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Abstract

Glycosidic osmolytes are widespread natural compounds that protect microorganisms and their macromolecules from the
deleterious effects of various environmental stresses. Their protective properties have attracted considerable interest for
industrial applications, especially as active ingredients in cosmetics and healthcare products. In that regard, the osmolyte
glucosylglycerate is somewhat overlooked. Glucosylglycerate is typically accumulated by certain organisms when they are
exposed to high salinity and nitrogen starvation, and its potent stabilizing effects have been demonstrated in vitro. However,
the applications of this osmolyte have not been thoroughly explored due to the lack of a cost-efficient production process.
Here, we present an overview of the progress that has been made in developing promising strategies for the synthesis of

glucosylglycerate and its precursor glycerate, and discuss the remaining challenges.

Key points

e Bacterial milking could be explored for fermentative production of glucosylglycerate
o Glycoside phosphorylases of GHI13_18 represent attractive alternatives for biocatalytic production
o Conversion of glycerol with alditol oxidase is a promising strategy for generating the precursor glycerate
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Introduction

The diverse collection of natural glycosides shows count-
less unique bioactivities that are critical to numerous liv-
ing organisms and also hold significant industrial impor-
tance (Dembitsky 2004; Elshahawi et al. 2015; Bartnik
and Facey 2024). In particular, glycosidic osmolytes have
properties that are interesting, yet largely unexploited in
several industries. Osmolytes are highly soluble molecules
that are accumulated by microorganisms to high intracel-
lular concentrations in order to protect themselves and their
macromolecules against fluctuating water activity (Becker
and Wittmann 2020). This mechanism enables microbes to
endure or even thrive in extreme or harsh environments.
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Several glycosidic osmolytes have been identified in
nature, with mannosylglycerate (2-O-a-mannosyl-p-
glycerate, MGA) being the most extensively researched.
Predominantly found in (hyper)thermophilic microorgan-
isms, MGA not only serves as an osmoregulator in water-
stressed conditions but also as a protective agent for proteins,
preventing denaturation at elevated temperatures (Luley-
Goedl and Nidetzky 2011). Although MGA can be produced
through fermentation with a natural producer, the prohibitive
production costs have hindered its widespread utilization
and extensive exploration for possible applications. Despite
these challenges, MGA has shown considerable potential
as a penetration enhancer for cosmetic active ingredients
and as a compound for the synthesis of immunostimulat-
ing agents (Schwarz 2005; Hamon et al. 2017). Glucosyl-
glycerol (2-O-a-glucosylglycerol, GGO) is another notable
glycosidic osmolyte, mainly found in marine cyanobacteria
where it acts as the primary osmolyte in salt-stressed con-
ditions (Hagemann 2011). Commercially known as “Gly-
coin” (bitop AG), the compound is obtained from sucrose
and glycerol through a transglycosylation process utiliz-
ing a sucrose phosphorylase (Goedl et al. 2008). Widely
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incorporated into skincare products as a moisturizing agent,
glucosylglycerol has been proven to promote skin elasticity,
smoothness, and thickness (Harada et al. 2010).

The lesser-known glycosidic osmolyte glucosylglycerate
(GGA) was originally identified in the marine cyanobacte-
rium Agmenellum quadruplica but has later been observed
in archaea and y-proteobacteria as well (Kollman et al. 1979;
Empadinhas and da Costa 2011). GGA plays a role in pro-
moting osmoregulation under high salinity (Empadinhas and
da Costa 2011; Nunes-Costa et al. 2017). Under nitrogen-
limiting conditions, it can act as a substitute for a different
negatively charged osmolyte, L-glutamate, serving as a coun-
terion to cations like K* and Na*t (Klihn et al. 2010). Struc-
turally, GGA resembles both the widely known extremolyte
mannosylglycerate and the commercially available glucosyl-
glycerol, differing in the sugar moiety or in the charge of the
aglycone, respectively. Because of these similarities, GGA
could present an intriguing and potentially superior alterna-
tive for industrial applications. Indeed, GGA was found to
be a potent protein stabilizer at elevated temperatures, during
storage, or during freeze-drying operations, outperforming
MGA and GGO (Faria et al. 2008; Sawangwan et al. 2010).
Additionally, the sodium salt of GGA has been demonstrated
to enhance collagen synthesis (Sato et al. 2014a).

