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Rare sugars are monosaccharides and disaccharides highly valued for their unique properties and ben-
eficial health effects. Their scarcity has led to inefficient extraction from natural sources, prompting the
development of several chemical and enzymatic methods to improve their synthesis. In this study, we aim
to optimize a regio- and stereoselective chemo-enzymatic process for synthesizing the rare sugar
p-allose. We use a bacterial glycoside-3-oxidase that oxidizes p-Glc at the C2 or C3 position, depending
on the presence of a C1 substitution, being converted into the respective keto-derivatives. Through
protein engineering, we improve the enzyme's catalytic activity for b-Glc by 20-fold after seven rounds of
directed evolution and increase its operational stability by 10-fold. The engineered enzyme uses 1-O-
benzyl-p-glucoside as substrate, ensuring regioselective oxidation at the C3 position, followed by a
stereoselective chemical reduction and deprotection step, affording p-allose with an overall yield of 81%.
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This innovative strategy represents a novel, straightforward approach for synthesizing p-allose, avoiding
laborious, time-consuming purifications and complicated and lengthy protection—deprotection strat-
egies. Importantly, it shows potential for synthesizing other rare C3 epimers of biomass sugars through
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1. Introduction

Rare sugars, encompassing mono- and disaccharides and their
derivatives, are defined by the International Society of Rare
Sugars (ISRS) as carbohydrates found in low abundance in
nature. These include twenty hexoses (p-allose, p-allulose and
p-tagatose), nine pentoses (p-lyxose and r-xylulose) and disac-
charides like turanose and isomaltulose. Rare sugars’ ecologi-
cal roles and physiological functions remain largely unex-
plored. Nevertheless, their unique functional properties as
food additives, nutraceuticals, and active pharmaceutical
ingredients have attracted considerable attention.”

Various chemical and enzymatic methods have been devel-
oped to address their production. These include (i) chemical
isomerization, which is typically unselective, resulting in
complex product mixtures,® (ii) selective oxidation of mini-
mally protected sugars followed by reduction,”® and (iii) site-
selective radical epimerization reactions that produce rare
sugars from biomass-derived carbohydrates.'’ Enzymatic
methods provide regio- and stereo-specificity under milder
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eco-friendly and cost-effective processes, with applications in pharmaceuticals and food technology.

conditions, making them attractive, sustainable alternatives to
traditional chemical synthesis.'> Over the past two decades,
most studies on the enzymatic synthesis of rare sugars have
utilized a strategy known as Izumoring. This approach enables
the cyclical conversion of monosaccharides through enzymatic
epimerization, isomerization and oxidation-reduction.'*"*
Nevertheless, other non-Izumoring enzymatic techniques have
also emerged.">'® For example, pyranose-2-oxidases (P20xs)
from the glucose-methanol-choline (GMC) family, can syn-
thesize b-tagatose and b-glucopyranosyl-p-1,6-p-mannopyra-
nose from p-galactose and gentiobiosone by promoting the oxi-
dation of hexoses at the C2 position, respectively, using P20x
oxidation followed by a chemical reduction.'®"”

This work focuses on the chemo-enzymatic synthesis of the
rare sugar p-allose, a C3 epimer of p-glucose (p-Glc), as studies
exploring the enzymatic synthesis of C3 compared to C2 epi-
meric rare sugars are more scarce. p-Allose has gained signifi-
cant attention for its beneficial properties as a non-caloric
sweetener,'® anticancer,'>' anti-oxidant,>® anti-inflamma-
tory,> anti-hypertensive’® and immunosuppressor agent.>’
Despite its various benefits, p-allose remains a minor player in
the industrial market due to its limited availability and high
production costs.*® Earlier approaches included synthesizing
B-p-allose from p-ribose mediated by cyanohydrin®>’ and later
by reducing 1,2:5,6-di-O-isopropylidene-o-p-ribo-hexofuranose-

This journal is © The Royal Society of Chemistry 2025
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3-ulose hydrate in 68-70% overall yield.”® More recently, the
oxidation steps were mediated by other chemicals;”®"%?°
however, these processes often lead to inconsistent and some-
times very low yields, as well as the formation of undesirable
by-products, thus, the need for tedious purification steps, and
occasionally the use of highly specialized equipment.

Multi-enzymatic reactions involving isomerases and epi-
merases starting from p-Glc via a three-pathway enzyme reac-
tion having as intermediates p-fructose and p-psicose have
become a common p-allose synthesizing strategy;*° neverthe-
less, due to the reversibility of these enzymes’ reactions, the
resulting final reaction mixtures are complex complicating the
target product purification and resulting in low final yields.
Recently, an one-pot reaction reportedly produced p-allose
from p-fructose using p-allulose 3-epimerase and p-ribose-5-
phosphate isomerase with a conversion yield of 13%.>"

We have recently characterized a bacterial glycoside-3-
oxidase (PsG30x)* that shares high sequence similarities with
fungal P20xs.**** G30x oxidizes C-glycosides at the C3 posi-
tion of the sugar moiety at high catalytic efficiency while exhi-
biting residual activity for monosaccharides, such as
p-Gle.**?>%7 Herein, we engineered G30x to improve its cata-
lytic properties towards p-Glec using directed evolution, an
approach used successfully in recent years in our group to
enhance the properties of various enzymes.**** We show that
the optimized enzyme can selectively oxidize the C3-OH group
of partially protected p-Glc at improved rates and with com-
plete regioselectivity.

