sucrose and D-glycerate.  24 

 25 

KEY POINTS 26 

• A Xylanimonas protaetiae glycoside phosphorylase can use both D-glycerate and fructose as glucosyl acceptor 27 

with high catalytic efficiency 28 

• Biocatalytic synthesis of the osmolyte 2-O-α-D-glucosyl-D-glycerate 29 

• Positions in the active site of GH13 phosphorylases act as convenient specificity fingerprints 30 

 31 
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INTRODUCTION 35 

The discovery of novel carbohydrate-active enzymes (CAZymes) is an area of broad interest due to the vital role that 36 

carbohydrates play in nature and in industry. The ongoing search for new CAZyme specificities continues to expand 37 

our understanding of natural metabolic pathways and frequently presents interesting opportunities for the synthesis 38 

and degradation of sugar-based compounds. However, the search is far from over. Large-scale sequencing efforts have 39 

led to an exponential growth of the number of protein sequences in the CAZy database, while only a fraction of these 40 

are ever experimentally characterized (Garron and Henrissat 2019; Drula et al. 2022). Considering the wide functional 41 

diversity that often exists even within one enzyme subfamily, it is not surprising that newly added sequences often 42 

receive an incorrect functional annotation. Rational approaches for enzyme discovery are very useful in that regard, 43 

as they can direct our attention to those CAZymes that are most likely to exhibit unique properties, and therefore, are 44 

worth studying in more detail. 45 

A group of CAZymes that are particularly appealing for biotechnological applications are glycoside phosphorylases 46 

(GPs) (Li et al. 2022). These enzymes catalyze the breakdown of glycosidic bonds using inorganic phosphate to 47 

produce sugar 1-phosphates (i.e. phosphorolysis), but they can also catalyze the reverse reaction where such sugar 1-48 

phosphates are used as glycosyl donor to form a new glycosidic bond (i.e. reverse phosphorolysis). Therefore, GPs 49 

are versatile synthetic tools that can be used to produce valuable carbohydrates, glycoconjugates or glycosyl 50 

phosphates. The list of known GP specificities has grown considerably over the past few years, covering an 51 

increasingly large range of substrates and glycosidic linkages (Li et al. 2022). However, the spectrum of different 52 

phosphorylases remains narrow when compared to the enormous diversity of known glycoside hydrolases and 53 

glycosyltransferases.  54 

Subfamily 18 of glycoside hydrolase family 13 (GH13_18) has proven to be an especially rich source of new GP 55 

specificities. The most famous member of this subfamily is sucrose phosphorylase (EC 2.4.1.7), of which the discovery 56 

dates back to the 1940s (Kagan and Latker 1942). This enzyme is quite promiscuous, allowing it to transfer the 57 

glucosyl moiety of sucrose not only to phosphate, but also to a variety of different acceptor substrates with attractive 58 

yields. Hence, the transglycosylation activity of sucrose phosphorylase has been successfully exploited for the 59 

biocatalytic production of numerous glycosides and rare sugars (Franceus and Desmet 2020). In search for a more 60 

thermostable sucrose phosphorylase, we previously serendipitously identified a phosphorylase in GH13_18 that 61 

appeared to show a clear preference for sucrose 6F-phosphate over sucrose (EC 2.4.1.329) (Verhaeghe et al. 2014). 62 
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This difference in specificity was found to be caused by few key sequence differences at positions in the active site of 63 

sucrose 6F-phosphate phosphorylase. The entire GH13_18 subfamily has since been thoroughly searched for other 64 

enzymes with diverging sequence motifs at those specificity-determining positions, leading to the discovery of 65 

phosphorylases that are not active on sucrose at all, but are instead dedicated to the (reverse) phosphorolysis of 2-O-66 

α-glucosyl-D-glycerate (EC 2.4.1.352), 2-O-α-glucosylglycerol (EC 2.4.1.359), sucrose 6F-phosphate, or a substrate 67 

that is yet to be revealed (Franceus et al. 2017; Franceus et al. 2018; Franceus et al. 2019; Franceus and Desmet 2019; 68 