Over the past few years, significant steps have been made
towards achieving the efficient production of this glycoside,
paving the way for its exploitation on an industrial scale.
Furthermore, clear progress has been made in the cost-effec-
tive synthesis of glycerate, a necessary precursor in many
of the envisaged routes for glucosylglycerate synthesis. In
addition, glycerate holds potential as a valuable platform
molecule for producing various other industrially relevant
compounds (Wada et al. 1996; Rahman et al. 1996; LeSova
et al. 2001; Fong et al. 2007; Rosseto et al. 2008). This
review summarizes the diverse strategies that have been
explored for synthesizing glucosylglycerate and glycerate
from economical substrates, while highlighting practical
considerations crucial for their large-scale production.

Synthesis of GGA by native producers

Various microorganisms have evolved diverse metabolic
pathways for the biosynthesis of GGA (Nunes-Costa et al.
2017), which can be exploited for production purposes by
simulating the stressful conditions that trigger the intracel-
lular accumulation of GGA. For instance, a twofold increase
in concentration was observed in Streptomyces caelestis by
adding 0.3% NacCl to the medium (Pospisil et al. 2007).
Various other bacteria and archaea have been reported to
synthesize GGA, from the marina cyanobacterium Synecho-
coccus sp. PCC 7002 to the phylopathogenic soil enterobac-
terium Dickeya chrysanthemi and the halophilic archaeon
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Methanococcoides burtonii (Kollman et al. 1979; Robertson
et al. 1992; Goude et al. 2004; Empadinhas and da Costa
2011). Clearly, the identification of organisms that can act as
a cell factory for the accumulation of GGA should not pose
significant challenges. However, the process of isolating the
accumulated GGA is far less straightforward. The compound
can be extracted by cell lysis, but this approach releases all
cellular contents which complicates further downstream
processing. Therefore, it may be more convenient to exploit
the natural efflux mechanisms for GGA, which are triggered
by sudden hypoosmotic shocks (Kempf and Bremer 1998).

The process of bacterial milking, where osmolytes are
harvested from native producers without disrupting the cells,
was first described for the production of the compatible sol-
ute ectoine using the Gram-negative bacterium Halomonas
elongata, and today, this process is applied on an industrial
scale (Sauer and Galinski 1998). Cells grown under high-salt
concentrations are harvested and resuspended in demineral-
ized water, thus initiating a hypoosmotic shock. As a result,
mechanosensitive channels in the inner membrane open,
leading to the rapid release of the accumulated ectoine.
After separation of biomass and solute, the bacterial cells
can be recovered and a new cycle of osmolyte production
can begin (Sauer and Galinski 1998). The concept of bacte-
rial milking has also been demonstrated for the production
of mannosylglycerate with a trehalose-deficient mutant of
Thermus thermophilus RQ-1. Nearly 90% of the intracel-
lularly accumulated MGA could be recovered, reaching a
productivity of up to 0.29 ¢ MGA L~! h™! (Egorova et al.
2007). Considering the structural, functional, and metabolic
similarities between MGA and GGA, it may be feasible to
design a similar process for the efficient production and
extraction of GGA in bacterial hosts.

Although bacterial milking may be a promising method
for GGA production, a few challenges are yet to be
addressed. For instance, production strains should show a
broad salt tolerance, and they should be able to grow well
in both low- and high-salt media (Egorova et al. 2007). Fur-
thermore, fermentation equipment should be able to with-
stand the corrosiveness introduced by the elevated salinity
of the medium (Lang et al. 2011). Moreover, there may be
a need to identify and knock out undesirable degradative
metabolic pathways in the microbial producer of choice.
Osmolytes like GGO and GGA were long considered to be
biosynthetic endpoints, but it has recently been observed that
these compatible solutes do experience significant turno-
ver in Synechococcus sp. PCC 7002, suggesting that they
can serve as a direct conduit toward formation of storage
biopolymers (Baran et al. 2017). Additionally, glucosylglyc-
erate hydrolases have now been identified in mycobacteria,
hydrolyzing GGA to glycerate and glucose as a source of
readily available energy for bacterial reactivation follow-
ing nitrogen starvation (Cereija et al. 2019). If the goal is
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Fig. 1 Reactions catalyzed by phosphorylases for the synthesis of
2-0-a-glucosyl-p-glycerate. a One-step transglucosylation performed
by LmSP or XpGP, b cascade reaction with SP and GGaP, where glu-