Given the enzyme’s broad substrate specificity and potential
for further engineering, this system is a promising pathway for
synthesizing rare sugars, creating economic opportunities for
their industrial production and commercialization.

2. Material and methods
2.1 Bacterial strains, plasmids and cultivation medium

Escherichia coli strains, plasmids, and primers used in this
work are summarized in Table S1.f E. coli strain DH5a
(Novagen) and E. cloni 10G elite (Lucigen corporation-
Biosearch technologies) propagated and amplified plasmid
constructs. E. coli Rosetta pLysS (DE3, Novagen) was used to
express the wild-type PsG30x and its variants cloned in the
pET-15b plasmid (Novagen). The library screenings used E. coli
KRX (Promega) as an expression strain. Luria Bertani medium
(LB) was used for cell cultivation, supplemented with 100 pg
ml™" of ampicillin (NZYTech) and, in the case of Rosetta
pLysS, also with 20 ug ml™" of chloramphenicol (NZYTech,
Lisbon, Portugal).

2.2 Construction of mutant libraries by error-prone PCR

The error-prone PCR (epPCR) of the psg3ox gene was per-
formed using  the primers PsG30x_GA_FW  and
PsG30x_GA_RV (Table S17) in a total volume of 50 pL reaction
containing 100 ng of DNA template, 1 pM of each primer,
200 pM of dNTPs, 1.5 mM MgCl,, Taq polymerase buffer,
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50 uM (or 100 pM) MnCl, and 2.5 U of Taq polymerase
(Thermo Scientific). The PCR program was carried out follow-
ing program 1 (Table S2t) and purified using Illustra GFX PCR
DNA kit (GE Healthcare). The PCR of the vector (pET-15b) was
performed with the primer pET15b_GA_FW and
PET15b_GA_RV (Table S17). The PCR was performed in a final
volume of 50 pl reaction containing 50 ng of DNA template
(pET-15b), 0.5 uM of each primer, 200 pM of dNTPs, 1 U of
Q5 high-fidelity DNA polymerase (New England Biolabs) and
following the procedure mentioned in program 2 (Table S27).
The PCR product was purified. A digestion of 6 h at 37 °C with
Dpnl (New England Biolabs) was performed to avoid the pres-
ence of the DNA template in the PCR products. The ligation
was performed with a ratio gene: vector 1:10 using the
NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs). The ligation was performed at 50 °C for 1 h, and
afterward, it was used to transform E. cloni 10 G elite cells,
allowing the propagation of the library. The plasmid library
was extracted to transform electrocompetent KRX cells in a
Gene Pulser Xcell™ (Bio-Rad Laboratories) under defined con-
ditions (C = 10 pF, PC = 600 Q, V = 1.8 kV). The cell suspension
was spread on solid media containing 100 pg ml™" of ampi-
cillin and 0.1% rhamnose.

2.3 Construction of DNA shuffling libraries

The amplification of the psg3ox genes selected to be shuffled
was conducted using the primers pET21_FW and pET21_RV
(Table S1t). PCR reactions were performed using the program
3 (Table S2t). The DNA from each amplified gene variant was
pooled in the same ratio, totalizing 1400 ng and digested with
DNase I (0.15 U ml™") in 20 pl of 200 mM Tris-HCI, pH 7.0,
with 80 mM MnCl, at 15 °C for 10 min and was stopped by
adding 6 pl of 0.5 M of EDTA. The obtained fragments were
analyzed in 1% agarose gel, dialyzed using a nitrocellulose
membrane and subsequently reassembled in a primerless PCR
containing 5 pl of DNA fragments, 10 uM of dNTPs, and 0.5 U
of NZYProof DNA Polymerase. The PCR followed program 4
(Table S2t). The final PCR amplification was performed using
the primers PsG30x_GA_FW and PsG30x_GA_RV (Table S17).
The amplification was carried out in a total volume of 20 pl,
including 1 pl of the reassembled product, 25 pM of each
primer, 10 pM of dNTPs, 200 pM of buffer, and 0.5 U of
NZYProof DNA Polymerase. The PCR program followed
program 1 (Table S27). The PCR products were purified using
the previously mentioned kit from the agarose gel. The result-
ing product was ligated in the vector backbone described
above for constructing mutant libraries by epPCR, transformed
in E. cloni 10 G elite cells to propagate the library and trans-
formed in KRX strain for further screening after plasmid
extraction.