Tauzin et al. 2019). The availability of these enzymes has enabled the development of efficient new processes for the 69 

production of resveratrol glycosides, polyol glycosides, glucosylglycerol and D-glycerate (Dirks-Hofmeister et al. 70 

2015; Zhang et al. 2020; Zhang et al. 2021; Zhang et al. 2022).  71 

 Since the previous discovery of a novel specificity in GH13_18, the number of unique sequences in the subfamily 72 

has more than doubled. In this work, we report the characterization of a new member of GH13_18 with an unusual 73 

sequence motif at the specificity-determining positions in the active site and show that this enzyme can be applied for 74 

the high-yielding and rapid biocatalytic synthesis of 2-O-α-D-glucosyl-D-glycerate. 75 

  76 
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MATERIALS AND METHODS 77 

Materials 78 

All chemicals were obtained from Merck, unless noted otherwise. D-Glycerate was supplied as D-glyceric acid calcium 79 

salt dihydrate. The carbohydrates for the putative substrate screening were obtained from Biosynth.  Primers were 80 

purchased from Integrated DNA Technologies. 81 

 82 

Sequence analysis 83 

The identifiers of proteins classified in GH13_18 were extracted from the CAZy database (http://www.cazy.org) and 84 

their amino acid sequences were obtained from GenBank. All duplicates were removed, leaving a total of ~1,900 85 

unique sequences. Clustal Omega was used to perform a multiple sequence alignment with default parameters (Sievers 86 

et al. 2011). A phylogenetic tree was constructed using RAxML v8.2.12 with the LG+I+G substitution model and the 87 

tree was visualized using iTOL v5 (Stamatakis 2014; Letunic and Bork 2021).  88 

 89 

Cloning, expression and purification 90 

The sequence of XpGP was codon-optimized for E. coli, synthesized and subcloned into a pET21a vector at the NheI 91 

and XhoI sites by Life Technologies (Belgium). The plasmid was used for transformation of E. coli BL21(DE3) 92 

electrocompetent cells. LB medium (500 mL in a 2-L flask; 10 g·L-1 tryptone, 5 g·L-1 NaCl, 5 g·L-1 yeast extract) 93 

supplemented with 100 µg·mL-1 ampicillin was inoculated with an overnight culture (5 mL) containing these cells and 94 

incubated at 37°C and 200 rpm until OD600 reached 0.6. The temperature was then lowered to 18°C and expression 95 

was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. After 96 

incubation for 16 h, cells were harvested by centrifugation, the supernatant was discarded and the pellet was frozen at 97 

-20°C. 98 

To extract and purify XpGP, the obtained pellet was thawed, resuspended in 8 mL lysis buffer (10 mM imidazole, 99 

0.1 mM phenylmethylsulfonyl fluoride, 1 mg·mL-1 lysozyme, 50 mM phosphate-buffered saline; pH 7.4) and 100 

incubated on ice for 30 min. The lysate was sonicated three times for 2.5 min (Branson sonifier 450, level 3, 50% duty 101 

cycle) and the soluble fraction of the lysate was obtained by centrifugation (20,000 g for 30 min). The clarified lysate 102 

containing XpGP with a C-terminal His6-tag was purified by nickel-nitrilotriacetic acid chromatography following the 103 

instructions of the supplier (HisPur Ni-NTA; Thermo Fisher Scientific). The purified enzyme solution was 104 
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concentrated and the buffer was exchanged to 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0 using 105 

an Amicon Ultra-15 centrifugal filter unit with a 30-kDa cutoff (Merck). The protein concentration was measured 106 

using a NanoDrop ND-1000 at 280 nm (Thermo Fisher Scientific) with the extinction coefficient (63,370 M-1cm-1) 107 

and molecular weight (55.3 kDa) as determined by the ProtParam tool (https://web.expasy.org/cgi-108 

bin/protparam/protparam). 109 

 110 

Detection of reaction products 111 

The release of inorganic phosphate from α-glucose 1-phosphate was monitored using the colorimetric 112 

phosphomolybdate assay (Gawronski and Benson 2004). The release of fructose from sucrose was monitored using 113 

the colorimetric bicinchoninic acid reducing sugars assay (Aerts et al. 2011). When using these assays to determine 114 

specific activities, one unit of activity was defined as the amount of enzyme that releases one µmol of the measured 115 

product (i.e. inorganic phosphate or fructose) per minute under the specified reaction conditions. All measurements 116 

of specific activities were performed in triplicate. Transglycosylation reactions starting from sucrose were monitored 117 

by high-performance anion exchange chromatography (HPAEC; Dionex ICS-600; Thermo Fisher Scientific) with a 118 