to achieve high osmolyte yields, it is essential to consider
the possible presence of such degradative pathways when
choosing a production strain. Finding the optimal balance
between carbon- and nitrogen-sources during fermentation
is also crucial, as the organic osmolyte ratio in cells depends
on medium composition, where low-nitrogen media seem to
favor GGA production (Goude et al. 2004). Development of
a bacterial milking process for GGA production could start
from natural GGA producers and increase their productiv-
ity, or alter MGA-producing strains towards GGA synthesis.
Introducing a pathway for GGA synthesis in E. coli is also a
viable option, as the hypoosmotic shock required for bacte-
rial milking also leads to the rapid release of solutes in the
medium (Tsapis and Kepes 1977).

Phosphorylase-catalyzed synthesis of GGA

As an alternative to bacterial milking, the use of isolated
enzymes has been explored for the biocatalytic production
of osmolyte. Indeed, the success story of the large-scale
phosphorylase-catalyzed synthesis of GGO has sparked
interest in the development of a similar process for GGA.
Several relevant enzymes for this purpose can be found in
subfamily 18 of glycoside hydrolase family 13 (GH13_18)
of the carbohydrate-active enzyme (CAZy) database (Drula
et al. 2022). The most famous representative of this fam-
ily is sucrose phosphorylase (SP, EC 2.4.1.7). This enzyme
catalyzes the reversible phosphorolysis of sucrose, but it
can also be applied as a versatile and efficient transglyco-
sylase in vitro (Franceus and Desmet 2020). Its preferred
glycosyl donor substrate sucrose is highly reactive, but far

cose 1-phosphate acts as intermediate. (Fru: fructose, Pi: inorganic
phosphate, SP: sucrose phosphorylase, GGaP: glucosylglycerate
phosphorylase: b-GA: p-glycerate)

less expensive than the activated sugars that are typically
required by glucosyltransferases (e.g., UDP-glucose). In
addition, the remarkable promiscuity of SP facilitates the
transfer of the glucosyl moiety to a wide range of glycosyl
acceptor substrates other than inorganic phosphate (Aerts
et al. 2011).

The first biocatalytic route to be proposed for the syn-
thesis of GGA was a one-step process involving the trans-
glycosylation activity of the sucrose phosphorylase from
Leuconostoc mesenteroides (LmSP) (Fig. 1a) (Sawangwan
et al. 2009). In this process, the glucosyl moiety of sucrose is
selectively transferred to the 2-O-position of glycerate. Both
D-glycerate and L-glycerate can be used as acceptor, although
the former is preferred by LmSP and resulted in a yield of
59% (Sawangwan et al. 2009). However, since this process
is based on a promiscuous side activity of SP, the reaction
is inherently slow and also suffers from considerable kinetic
competition between glucosyl transfer to glycerate (trans-
glycosylation) and glycosyl transfer to water (hydrolysis).
Consequently, the reaction conditions must be carefully
optimized to favor GGA synthesis. Using LmSP, a 2.5-fold
molar excess of donor over acceptor and a saturating level
of p-glycerate (300 mM) need to be supplied to achieve a
product yield of 91%. Nevertheless, extended reaction times
of up to 72 h are still required (Sawangwan et al. 2009).