2.4 Library screenings

For the ‘activity-on-plate’ screening, the colonies resulting
from the transformation in KRX strain were transferred onto
Whatman chromatography paper, and the plates were re-incu-
bated at 37 °C until the colonies reappeared. Subsequently, the
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filter papers were soaked in a solution of 20 mM Tris-HCI, pH
7.6, and subjected to 3 cycles of freezing (40 min at —20 °C)
followed by thawing (20 min at 37 °C). Following the lysis
cycles, the filter papers were soaked in a mixture containing
1 mM 4-aminoantipyrine (AAP, Acros Organics), 10 mM 3,5-
dichloro-2-hydroxybenzenesulfonic acid sodium salt (DCHBS,
Alfa Aesar), 8 U ml™" horseradish peroxidase (HRP, Sigma-
Aldrich), and 0.5 M b-Glc (PanReac Applichem) in 100 mM
phosphate buffer, pH 7.5. The active variants were identified
by developing the pink chromogenic compound N-(4-anti-
pyryl)-3-chloro-5-sulfonate-p-benzoquinone-monoimine.  The
active variants were picked to 96-deep well-plates (VWR) con-
taining 400 pl of LB supplemented with the appropriate anti-
biotic and left to grow overnight at 37 °C with agitation at 750
rpm (pre-culture). New 96-deep well-plates, containing 900 pl
of LB supplemented with ampicillin, were inoculated with
100 pl of the pre-culture and incubated for 3 hours at 37 °C,
750 rpm. Next, the expression of the target gene was induced
with 10 mM of rhamnose, and cultures proceeded overnight at
room temperature under 750 rpm. Afterwards, the cells were
harvested by centrifugation at 4000 rpm (Eppendorf 5810 R
centrifuge). The 96-well plates containing the cell pellets
underwent three lysis cycles by submersion in liquid nitrogen
and thawing at room temperature for 10 minutes. Then, the
pellets were resuspended in 200 pl of 20 mM Tris-HCI buffer,
pH 7.6, supplemented with 2 mg ml™" of lysozyme, 1 U ml™*
DNase, 5 mM MgCl,, and protease inhibitors cocktail (3.5 pM
antipain and 5 pM leupeptin). This suspension was incubated
for 20 minutes at room temperature under agitation at 750
rpm, and afterward, the lysate was clarified by centrifugation
at 4000 rpm. The supernatants (cell crude extracts) were col-
lected for enzymatic activity assays in a reaction mixture con-
taining 0.1 mM of AAP, 1 mM of DCHBS, 8 U ml™" of HRP and
50-500 mM of p-Glc (depending on the round of evolution) in
phosphate buffer pH 7.5 at 25 °C. The formation of a pink
chromogen at 515 nm (5,5 = 26 000 M™' cm™") was measured
using a Synergy2 microplate reader (BioTek).

2.5 Site-directed mutagenesis

The primers used to construct SDM variants are listed in
Table S1.f PCRs were performed in a thermal cycler in 50 pL
reaction volumes containing 100 ng of DNA template, 1 uM of
primers, 200 uM of dNTPs (NZYTech), and 1.5 U of NZYProof
polymerase (NZYTech). The PCR was performed following
program 5 (Table S27). The amplified product was digested,
purified, and then transformed into a cloning strain. DNA
sequencing confirmed the presence of the desired mutation(s).

2.6 PsG30x production, purification and kinetic
characterization

The production and purification of PsG30x variants were per-
formed as described previously.>* The optimal pH was deter-
mined using the Britton-Robinson buffer system (100 mM
phosphoric acid, 100 mM boric acid and 100 mM acetic acid
mixed with 1 M NaOH to the desired pH) in the pH range 5 to
9. The reaction mixture contains 0.1 mM of AAP, 1 mM of
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DCHBS, 8 U ml™" of HRP and 0.3 M of p-Glc. The activity was
followed spectrophotometrically at 515 nm, as mentioned
above. For steady-state kinetics, the reaction mixture contained
0.1 mM AAP, 1 mM DCHBS, 8 U ml™* HRP and 0-1.5 M of
p-Gle (or 0-50 mM of 1-O-benzyl-p-glucose) in 100 mM sodium
phosphate buffer at the optimal pH and 37 °C. The activity was
followed spectrophotometrically at 515 nm. Apparent steady-
state kinetic parameters were determined by fitting data
directly into the Michaelis—-Menten equation using Origin-Lab
software. All catalytic parameters were calculated using three
independent assays in triplicate. The total protein concen-
tration was determined by Bradford assay using bovine serum
albumin as standard. Purified preparations’ absorption at
450 nm (54D '=11300 M~ cm™") was measured to assess the
functional fraction of enzyme preparations (e.g., for kinetic
measurements).

2.7 Substrate screening

The substrate screening was performed with 100 mM of b(+)
Glc (PanReac ApplieChem), p(+)galactose (Sigma-Aldrich), (+)
arabinose (PanReac ApplieChem), 2-deoxy-p-glucose (Sigma-
Aldrich), p(-)ribose (VWR), r(+)rhamnose (PanReac
ApplieChem), p(+)mannose (Alfa Aesar), p(—)frutose (Sigma-
Aldrich), L(—)fucose (Carl Roth), p-lactose (Sigma-Aldrich), o(+)
maltose (Sigma-Aldrich), p(+)trehalose (Sigma-Aldrich), b(+)
raffinose (Alfa aesar) and p(+)glucosamine (Sigma-Aldrich) in a
reaction mixture containing 0.1 mM AAP, 1 mM DCHBS, 8 U
ml~" HRP in 100 mM sodium phosphate buffer at the optimal
pH and 25 °C. The activity was followed spectrophotometri-
cally at 515 nm, as mentioned above.