CarboPac PA20 pH-stable column and pulsed amperometric detection. The column was kept at 30°C with a flow rate 119 

was 0.5 mL·min-1. The eluent composition was 30 mM NaOH for 8.5 min after which the NaOH concentration 120 

increased to 100 mM for 1.5 min. Next, the NaOAc concentration was gradually increased from 0 mM to 300 mM 121 

over 4 min. The eluent composition was kept constant for 0.5 min, gradually changed back to 30 mM NaOH and 0 122 

mM NaOAc over 0.5 min, and kept constant for another 5 min. Before analysis, all reactions were inactivated by the 123 

low pH of the assay solution (phosphomolybdate assay) or by heating the sample at 95°C for 5 min (HPAEC). 124 

 125 

Characterization of XpGP 126 

The activity of XpGP on various candidate glycosyl acceptors was evaluated by incubating 0.35 µM purified enzyme, 127 

25 mM α-glucose 1-phosphate and 50 mM putative substrate in 50 mM MOPS buffer at pH 7.0 and 30°C for 30 min. 128 

A 50 µL-sample was analyzed using the phosphomolybdate assay, and a sample from a reaction without glycosyl 129 

acceptor was used as negative control. 130 

The influence of pH on the activity of XpGP was determined my measuring the specific activity in reactions with 131 

30 mM α-glucose 1-phosphate and 50 mM fructose at 30°C in 50 mM acetate (pH 4.5 – 5.5), 2-132 
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morpholinoethanesulfonic acid (pH 5.5 – 6.5), MOPS (pH 7.0 – 7.5) or Tris (pH 8.0). The optimal temperature was 133 

determined using the same substrate concentrations in 50 mM MOPS at pH 7.0. Reaction samples were analyzed using 134 

the phosphomolybdate assay. 135 

The thermodynamic stability of XpGP was evaluated by differential scanning fluorimetry in a CFX384 Touch Real-136 

Time PCR Detection System (Bio-Rad Laboratories) using the FRET channel. Purified protein (22.5 µL of a 0.5 137 

mg·mL-1 solution) was mixed with SYPRO Orange Protein Stain (2.5 µL of a 50X Stain solution). The temperature 138 

was increased from 20°C to 99°C at a rate of 0.5°C·min-1 and fluorescence emissions were plotted as a function of 139 

temperature. 140 

The kinetic stability of XpGP was evaluated by monitoring its residual specific activity at various time points during 141 

the incubation of 1µM purified enzyme at 30°C and at 45°C in 50 mM MOPS, pH 7.0. Specific activities were 142 

determined with 30 mM  α-glucose 1-phosphate and 50 mM fructose at 30°C and pH 7.0 and reaction samples were 143 

analyzed using the phosphomolybdate assay. 144 

Kinetic parameters were determined at the optimal pH (7.0) and temperature (30°C) in 50 mM MOPS buffer. When 145 

varying the acceptor substrate concentration (fructose, D-glycerate and L-glycerate), 30 mM α-glucose 1-phosphate 146 

was added as the cosubstrate and reaction samples were analyzed using the phosphomolybdate assay. When varying 147 

the donor substrate concentration (sucrose), 100 mM phosphate was added as the cosubstrate and reaction samples 148 

were analyzed using the bicinchoninic acid reducing sugars assay. The kinetic parameters were calculated by nonlinear 149 

regression of the Michaelis-Menten equation using SigmaPlot 14.5. For variant Q345A, the Michaelis-Menten 150 

equation was modified to incorporate substrate inhibition as follows: v0 = vmax⋅[S]/(KM + [S]⋅(1+[S]/Ki)). 151 