It was later discovered that the same CAZy subfamily
(GH13_18) also contains strict glucosylglycerate phosphor-
ylases (GGaP, EC 2.4.1.352). These enzymes are not active
on sucrose, but exclusively catalyze the reversible phospho-
rolysis of 2-O-a-p-glucosylglycerate to a-glucose 1-phos-
phate (Glc1P) and p-glycerate (Franceus et al. 2017). This
novel specificity was identified after it had been observed
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that genes encoding putative SP homologs tend to be located
near genes involved in GGA metabolism (Empadinhas and
da Costa 2011; Nunes-Costa et al. 2017). Currently char-
acterized GGaPs originate from Allomeiothermus silvanus,
Spirochaeta thermophila, and Escherichia coli, and all are
known to show very high affinity for p-glycerate compared
to other phosphorylases within the GH13_18 subfamily,
with reported Ky, values between 1 and 5 mM (Table 1)
(Franceus 2017, Mukherjee 2018). Additionally, the spe-
cific activity of GGaP towards p-glycerate (110 U/mg) is far
higher than that of SPs (<1 U/mg) (Franceus et al. 2017).
These properties present the opportunity to develop a more
efficient alternative biocatalytic process with a consider-
ably improved space—time yield compared to the one-step
transglycosylation process using LmSP (Sawangwan et al.
2009). An evident drawback is the need for Glc1P instead
of sucrose as the glucosyl donor, but this substrate can be
generated in situ from sucrose by the native activity of SP,
or from a different bulk sugar by the action of a different
phosphorylase (Fig. 1b). Similar one-pot cascade processes
have already been developed for the production of cellobi-
ose, trehalose, and GGO (Taniguchi et al. 1991; Schwarz
et al. 2007; Zhang et al. 2020). After careful selection of
the most attractive enzymes and optimization of reaction
conditions, a comparable set-up for the production of GGO
by the combined action of LmSP and a strict glucosylglyc-
erol phosphorylase resulted in a yield of 89% with a titer
of 1.78 M and a productivity of 24.3 g/L/h (Zhang et al.
2020). It would be interesting to perform similar efforts for
the coupled two-step production of GGA.

Recently, a third type of phosphorylase capable of syn-
thesizing GGA was discovered by further searching sub-
family GH13_18 for novel substrate specificities (Franceus
et al. 2024). Indeed, the phosphorylase from Xylanomonas
proteatiae (XpGP) showed very high activity on D-glycerate
as acceptor (ratio of transglycosylation over hydrolysis > 10),
but unlike the strict GGaPs, it was still able to use sucrose
as donor substrate, albeit with lower affinity than true
SPs (Table 1) (Franceus et al. 2024). This sucrose-active

glucosylglycerate phosphorylase thus seems to combine
the useful acceptor promiscuity of LmSP with the excellent
catalytic efficiency for glycerate of GGaP. Therefore, it is
a highly promising biocatalyst for a one-step process for
the synthesis of GGA from sucrose and glycerate (Fig. 1a).
While the equivalent transglycosylation process with LmSP
strongly suffers from substrate loss through hydrolysis, this
undesired side activity can effectively be suppressed in the
process with XpGP. Just a 1.33-fold molar excess of sucrose
was found to be sufficient to achieve yields up to 98%. In
addition, incubation times could significantly be reduced
due to a much higher reaction rate. While reactions with
5 pM XpGP and equimolar substrate concentrations reached
maximal conversion after approximately 2 h, only 3% of the
sucrose was converted at that time in the equivalent reaction
with LmSP (Franceus et al. 2024).

Production of p-glycerate as precursor
for GGA synthesis

Synthesis of p-glycerate from glycerol

The feasibility of scaling up the phosphorylase-catalyzed
synthesis of GGA is closely tied to the commercial avail-
ability of the required precursor p-glycerate. Several strate-
gies have been explored to generate p-glycerate from the
cheap bulk substrate glycerol, which is a major by-product
(10 wt%) of biodiesel production. Glycerol is an attractive
feedstock for further valorization due to its high abundance
and low price (Chen and Liu 2016; Kaur et al. 2020). Glyc-
erol can be chemically oxidized to glyceric acid with the use
of supported metal nanoparticle catalysts such as Pd, Pt, or
gold catalysts, but these processes suffer from a few consid-
erable drawbacks (Carrettin et al. 2003; Villa et al. 2010,
2015). First, achieving selective oxidation is challenging due
to the comparable reactivity of all three hydroxyl groups
(Pagliaro et al. 2007). Without thorough reaction control,
glyceric acid is further oxidized to the undesired byproducts

Table 1 Reported kinetic

parameters and process Enzy me KM, sucrose (mM) KM, D-GA (mM) lstge(%i;l;lg;nv' STY (th_l) vacceplor/ Vwatera
performance parameters
for various glycoside SP 0.8-144 175-350° <1° 3.80f 0.5-1.4¢
phosphorylases from GH13_18 GGaP*® 1-5 110 na 1100