2.8 Stability of enzyme variants

The enzymes’ thermostability was determined by steady-state
fluorescence in a Cary Eclipse spectrofluorometer (Agilent
Technologies). Enzyme preparations of 0.2 mg ml™* in 20 mM
Tris-HCI pH 7.6 with 0.2 M NaCl were placed in a thermostati-
cally controlled block, and a temperature gradient with an
increment of 1 °C min™" was applied up to 70 °C. Structural
denaturation was monitored using an excitation wavelength of
296 nm, and the emission was recorded at 340 nm. Protein
aggregation was monitored by measuring static light scattering
at 500 nm as excitation and emission wavelengths. A pure
enzyme preparation was incubated at 40 °C for the kinetic
stability assays. Aliquots were withdrawn over time, cooled on
ice, and assayed for activity in a reaction containing 0.5 M of
p-Glc, 0.1 mM of AAP, 1 mM of DCHBS, 8 U ml™" of HRP in
100 mM sodium phosphate buffer, pH 7.5. The half-life time,
corresponding to the time required for the enzyme to lose half
of its initial activity, was estimated using the formula ¢, = In
(2)/k (where k represents the linear regression slope between In
(activity) and time).

2.9 Enzymatic oxidation of benzyl-glucoside by 16F10 variant

The compounds 1-O-benzyl-o/p-p-glucopyranoside and 1-O-
benzyl-B-glucopyranoside were synthesized from p-Glc using a
reaction procedure previously described.*®

This journal is © The Royal Society of Chemistry 2025
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The enzymatic oxidation of benzyl-glucoside was performed
using 20 mg of 1-O-Benzyl-a/p-n-glucopyranoside, 5 U ml™" of
the 16F10 variant and 0.1 mg ml™" of catalase (Sigma-Aldrich)
in a total volume of 1.5 ml in water (adjusted to pH 7.5-8.0).
The reaction proceeded for 24 hours at 25 °C under magnetic
stirring to facilitate oxygenation of the solution. The reaction
progress was monitored by TLC in Merck 60 F254 silica gel
plates (90/10 ethyl acetate/methanol). At the end of the reac-
tion time, the enzymes were removed by ultrafiltration using a
30 kDa Amicon (Merck) at 4000 rpm in an Eppendorf centri-
fuge. The reaction product was lyophilized and purified by
flash column (Kieselgel 60, 0.032-0.063 mm) with 100% ethyl
acetate to afford 1-O-benzyl-3-keto-a/p-p-glucopyranoside (2o
and 2f; 1.4:1 o/p) in 36% yield as a viscous colourless syrup.
'H NMR (400 MHz, MeOH-d,): 6 7.46-7.27 (m, 10H, Ar-H),
5.28 (d, J = 4.40 Hz, 1H, H1-a), 5.00 (d, J = 11.97 Hz, 1H, CH,~
Bn), 4.76 (dd, J = 12.09 Hz, J = 3.00 Hz, 2H, CH,-Bn), 4.61 (d, J
=11.92 Hz, 1H, CH,-Bn), 4.48 (d, J = 7.94 Hz, 1H, H1-B), 4.45
(dd, J = 4.38 Hz, J = 1.24 Hz, 1H, H2-), 4.29-4.25 (m, 2H, H4-a
and H4-p), 4.22 (dd, J = 7.90 Hz, J = 1.65 Hz, 1H, H2-f), 3.99
(dd, J = 12.20 Hz, J = 2.03 Hz, 1H, H6-p), 3.88-3.79 (m, 3H, H6-
p and Hé6-a), 3.75 (ddd, J = 9.70 Hz, J = 4.50 Hz, J = 2.30 Hz,
1H, H5-a), 3.38-3.34 (m, 1H, H5-f). *C NMR (100 MHz,
MeOH-d,): § 205.7 (C3-a), 205.6 (C3-B), 137.2 (Ar-C-), 137.0
(Ar-C-a), 128.0, 127.9, 127.8, 127.7, 127.5, 127.4 (Ar-C), 103.3
(C1-), 100.6 (C1-a), 77.0 (C5-B), 76.9 (C2-B), 75.7 (C5-a), 74.7
(C2-w), 72.3 (C4-r), 72.0 (C4-B), 70.6 (CH,~Bn-B), 69.2 (CH,-Bn-
), 61.2 (C6-B), 60.0 (C6-a) ppm. HRMS: m/z: [M + H,0]" caled
for C,3H,,0, 286.1053; found 286.1287.