 152 

Mutagenesis 153 

The Q5 mutagenesis kit (New England Biolabs) was used to generate the enzyme variants following the 154 

manufacturer’s instructions. The required primers were designed using the NEBaseChanger tool (Table S1).  155 

 156 

Optimization of reaction conditions 157 

Reactions for the synthesis of glucosylglycerate from sucrose and D-glycerate or L-glycerate were performed in 158 

Eppendorf tubes with a total reaction volume of 500 µM, without agitation, in 100 mM MOPS buffer at pH 7.0 and 159 
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30°C. When monitoring the reaction over time, 5 µM purified XpGP was incubated with 300 mM sucrose and 300 160 

mM D-glycerate. Samples were taken at various time points for 4 h and subsequently analyzed by HPAEC. When 161 

optimizing the substrate concentrations, the purified enzyme concentration was 3.7 µM, reactions were stopped after 162 

4 h of incubation and yields were determined by HPAEC. The conversion of sucrose to glucosylglycerate was 163 

monitored and quantified by determining the difference between the overall conversion of sucrose (i.e. release of 164 

fructose) and the contaminating hydrolytic conversion of sucrose (i.e. release of glucose). 165 

NMR analysis 166 

XpGP (5 µM) was incubated with 0.3 M sucrose and 0.3 M D-glycerate for 4 h at 30°C. The reaction mixture was 167 

inactivated (5 min, 95°C), centrifuged and freeze-dried. 1H NMR and 13C NMR spectra were recorded at 400 and 168 

100.6 MHz, respectively, on a Bruker Avance III HD Nanobay III instrument. Deuterated water was used as a solvent, 169 

and acetone was used as an internal chemical shift standard (δH 2.23 ppm and δC 31.5 ppm). All spectra were processed 170 

using TOPSPIN 3.6.3 software and compared to spectral data previously reported for 2-O-α-D-glucosyl-D-glycerate 171 

(Sawangwan et al. 2009). 172 

Sequence information 173 

The codon-optimized nucleotide sequence and the amino acid sequence of XpGP, including the C-terminal His6-tag, 174 

are shown in Table S2. The original nucleotide and amino acid sequences can also be found in GenBank under the 175 

accession numbers CP035493 and QAY71641.1, respectively. In UniProt, the amino acid sequence can be found with 176 

the identifier A0A4V0YGL6. Furthermore, the plasmid for expression of XpGP is publicly available at the 177 

BCCM/GeneCorner plasmid collection with accession number LMBP 13891.  178 
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RESULTS  179 

Sequence analysis and expression of an atypical glycoside phosphorylase 180 

Protein sequences in subfamily GH13_18 contain a short stretch of specificity-determining residues that can be used 181 

to distinguish the different GP functions known to date (Franceus and Desmet 2020). This specificity fingerprint is 182 

found at positions 342 – 345 in the sucrose phosphorylase from Bifidobacterium adolescentis (BaSP). Structural 183 

analysis has shown that those positions are part of a dynamic loop that undergoes structural rearrangements during the 184 

catalytic cycle, while mutational studies have demonstrated that they are critically involved in substrate recognition 185 

in the +1 subsite (Mirza et al. 2006; Verhaeghe et al. 2013). In BaSP, residues 342-345 establish important interactions 186 

with the fructosyl moiety of sucrose (Asp342), phosphate (Leu323 and Tyr344), or both (Gln345). By searching a 187 

multiple sequence alignment of subfamily GH13_18 for putative phosphorylases with a previously unreported 188 

sequence motif at the corresponding positions, we discovered a group of putative phosphorylases with an unusual 189 

LPHQ motif. Phylogenetic analysis showed that these proteins are most closely related to the BaSP-like sucrose 190 

phosphorylases, but do not share their characteristic D(L/I)YQ motif (Fig. 1). One representative from the group of 191 

atypical putative phosphorylases, originating from Xylanimonas protaetiae, was selected for expression and 192 

characterization. The putative glycoside phosphorylase from X. protaetiae (XpGP) with a C-terminal His6-tag was 193 

recombinantly expressed in Escherichia coli and purified to apparent homogeneity by affinity chromatography. 194 