XpGP# 67 20 53 735°¢ >10

SP Sucrose phosphorylase; GGaP strict glucosylglycerate phosphorylase; XpGP bifunctional sucrose-
active glucosylglycerate phosphorylase from Xylanomonas proteatiae; GA glycerate; STY space—time yield;
v specific activity; n.a. not available. “Ratio between specific activity on p-glycerate and the hydrolytic
activity in the absence of p-glycerate at pH 7.0 and 37 °C or 30 °C for SPs and XpGP, respectively. ®72
h-reaction with 5.5 pM purified enzyme, 300 mM p-glycerate, and 800 mM sucrose at 30 °C and pH 7.0. 4
h-reaction with 3.7 pM purified enzyme, 300 mM b-glycerate, and 400 mM sucrose at 30 °C and pH 7.0.
Cl(Aerts et al. 2011); ®(Franceus et al. 2017); f(Sawangwan et al. 2009); &(Franceus et al. 2024)
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tartronic or mesoxalic acid. Second, the requirement of the
precious metal catalysts has a significant environmental
impact (Zhang et al. 2021). Third, these processes result in
the formation of racemic glyceric acid. As an intermediate
for GGA synthesis, enantiopure D-glycerate would be the
desired oxidation product, not only because it is required
to obtain the natural isomer of the osmolyte (i.e., 2-O-a-
glucosyl-p-glycerate), but also because p-glycerate tends to
be preferred over L-glycerate as glycosyl acceptor by the
phosphorylase that performs the desired transglycosylation
reactions. Chiral resolution by separation methods such as
chromatography or crystallization may be considered (Teng
et al. 2022). However, the use of these additional expensive
processes for low-cost applications seems unrealistic from
an economic perspective.

Biotechnology can offer a solution to the challenges
associated with chemical oxidation processes (Fig. 2).
Such processes produce less waste are operated under mild
reaction conditions, and their selectivity minimizes the
need for additional expensive separation processes (Shel-
don and Woodley 2018). For instance, acetic acid bacteria
(AAB) can oxidize various alcohols (e.g., ethanol, glyc-
erol, and p-sorbitol) through a process known as oxidative
fermentation facilitated by membrane-bound dehydroge-
nases. Afterwards, the oxidative products are released

OH (0]
HO HO
o o
HO FAD FADH,  HO
H,0; H,O + O,

Glycerol

in the culture medium, which facilitates the downstream
processing (Saichana et al. 2015). When glycerol is pro-
vided, this alcohol is first converted to glyceraldehyde via
membrane-bound alcohol dehydrogenase (mADH, EC
1.1.99.8). Subsequently, glyceraldehyde can be further oxi-
dized to glycerate by membrane-bound aldehyde dehydro-
genase (mALDH, EC 1.2.99.3) (Habe et al. 2009, 2010).
Some mADHSs are more efficient at selectively forming one
enantiomer of glycerate. For example, Acetobacter tropi-
calis NBRC16470 was found to produce p-glycerate with
near-perfect purity (>99%), whereas fed-batch fermenta-
tion with Gluconobacter frateurii NBRC103465 resulted
in higher product titer with a more modest enantiomeric
excess of 72% (Habe et al. 2009). Unfortunately, the mech-
anisms determining the enantiomeric composition of the
produced glycerate remain unknown (Habe et al. 2010). In
addition, methanol, present in raw glycerol, has significant
inhibitory effects on mADH, even at high glycerol con-
centrations (Sato et al. 2013). Consequently, G. frateurii
has been engineered to become methanol-resistant (Sato
et al. 2014b) and methylotrophic AAB have been explored
as potential glycerate-producing strains (Sato et al. 2017).
While mADHs have been intensively studied in AAB
(Yakushi and Matsushita 2010), little is known about the
contribution of mALDH to the synthesis of glycerate.

GAH Glycerate

\_J \/

D-Galacturonate
D-Gluconate

/’ C02

Glucose

Fig.2 Schematic representation of the several biotechnological routes
for p-glycerate synthesis. Blue denotes the strategies based on the
valorization of glycerol, while green indicates approaches based on
alternative substrates. (AldO: alditol oxidase, mADH: membrane-