For the conversions with the p anomer, the oxidation reac-
tion was performed wusing 20 mg of 1-O-benzyl-
B-glucopyranoside, 1 U ml™" of the 16F10 variant, 0.1 mg m1™"
of catalase in a total volume of 1.5 mL in water (adjusted to pH
7.5-8.0). The reaction proceeded for 6 h 30 m at 25 °C with
magnetic stirring. The reaction was monitored as above, and
the enzyme was removed by ultrafiltration. The 1-O-benzyl-3-
keto-B-p-glucopyranoside 2f was lyophilized overnight and
obtained in quantitative yield (100%) as a viscous colourless
syrup. [@]® = —75.61 (c 1.2, MeOH). "H NMR (400 MHz, MeOH-
d,): 8 7.45-7.43 (m, 2H, Ar-H), 7.37-7.28 (m, 3H, Ar-H), 5.0 (d,
J =11.93 Hz, 1H, CH,-Bn), 4.75 (d, J = 11.77 Hz, 1H, CH,-Bn),
4.48 (d, J = 7.89 Hz, 1H, H1), 4.27 (dd, J = 10.19 Hz, ] = 1.66 Hz,
1H, H4), 4.22 (dd, J = 7.88 Hz, J = 1.73 Hz, 1H, H2), 3.99 (dd, J
=12.01 Hz, J = 2.05 Hz, 1H, H6), 3.85 (dd, J = 12.05 Hz, J = 4.89
Hz, 1H, H6), 3.36 (dd, J = 4.96 Hz, J = 2.08 Hz, 1H, H5) ppm.
C NMR (100 MHz, MeOH-d,): § 205.8 (C-3), 137.3 (Ar-C),
128.0, 127.8, 127.5 (Ar-C), 103.3 (C1), 76.9 (C2), 76.8 (C5), 72.3
(C4), 70.7 (CH,-Bn), 61.2 (C6) ppm. HRMS: m/z: [M + H,0]"
caled for C;3H,,05 286.1053; found 286.1050.

2.10 Selective reduction of benzyl-keto-glucoside and
removal of the protecting group

LS-selectride 1.0 M in THF (0.47 mmol, 0.5 mL) was added to
compound 2f (0.157 mmol, 42 mg) in DMSO:THF (2:1,
2 mL) and the reaction was stirred for 2 h at 0 °C. The excess
LS-selectride was removed by adding acidic ion exchange resin
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(Dowex DVB WX8 H'-form), and the mixture was filtered and
concentrated under vacuum. The crude product was purified
by flash column (Kieselgel 60, 0.032-0.063 mm) with 90:10
ethyl acetate/methanol to afford the 1-O-benzyl-p-p-allopyrano-
side 3 (36 mg) in 86% of yield as a viscous colourless syrup.
[@]? = —66.36 (c 1.2, MeOH). "H NMR (400 MHz, MeOH-d,): §
7.45-7.43 (m, 2H, Ar-H), 7.36-7.26 (m, 3H, Ar-H), 4.95 (d, J =
11.74 Hz, 1H, CH,-Bn), 4.76 (d, J = 7.78 Hz, 1H, H1), 4.67 (d, J
= 11.74 Hz, 1H, CH,-Bn), 4.07 (t, J = 2.92 Hz, 1H, H3),
3.92-3.87 (m, 1H, H6) 3.74-3.68 (m, 2H, H5 and H6), 3.53 (dd,
J =9.37 Hz, J = 3.01 Hz, 1H, H4), 3.40 (dd, J = 7.99 Hz, J = 3.01
Hz, 1H, H2) ppm. "*C NMR (100 MHz, MeOH-d,): § 137.9 (Ar-
C), 127.9, 127.8, 127.2 (Ar-C), 99.6 (C1), 74.1 (C5), 71.6 (C3),
71.0 (C2), 70.3 (CH,-Bn), 67.6 (C4), 61.8 (C6) ppm. HRMS: m/z:
[M + Na]" caled for C,3H,gNaOg 293.0996; found 293.0996.

The compound 3 (24 mg, 0.089 mmol) in MeOH (2 mL) was
hydrogenated at 50 psi in the presence of Pd/C 10% (0.08 g)
overnight. Then, the reaction mixture was filtered through
Celite and washed with MeOH; the solvent evaporated to
afford p-allose 4 (15 mg) in 94% yield as a viscous colourless
syrup, major anomer p. '"H NMR (400 MHz, MeOH-d,): § 5.06
(d, J = 3.45 Hz, 1H, H1-a), 4.85 (d, J = 7.89 Hz, 1H, H1-B), 4.06
(t, J = 3.00 Hz, 1H, H3-B), 3.85 (dd, J = 11.62 Hz, J = 2.26 Hz,
1H, H6-B), 3.78-3.71 (m, 1H, H5-B), 3.68-3.63 (m, 1H, H6-p),
3.54-3.48 (m, H4-p), 3.26 (dd, J = 7.99 Hz, J = 2.99 Hz, 1H, H2)
ppm. **C NMR (100 MHz, MeOH-d,): § 94.0 (C1-B), 93.8 (C1-),
74.1 (C5-p), 72.2 (C2-B), 71.6 (C3-B), 67.6 (C4-p), 61.9 (C6-p)
ppm. HRMS: m/z: [M + Na]" caled for C¢H;,NaOg 203.0526;
found 203.0528.

2.11 Other methods

All "H NMR spectra were obtained at 400 MHz in MeOH-d,
using the residual solvent peak as standard, and *C NMR
spectra were obtained at 100.61 MHz in MeOH-d,.
Assignments are supported by 2D correlation NMR studies.
Specific rotations were measured using a Perkin-Elmer D241
automatic polarimeter and are reported as follows: [a]Z (c g
per 100 mL; solvent). ESI-MS determined the molecular mass,
and the mass spectra of the samples were acquired in the posi-

tive mode in a Bruker microOTOF.