Approximately 40 mg of purified protein could be obtained from a 500-mL culture. 195 

 196 

Fig. 1 Specificity-determining positions in CAZy subfamily GH13_18. (a) Simplified representation of the 197 

phylogeny of GH13_18. A sequence logo is shown of specificity-determining positions in subsite +1 for each clade 198 

with characterized representatives (positions 342 – 345 in B. adolescentis sucrose phosphorylase and X. protaetiae 199 
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glycoside phosphorylase). The clade containing the X. protaetiae GP is indicated by a blue box. (b) Homology model 200 

of the X. protaetiae GP with a glucose molecule in subsite -1, the catalytic residues (gold) and the specificity-201 

determining residues in substitute +1 (blue).  202 

 203 

Characterization of XpGP 204 

To determine which substrate a novel CAZyme might be active on, earlier studies have drawn inspiration from the 205 

genomic context of the gene of interest. For example, genes encoding a glucosylglycerol phosphorylase are often 206 

situated next to other genes that are involved in glucosylglycerol metabolism, while those encoding a sucrose 6F-207 

phosphate phosphorylase often reside in an operon with genes encoding a phosphofructokinase or sugar 208 

phosphotransferase system (Verhaeghe et al. 2014; Franceus et al. 2018). Unfortunately, scanning the genomic context 209 

of XpGP and its homologs did not reveal such clear patterns. Therefore, XpGP was screened on a diverse panel of 210 

candidate glucosyl acceptors in reactions with α-D-glucose 1-phosphate as the glucosyl donor (Table S3). Very high 211 

activity was observed in reactions with D-glycerate, indicating that XpGP is likely to be a glucosylglycerate 212 

phosphorylase. Several glucosylglycerate phosphorylases have already been discovered in GH13_18, although those 213 

are located in a different phylogenetic clade, they share low homology with XpGP (~30% sequence identity) and their 214 

sequences contain an entirely different characteristic sequence motif (Figure 1). However, in contrast to all known 215 

glucosylglycerate phosphorylases from the same subfamily, which are known to have a very strict substrate specificity, 216 

XpGP also showed high activity in the presence of fructose as glycosyl acceptor. 217 

The optimal pH of XpGP was 7.0, which is comparable to that of other phosphorylases from the family (6.0 – 7.0) 218 

(Fig. S1A). Its optimal temperature for activity was 30°C, matching the optimal growth temperature of X. protaetiae 219 

(28 – 30°C) (Fig. S1B) (Heo et al. 2020). The apparent folding transition temperature (Tm) of XpGP was found to be 220 

41 ± 1 °C by differential scanning fluorimetry. In addition, its kinetic stability was evaluated at 30°C and 45°C. At 221 

30°C, the enzyme retained 55% of its initial activity after 24 h of incubation. However, at 45°C, only 40% of its 222 

activity was retained after 1 h of incubation, and it was fully inactivated after 4 h. 223 

The kinetic parameters were determined in the synthesis direction of the reversible phosphorolysis reaction at the 224 

optimal pH and temperature and the enzyme was found to exhibit Michaelis-Menten kinetics on the tested substrates 225 

(Table 1). The catalytic efficiency for D-glycerate (kcat/KM = 2.4 mM-1s-1) was in line with that of several other GPs 226 

for their native acceptor substrate, further confirming the results from the substrate screening. XpGP showed a clear 227 
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preference for D-glycerate over its enantiomer L-glycerate and over fructose. Further, the enzyme was confirmed to 228 

regioselectively synthesize 2-O-α-D-glucosyl-D-glycerate from sucrose and D-glycerate by NMR spectroscopy (Fig. 229 

S2). We also determined the kinetic parameters for sucrose in the phosphorolysis direction of the reaction and found 230 

that XpGP showed low affinity for this substrate (KM = 67 mM) in comparison to the values reported for known sucrose 231 

phosphorylases (KM = 1 – 15 mM). However, all previously reported glucosylglycerate phosphorylases are not active 232 

on sucrose at all (Franceus et al. 2017). In summary, the kinetic characterization of XpGP indicates that the enzyme 233 

can be regarded as a promiscuous sucrose-active glucosylglycerate phosphorylase (Fig. 2).  234 