L-Tartrate

bound alcohol dehydrogenase, mALDH: membrane-bound aldehyde
dehydrogenase, GAH: glyceraldehyde, FAD: flavin adenine dinucleo-
tide)
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Besides fermentation, biocatalytic production with iso-
lated enzymes is also a promising option. Oxidases are in
that regard more attractive than dehydrogenases since they
rely on oxygen as electron acceptor instead of NAD(P)*,
making it possible to use them also in cell-free systems
without the need for expensive cofactors that either need
to be supplied in stoichiometric amounts, or need to be
regenerated in situ (Wahart et al. 2022). Unfortunately, an
oxidase that specifically acts on glycerol has not yet been
discovered. However, alditol oxidase (AldO, EC 1.1.3.41)
can oxidize glycerol in a highly regio- and enantioselec-
tive manner. While its native substrates are longer polyols
(e.g., xylitol, sorbitol), the enzyme displays promiscuous
activities on glycerol and aliphatic or aromatic 1,2-diols,
albeit with poor catalytic efficiency (van Hellemond et al.
2009). Depending on the specific substrate, AldO performs
the selective oxidation of the primary hydroxyl group of its
substrates to produce either the corresponding a-hydroxy
aldehyde or a-hydroxy acid (van Hellemond et al. 2009). To
that end, a hydride is transferred from the primary carbon
atom to a flavin adenine dinucleotide (FAD) cofactor that is
co-expressed with and covalently bound to the enzyme, after
which molecular oxygen acts as the final electron acceptor,
producing hydrogen peroxide as by-product. During this
two-step oxidation, D-glycerate rather than p-glyceraldehyde
is generated as final product.

The first characterized alditol oxidase originated from
the actinomycete Streptomyces coelicolor A3(2) (ScAldO)
(Heuts et al. 2007). Although the enzyme is relatively stable,
with a half-life of 5 h at 50 °C (van Hellemond et al. 2009),
efforts were made to search for more thermostable homologs
that are preferred by industry since operating at elevated
temperatures increases the reaction rate and minimize micro-
bial contamination (Suresh et al. 2021). Through genome
mining, a homolog of ScAldO was discovered in the genome
of the thermophilic bacterium Acidothermus cellulolyticus
11B (AcAldO), an organism isolated from acidic hot springs
(Winter et al. 2012). Recently, several thermostable alditol

Table 2 Kinetic properties of wild-type and engineered alditol oxidases

oxidases have been characterized, and their activity on glyc-
erol has been compared (Santema et al. 2024). The homolog
from Thermopolyspora flexuosa (TfAldO) was found to be a
particularly promising candidate due to its favorable kinetic
properties (Chen et al. 2022).

The potential of an AldO-catalyzed process for the syn-
thesis of p-glycerate was first demonstrated by Gersten-
bruch et al., yielding 2.0 g/L p-glycerate (99.6% ee) after
60 h using resting whole cells in which ScAldO was over-
expressed (Gerstenbruch et al. 2012). These results have
fuelled the development of improved variants of the enzyme
(Table 2). Although initial attempts to rationally engineer
ScAldO by combinatorial saturation mutagenesis of active
site residues were unsuccessful, a random mutagenesis effort
by error-prone PCR uncovered a quadruple mutant (V125M/
A244T/V133M/G399R) that showed a modest 2.4-fold
improvement compared to the wild-type enzyme (Gersten-
bruch et al. 2012). The variant underwent further engineer-
ing with additional rounds of error-prone PCR and synthetic
shuffling, resulting in an additional 11 mutations and 1.3-
fold higher catalytic efficiency. Upon introducing this mutant
and removing the genes involved in the phosphorylation
and oxidation of p-glycerate, 30.1 g/L. was accumulated in
E. coli after 70-h fermentation (Zhang et al. 2021). It was
however striking that the glycerol to p-glycerate yield was
much lower than the theoretical yield (0.376 to 1 mol/mol).
Instead of completing the second step of glycerol oxidation
due to the lower affinity towards the intermediate product,
glyceraldehyde could be metabolized by other enzymes or
could enter the central carbon metabolism of E. coli. In a
different study, ScAldO was engineered through a process
of controlled continuous evolution (Rosenthal et al. 2023).
Following in vivo gene diversification, individual bacte-
ria exhibiting improved oxidase activity, quantified by an
increase in fluorescence signals, were isolated using a micro-
fluidics device. This iterative process was repeated multi-
ple times, with the initial rounds displaying a prevalence
of the F274Y mutation. However, this mutation was later

Enzyme Mutations Ky (mM) ko, (57 ko /Ky (7' M™")  Reference
ScAldO  Wild-type 350 1.6 4.6 (van Hellemond et al. 2009)
ScAldO VI125M, V133M, A244T, G339R 110 0.72 5.1 (Gerstenbruch et al. 2012)
ScAldO  R22C, D27A, S68G, A75V, V125M, S129P, V133M, 66.91 0.57 8.5 (Zhang et al. 2021)