3. Results and discussion

3.1 Laboratory evolution of PsG30x and kinetic
characterization

Directed evolution allows for fine-tuning enzyme properties,
yielding tailored enzymes with superior performance®* while
circumventing the potentially ineffective rational design. The
promiscuous activity of the PsG30x for various monosacchar-
ides and C-glycosides®*** indicates that this enzyme could
serve as the starting point for an enzyme engineering strategy
to enhance its catalytic efficiency towards p-Glc. Directed evol-
ution using error-prone PCR (epPCR) and DNA shuffling tech-
niques followed by activity screening were applied (Table S37).
After seven iterative rounds of directed evolution, approxi-
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2nd Generation 3rd Generation A206T A335T 6th Generation 16F1 0
Q295H K420R 6E3 1357V
1st Generation m P336S G366S V416l A335T D383N
= 1A1 A75T A75T ] A327V A327V A335T
A206T A206T D222G P336S A327V
Q295H Q295H P336S A206T P336S
G366S G366S A75T Q295H A206T
A327V A206T G366S Q295H
D222G Q295H G366S
P336S G366S
A75T
A206T
Q295H
G366S

Fig. 1 Lineage of variants of PsG30x generated during the enzyme engineering. The variants’ names are highlighted in a colored box, and the
mutations in the variants’ genotypes are listed below. In the initial round, the variant screened with the highest activity, variant 1A1, emerged with a
single mutation (G366S). In the second round, the best variant, 5D5, showcases three additional mutations (A75T, A206T, Q295H). In the third round,
the selected best variant, 41G6, harbored an additional single mutation (P336S). The fourth round yielded two variants, 2G4 and 7E9, with compar-
able activities, and their genes underwent epPCR followed by DNA shuffling to retain mutually beneficial mutations. At this point, stability screening
was introduced simultaneously with activity screening, leading to the selection of variant 2B9, which exhibited four-fold increased stability at 40 °C
compared to variant 7E9. DNA shuffling between 2B9 and the wild-type was performed, eliminating putative deleterious mutations while preserving
enzyme properties. The resulting variant, 6E3, bearing only six mutations, displayed similar activity and stability to 2B9 with ten mutations. In a final
round of epPCR using 6E3 as a template, variant 16F10, due to the replacement of 1357 V and D383N, exhibited a 1.5-fold activity improvement. All
screening details are summarized in Table S3.t

mately 50000 variants were screened, and one hit variant Table1 Optimal pH and apparent steady-state catalytic parameters for
(16F10) was identified with improved activity for o-Glc (Fig. 1 °-Glc
and Table 1).

. - imal pH ) Km(M K (M™' 71

All enzyme variants were purified (Table S4t), and the per- Optimal p heac (57 m (M) Kead Ken (M 57)
centage of the functional enzyme (i.e., with a full complement Wild-type 7.5 0.2+0.05 037+013 0.5%0.1
of FAD) ranged from 20 to 60%. The optimal pH (7.5) of wild- 1Al 75 04+01  0.54+011  0.7+0.1
) L 5D5 8.5 1.0+02  0.33:0.05 3.2+04
type for p-Glc was up-shifted by 0.5 to 1 unit in the second 41G¢ 8.0 12+0.2 024+005 51+02
round (variant 5D5). The catalytic performance of the evol- 2G4 8.0 1.9+02 0.26+0.05 6.7+0.8
utionary intermediates and the hit variant was assessed. We /9 8.0 23£03  027+£005  8.6+04
. R 2B9 8.0 2.6 £0.3 0.23 £0.06 10.6 £0.9
show that throughout the engineering process, the turnover gg3 8.0 3.0+0.2 026+001 11.5+0.6
number (k) significantly improved, representing the most 16F10 8.0 48+1.0 0.37%0.05 11.4+0.8

notable dlifference.f in catalytic parameters, positively impacting Activity was measured using the HRP-AAP/DCHBS coupled assay. All

the catalytic efficiency (kca/Km) observed for p-Glc among the  reactions were performed in 100 mM sodium phosphate buffer at the

variants in the later generations (Table 1). In contrast, the K;,,, ©optimal pH and 37 °C. The kinetic parameters were determined by
. . . . fitting the data directly on the Michaelis-Menten equation using

a parameter associated with substrate affinity, remained OriginLab

unchanged during the evolutionary pathway. Previous studies

have emphasized that these enzymes’ active site topology and

oligomeric state are key factors affecting substrate specificity b-Glc of the hit variant 16F10 remains 10- to 20-fold lower than

within P20xs (tetramer)/G30xs (monomer) sub-families those observed for p-Glc in fungal P20xs such as TmP20x and

despite their high sequence similarity.>>” Indeed, despite the PcP20x, whereas the Ky, value is three orders of magnitude

observed improvements in variants of PsG30x, the k.. for higher (Table S57).
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The activity of variant 16F10 was also tested against a
diverse array of substrates, including different mono-, di- and
trisaccharides, as well as one aminosugar, glucosamine
(Table 2) and remarkably, it exhibited increased activity for
most of the tested substrates. The highest enhancements were
measured for p-maltose and p-galactose, with activity increas-
ing ~35-fold compared to the wild-type. p-Glc and lactose fol-
lowed, demonstrating around a 20-fold increase than the wild-

type.