 235 

Table 1 Apparent kinetic parameters of X. protaetiae glucosylglycerate phosphorylase at pH 7.0 and 30°C. 236 

Substrate KM  

(mM) 

kcat  

(s-1) 

kcat/KM  

(mM-1s-1) 
D-Glyceratea 20 ± 2 48 ± 1 2.4 
L-Glyceratea 46 ± 12 42 ± 4 0.9 
Fructosea 51 ± 5 77 ± 4 1.5 
Sucroseb 67 ± 9 70 ± 4 1.0 
a In 50 mM MOPS buffer with 30 mM α-D-glucose 1-phosphate 237 

b In 100 mM phosphate buffer 238 

 239 

Fig. 2 Reactions catalyzed by the Xylanimonas protaetiae glycoside phosphorylase from subfamily GH13_18. (a) 240 

Reversible phosphorolysis of 2-O-α-D-glucosyl-D-glycerate, (b) reversible phosphorolysis of sucrose, (c) 241 

transglycosylation with sucrose and D-glycerate to form 2-O-α-D-glucosyl-D-glycerate. 242 

 243 
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Mutational analysis 244 

XpGP could successfully be distinguished from previously characterized phosphorylases by the presence of the 245 

atypical LPHQ sequence motif.  The contribution of the residues in this sequence motif to substrate binding and 246 

catalysis was further examined by means of alanine scanning. All four amino acids (Leu342, Pro343, His344, Gln345) 247 

were individually substituted with alanine to remove their side chain without disrupting the main chain conformation. 248 

Subsequently, the kinetic parameters for D-glycerate were determined for all variants (Table 2), revealing that all 249 

mutations resulted in significantly reduced turnover numbers. The L342A mutation showed the least detrimental 250 

effect, which is not surprising given the similar physicochemical properties of Leu and Ala. To more properly evaluate 251 

the importance of the Leu342 sidechain, we thus also replaced it by Asp, which is the residue found at the 252 

corresponding positions in sucrose phosphorylases. The L342D mutation did lower the affinity of XpGP for D-253 

glycerate. The Q345A variant experienced a similar effect on affinity and also introduced clear substrate inhibition 254 

(Ki = 25 mM). Pro343 and His344 do not appear to be critically involved in the binding of D-glycerate. It has been 255 

described that the residues at the equivalent positions in sucrose phosphorylases primarily participate in phosphate 256 

binding, so it is likely that Pro343 and His344 play a similar role in XpGP (Verhaeghe et al. 2013). Curiously, the 257 

H334A mutation even improved the affinity of XpGP for D-glycerate at the cost of a severely reduced turnover number, 258 

resulting in the lowest catalytic efficiency overall. 259 

 260 

Table 2 Apparent kinetic parameters of XpGP variants for D-glycerate at pH 7.0 and 30°C with 30 mM α-D-glucose 261 

1-phosphate as cosubstrate. 262 

Variant KM  

(mM) 

kcat  

(s-1) 

kcat/KM  

(mM-1s-1) 
Wild-type 20 ± 2 48 ± 1 2.4 
L342A 23 ± 2 12 ± 0.3 0.5 
L342D 34 ± 2 5.6 ± 0.1 0.2 
P343A 21 ± 3 8.4 ± 0.5 0.4 
H344A 7.8 ± 0.7 0.94 ± 0.02 0.1 
Q345Aa 35 ± 24  6.2 ± 3.2 0.2 
a Substrate inhibition (Ki = 24 ± 17 mM) 263 