V148T, R232Q, A244T, F262L, E310D, G339R, A368G,

E383R
ScAldO  F278C 49.95 7.81 156.4 (Rosenthal et al. 2023)
AcAldO  Wild-type 270 1.3 4.8 (Winter et al. 2012)
TfAldO  Wild-type 50 1.6 32 (Santema et al. 2024)
TfAldO  V258L, P2591 41 4.0 98 (Santema et al. 2024)

ScAldO Alditol oxidase from Streptomyces coelicolor A3(2); AcAldO alditol oxidase from Acidothermus cellulolyticus 11B; TfAldO alditol

oxidase from Thermopolyspora flexuosa
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outcompeted by the F278C mutation (10.5-fold increase in
catalytic efficiency) which dominated the population within
days. Finally, in the most recent engineering study, in silico
mutagenesis and analysis of 50 single and double mutants
of TfAIdO resulted in 8 putative improved variants that were
validated experimentally. The V258L/P2591 mutations were
found to cause a threefold increase in catalytic efficiency,
primarily attributed to an improvement in k., (Santema et al.
2024).

Biotechnological synthesis of p-glycerate from other
substrates

Studies on the biotechnological synthesis of p-glycerate
are often framed in the context of valorizing crude glyc-
erol derived from biodiesel production. However, glycerol
can also be obtained from glucose using engineered E. coli.
Glycerol is not only tied to carbon stress response in E.
coli, but it is also less efficiently utilized than glucose, a
common carbon source for fermentation (Martinez-G6mez
et al. 2012). While the in vivo generation of glycerol by
heterologous overexpression of two Saccharomyces cerevi-
siae genes and subsequent oxidation by AldO resulted in
the highest specific productivity of glycerate in E. coli to
date (1.72-g glycerate/g cells) (Long et al. 2023), the forma-
tion of lactate, pyruvate, and acetate poses difficulties in the
purification of the desired product. In addition, attempts to
produce glycerate from substrates other than glycerol have
been reported. L-Tartrate, generated during wine fermenta-
tion, can efficiently get decarboxylated to p-glycerate via
L-tartrate decarboxylase from Pseudomonas sp. with molar
yield of nearly 100% and an enantiomeric excess of 92%
(Furuyoshi et al. 1989, 1991). Furthermore, advances in
synthetic biology have resulted in the construction of novel
metabolic pathways that enable p-glycerate synthesis. Engi-
neered E. coli could convert p-galacturonate to optical pure
D-glycerate with a titer of 4.8 g/L and a molar yield of 83%
(Fox and Prather 2020). The pathway was further extended
to cope with p-gluconate as starting substrate or a mixture
of both. Interestingly, the strain could consistently produce
D-glycerate across the range of any mixed substrate feed (Ni
and Prather 2024).

Conclusion and perspectives

Various routes for the synthesis of glucosylglycerate have
been explored and refined over the years, steadily advanc-
ing us towards the realization of a cost-effective process that
would enable this attractive osmolyte to be produced on an
industrial scale. The recent discovery of a bifunctional phos-
phorylase that is capable of efficiently synthesizing gluco-
sylglycerate from sucrose and glycerate may be particularly

promising in that regard, especially when combined with
engineered alditol oxidases that can readily generate the
required glycosyl acceptor from glycerol. Although such
a biocatalytic cascade may already be feasible, either as a
one-pot dual-enzyme system or as two separate but subse-
quent conversions, it is clear that further research is neces-
sary to optimize both the process and the enzymes. First,
the dependence of oxidases on O, presents a few notorious
challenges related to the low transfer rate of O, from the gas
to the aqueous phase, the low solubility of O,, the energy
required to actively supply O, to the medium by shaking or
stirring and the resulting destabilizing effect on the enzymes
(Al-Shameri et al. 2023). Second, the phosphorylase and
best-performing oxidase display different preferences in pH
and reaction temperature, which limits their compatibil-
ity within one elegant system. Third, although the kinetic
parameters of the designed glycerol oxidases are already
appealing, there is room for further improvement. It seems
that an integrated approach involving process and protein
engineering may be most appropriate to address these
problems.
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