3.2 Thermostability of variants

Thermal unfolding profiles were performed to calculate the
mid-point thermal temperatures, i.e., melting temperatures
(Tm) (Fig. S17). The unfolding is described as a two-state
process where the folded and unfolded states seem to be the
only ones that accumulate significantly (Fig S17). All variants
exhibited slightly lower melting temperatures than the wild-
type (49 °C); for example, the hit variant showed a Tj,, around
44 °C (Table 3). However, protein aggregation, assessed by
static light scattering (data not shown), reveals the onset of
aggregation (T,g,) at similar temperatures. Since the aggrega-
tion process irreversibly removes unfolded proteins from the
equilibrium between the folded and unfolded states, it may
significantly affect the melting temperature measurements,
leading to its designation as an apparent value, TarP.*¢4”
Regarding the kinetic, so-called, long-term or operational
stability, which quantifies the amount of enzyme that loses
activity irreversibly during incubation at a specific tempera-
ture, the first two variants (1A1 and 5D5) exhibited a remark-
able 10-fold improvement in the stability as compared to wild-
type (27 min at 40 °C). In contrast, variant 41G6, in the 3™
round, showed a substantial trade-off between activity and

Table 2 Comparison of activities between 16F10 and wild-type for a
range of substrates

Specific activity (nmol min~" mg™*)

Wild-type 16F10
Monosaccharides
p(+)-Glucose 36.9+5.7 645.4 + 164.4
p(+)-Galactose 2.9+0.7 97.1£21.6
L(+)-Arabinose 5.3+0.9 68.2 + 4.8
2-Deoxy-glucose 3.2+0.5 44.2 + 7.7
p(—)-Ribose 2.6+1.8 24.3 + 4.0
L(+)-Rhamnose 1.4+0.1 8.9+1.7
p(+)-Mannose 0.3 +0.2 3.2+0.1
p(—)-Fructose 0.3+0.1 1.6 £0.5
L(—)-Fucose 0.5+0.1 3.6+1.0
Disaccharides
p-Lactose 0.6 + 0.4 10.8 £2.8
p(+)-Maltose 0.2 £0.1 7.3+1.5
p(+)-Trehalose 0.2 +0.03 1.8+1.0
Trisaccharides
p(+)-Raffinose 0.2+0.1 Nd
Aminosugars
p(+)-Glucosamine 1.3+0.3 0.5+ 0.3

Activity was measured using the HRP-AAP/DCHBS coupled assay. All
reactions were performed with 100 mM substrate in 100 mM sodium
phosphate buffer at pH 7.5 and 25 °C. Nd - not detected.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Summary of the

intermediates

stability properties of evolutionary

Variant TP (oC) Togy (°C) 19, (min)
Wild-type 49+2 50 27+2
1A1 47 +3 46 366 + 46
5D5 47 £3 49 374 £ 82
41G6 44 +1 43 51
2G4 431 43 82+8
7E9 44 +2 45 102 £ 18
2B9 47 £2 46 291 + 30
6E3 45+ 2 48 212 +£41
16F10 44 £2 48 187 + 30

Apparent melting temperatures (T’,\npp ) were measured by steady-state
fluorescence following the intrinsic fluorescence of the enzyme,
aggregation temperature (7T,g,) was monitored by static light scattering
and half-life time at 40 °C (£19,) was measured by following the loss
activity over time. The activity at each time point was measured using
the HRP-AAP/DCHBS system.

stability, with a slight increase in k., (Table 1) but at a high
cost of kinetic stability: ~100-fold decrease in half-life time
(5 min at 40 °C) (Table 3 and Fig. S2t). The kinetic stability
quantifies the amount of enzyme that denaturates irreversibly
owing to protein aggregation, misfolding, and covalent
changes.”® The wild-type and different variants deactivate
according to a first-order process, which the classical Lumry
can describe-Eyring model applied to the majority of enzymes
(N & U - D, where N, U and D are the native, the reversible
unfolded and the irreversible denatured enzyme), pointing to a
simple pathway of unfolding and denaturation. Since this
effect was due to a single mutation, P336S, we have introduced
and removed this mutation in different genetic backgrounds.
The replacement of P336S in the wild-type has not affected
activity but led to a pronounced decrease in the half-life time
at 40 °C, making impossible its measurement (Tables S6 and
S7t); in contrast, its removal from subsequent variants 2G4,
7E9, and 2B9 (4™ and 5™ round) result in a significant
increase in stability but at expenses of a 2-fold decreased
activity (Tables S6 and S77). These observations suggest that
P336S has influenced the evolutionary trajectory of the enzyme
towards improved activity for p-Glc and indicate that it exhibits
genotype-dependent effects hinting at epistatic interactions.*’
The mutations introduced in subsequent rounds of evolution
compensated the negative effect of P336S, and all subsequent
variants show increased stability, retaining 50% of activity after
80 to 290 min at 40 °C (Table 3). It is important to mention that
during the first four generations, the screening of variant
libraries during the directed evolution was based solely on
activity measurements, which led to the selection of variant
41G6 with unexpectedly low kinetic stability after purification.
From the fourth generation onward, we simultaneously screened
for activity and stability, selecting only those variants that per-
formed well in both properties. Notably, as mentioned, the hit
variant 16F10 exhibited a k... approximately 20-fold higher, and
a halflife time at 40 °C, almost 10-fold higher than the wild-
type enzyme (Tables 1 and 3; Fig S17).
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3.3 Molecular details of variants