 264 

One-step synthesis of glucosylglycerate from sucrose and glycerate 265 
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Sucrose phosphorylases have long been used for their ability to transfer the glycosyl moiety of sucrose to a diverse 266 

range of other molecules to form the corresponding glucosides in a single step. However, those alternative molecules 267 

are typically converted rather slowly, and D-glycerate is no exception (Aerts et al. 2011). Transglycosylation reactions 268 

with D-glycerate proceed at rates that are comparable to the contaminating hydrolytic reaction, where the enzyme 269 

transfers the glucosyl group of sucrose to water instead. Nevertheless, the Nidetzky group reported that an attractive 270 

yield (90% of D-glycerate converted) can be obtained with the sucrose phosphorylase from Leuconostoc mesenteroides 271 

(LmSP) by adding a 2.5-fold molar excess of sucrose, albeit after long incubation times (Sawangwan et al. 2009). 272 

Given the high activity of XpGP on both the donor sucrose and the acceptor D-glycerate, we hypothesized that it may 273 

be a more suitable catalyst for this process (Fig. 2c). 274 

 Incubating XpGP with equimolar amounts of sucrose and D-glycerate (300 mM) at 30°C and pH 7.0 showed 275 

that the substrates were readily converted with a yield of 92% (Fig. 3). In contrast, LmSP can convert no more than 276 

60% of D-glycerate at those concentrations because sucrose is gradually depleted due to hydrolysis (Sawangwan et al. 277 

2009). Glucose was released by XpGP only in small amounts (< 1%), indicating that the undesired hydrolytic side 278 

reaction could effectively be suppressed by the presence of D-glycerate. Indeed, in the absence of any glycosyl 279 

acceptor, we found that XpGP hydrolyzed sucrose at a slightly higher rate (0.57 ± 0.04 U/mg) than LmSP did (0.30 ± 280 

0.13 U/mg). Furthermore, transglycosylation reactions with XpGP proceeded considerably faster. Reactions with 5 281 

µM XpGP and equimolar substrate concentrations reached maximal conversion after approximately 2 h, whereas the 282 

equivalent reaction with LmSP only converted 3% of sucrose at that time. 283 

 Next, the concentrations of sucrose and D-glycerate were varied and the yield was determined after 4 hours 284 

of incubation (Table 3). The findings reaffirmed that significant hydrolysis of sucrose takes place only at low 285 

concentrations of D-glycerate. Hydrolytic activity was largely eliminated at a concentration of 300 mM, resulting in a 286 

yield of 92%. Providing a 1.33-fold molar excess of sucrose allowed reaching a yield of up to 98%. In comparison, 287 

the optimal reaction conditions with LmSP required a 2.5-fold molar excess of sucrose (Sawangwan et al. 2009). 288 

Further, L-glycerate was utilized as glycosyl acceptor far less efficiently than the preferred enantiomer, which may be 289 

a result of the lower affinity of XpGP for this substrate (Table 1).  290 
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 291 

Fig. 3 Conversion of 0.3 M sucrose and 0.3 M D-glycerate by 5 µM XpGP at 30°C and pH 7.0 (▽, sucrose; ●, 2-O-α-292 

D-glucosyl-D-glycerate; ○, glucose). 293 

Table 3 Optimization of enzymatic synthesis of glucosylglycerate by XpGP. Reactions were performed with 3.7 µM 294 

purified enzyme at 30°C and pH 7.0 and yields were determined after 4 h of incubation. 295 

Sucrose  

(mM) 

D-Glycerate 

(mM) 

Hydrolysisa  

(%) 

Yieldb  

(%) 
200 

300 
0 67 

300 1 92 
400 1 98 
500 1 98 

300 
100 24 62 
200 4 87 
350 1 83 
400 0 74 

300 300c 39 15 
a Fraction of converted sucrose that was hydrolyzed to glucose and fructose. 296 

b Yields relative to the concentration of glycerate added 297 

c Using L-glycerate 298 

  299 



 15 

DISCUSSION 300 

Microorganisms have evolved numerous strategies to survive or even thrive in extreme environments. One such 301 

defense mechanism involves the biosynthesis of organic molecules named compatible solutes or osmolytes that are 302 

accumulated to high intracellular levels in response to various stressful conditions (Empadinhas and da Costa 2011). 303 

2-O-α-D-Glucosyl-D-glycerate is a widespread compatible solute that is known to improve osmoregulation and 304 

desiccation tolerance, especially during nitrogen starvation, and several enzymes involved in its metabolic pathways 305 

have been discovered over the last two decades (Nunes-Costa et al. 2017). Initially, it was believed that sucrose 306 

phosphorylases were also involved in glucosylglycerate metabolism. Genes encoding putative sucrose phosphorylases 307 

are frequently located near genes that encode the enzymes responsible for glucosylglycerate biosynthesis, and they 308 

were even found to be upregulated under nitrogen-limiting conditions (Ferreira et al. 2016). However, it was 309 

eventually discovered that those phosphorylases are not active on sucrose at all, but are instead strictly specific for 310 

glucosylglycerate (Franceus et al. 2017). In contrast, true sucrose phosphorylases are highly promiscuous enzymes 311 

that do show low transglycosylation activity with numerous alternative molecules, of which glycerate is just one 312 

example. The promiscuous sucrose-active glucosylglycerate phosphorylase reported in this study thus appears to 313 

combine the properties of the promiscuous sucrose phosphorylases and the strict glucosylglycerate phosphorylases. 314 

 Due to their unique and useful biological properties, osmolytes have attracted considerable interest for 315 

commercial applications (Becker and Wittmann 2020). The most popular example is ectoine, a non-proteinogenic 316 

amino acid that is widely used as cell protectant in skin or hair care products, or as a stabilizer of biomolecules in life 317 

sciences (Lentzen and Schwarz 2006). Glucosylglycerol, which is a structural analog of glucosylglycerate, is currently 318 

produced on industrial scale as well. The glycoside is synthesized by exploiting the transglycosylation activity of 319 

LmSP with sucrose as glycosyl donor and glycerol as acceptor, and it is applied as anti-aging ingredient and 320 

moisturizer in cosmetics (Goedl et al. 2008; Schagen et al. 2017). Although glucosylglycerate can be synthesized by 321 

a similar transglycosylation reaction with the same enzyme, this compound is not commercially available at this time, 322 

despite studies demonstrating that it outperforms other compatible solutes as a stabilizer of proteins at elevated 323 

temperatures, during storage, or during freeze-drying operations (Faria et al. 2008; Sawangwan et al. 2009; 324 

Sawangwan et al. 2010).  325 

The transglycosylation process from sucrose to D-glycerate catalyzed by XpGP offers a few clear advantages 326 

when compared to the corresponding processes for producing glycosidic osmolytes via LmSP. A high yield can be 327 
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obtained with a vastly higher reaction rate, without requiring a large excess of substrate. However, the poor 328 

commercial availability of D-glycerate is an obvious hurdle that might hinder the large-scale implementation of the 329 

proposed process. The discovery of XpGP may stimulate the further development of practical biotechnological routes 330 

to generate D-glycerate from the cheap bulk feedstock glycerol, of which a few have already been explored before. 331 

Habe et al. investigated the ability of 162 acetic acid bacterial strains to accumulate D-glycerate when grown in media 332 

containing glycerol and found that Acetobacter tropicalis NBRC16470 can reach titers of 101.8 g/L with a 99% 333 

enantiomeric excess (Habe et al. 2009). Another promising strategy is the biocatalytic oxidation of glycerol by alditol 334 

oxidases. Although these enzymes prefer longer sugar alcohols such as sorbitol, the oxidase from Streptomyces 335 

coelicolor is capable of using glycerol as substrate, albeit with limited catalytic efficiency (Van Hellemond et al. 336 

2009). Efforts to improve this promiscuous activity by directed evolution and semi-rational engineering have already 337 

yielded significantly improved variants, one of which has been integrated into an E. coli strain for the bioconversion 338 

of glycerol to optically pure D-glycerate with a titer of 30.1 g/L after 70 h (Gerstenbruch et al. 2012; Zhang et al. 339 

2021). With further advances in strain engineering, protein engineering, or process optimization, the cost-effective 340 

production of 2-O-α-D-glucosyl-D-glycerate from sucrose and glycerol may finally become feasible, allowing this 341 

powerful osmolyte to be utilized for various interesting applications. 342 

  343 
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