All mutations present in the hit variant 16F10 and introduced
during the evolution are distal to the FAD™ (>10 A) (Fig. 2A
and Fig. S37). It is now well known that mutations located dis-
tantly from the active site can also enhance enzyme perform-
ance through allosteric effects, thereby inducing changes at
the active site via a network of interactions.’®"' By the combi-
nation of site-directed mutagenesis and the analysis of enzyme
structures, we hypothesize that the improvement of enzyme
activity resulted from the following mutations: G366S (1%
round), Q295H (2" round), P336S (3™ round), A327V (4™
round), A335T (5" round), and 1357V (7" round); excluding
mutations D383N and A206T (Fig. 2A). The visual inspection
of the enzyme structure with p-Glc docked in a catalytic compe-
tent orientation (PDB 7QFD)*? reveals that the G366S mutation
is nearby (~3.4 A) to the C4-OH group of p-Gle, arguably
forming an additional hydrogen bond through Ser-OH group
(Fig. 2B). This mutation is also close to Q297 (~2.3 A) and
Q340 (~5.1 A), which are critical residues for the substrate
orientation in the active.>> Mutation Q295H is at ~4.0 A to the
catalytic residue H440 and also close to Q297 (Fig. 2B). Single
mutants A75T, A206T, and Q295H (introduced in the ond
round) were constructed and whereas A75T and A206T showed
similar catalytic properties to wild-type, revealing its minor or
null role, the mutation Q295H exhibited a 2-fold higher k.,
(Table S87). The type of amino acid transition Q/H can concei-
vably change the microenvironment surrounding the residue:
the optimal pH (7.5) of wild-type for p-Glc was up-shifted by
0.5 to 1 unit in the second round (variant 5D5), most likely

D383N

Q295H 7%
G366S s \

P336S 1357V

Vo A

View Article Online
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due to the introduction of the Q295H mutation. Interestingly,
the combination of Q295H with G366S exhibits an increased
activity than the activity sum of individual variants and attains
the activity of variant 5D5 (Table S87). These results demon-
strate that the effect of these mutations (Q295H with G3668S) is
also dependent on the genetic background, i.e., of epistatic
interactions,*® previously mentioned in relation to P336S
(Table S6t). This residue is positioned in a loop interconnect-
ing B-strands with residues of the active site and its introduc-
tion has caused a drastic decrease in kinetic stability (Table 3),
likely due to increased loop flexibility (due to the removal of
the rigid proline), resulting in a more rapid and irreversible
denaturation. The introduction of adjacent A335T mutation in
variant 2B9 may have counteracted the destabilizing effect of
the P3368S, as observed by the increased half-life at 40 °C (from
100 minutes to 290 minutes; Table 3). A327V mutation is close
to the p-strand where the substrate-interacting Q340 (at ~6 A)
belongs and can supposedly induce changes in the positioning
or dynamics of this non-catalytic residue. Lastly, I357V is
located in a critical structural element, the substrate loop. This
loop can adopt different conformations throughout the cata-
lytic cycle,® and the replacement to a less hydrophobic
residue may presumably modulate loop dynamics, impacting
catalysis.

3.4 Chemo-enzymatic synthesis of p-allose using the
engineered enzyme

p-Allose synthesis involves the regioselective oxidation of p-Glc
at the C3 position. Therefore, we have synthesized protected 1-

A327V

335T

Fig. 2 Visual representation and molecular details of the mutations introduced in the hit variant 16F10. (A) Cartoon representation of wild-type
PsG30x structure (PDB 7QF8) with all mutations present in 16F10 represented by the Ca as spheres and colored according to the round in which
they were introduced (Fig. 1). The insertion-1 region and substrate loop are colored in dark blue and orange, respectively. All mutations are located
distal to FADM® (B) detailed view, close to FAD, with p-Glc docked and the two mutations (G366S, Q295H) closer to the active site. The FAD is
colored yellow, the p-Glc is colored orange, the catalytic residues (H440 and N484) are colored light blue, and the non-catalytic interacting residues

with p-Glc (R94, T129, Q297, Q340) are colored grey.
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O-benzyl-o/p-p-glucopyranoside (mixture o/f 2:1) and tested
the enzymatic activity of wild-type and engineered variant
16F10, which shows higher selectivity for C3 over C2 (Table 4;
Fig. S41). Comparing the catalytic parameters obtained, 16F10
showed a 10-fold increase in the turnover number (k). At the
same time, the K;, remained unchanged as compared to the
wild-type enzyme. Interestingly, regarding the K, values, a
25-fold decrease was observed for the substrate 1-O-benzyl-o/
B-p-glucopyranoside compared to p-Glc (Table 4). These results
are consistent with our previous findings, which highlight the
crucial role of an aromatic aglycone in facilitating substrate
access and binding to the active site.*”

The oxidation product of 1-O-benzyl-a/p-p-glucopyranoside
was characterized by NMR, confirming the presence of the
ketone at C3 (Fig. S5 and S6T). However, a partial conversion
(36% yield) was obtained, even after 24 h reaction.
Interestingly, the f-anomer was the predominant isomer
present in the NMR spectra, which indicated some stereo-
selectivity for this isomer. Therefore, the f-isomer (1-O-benzyl-
B-p-glucopyranoside) was synthesized,"”> and the enzyme’s
activity was tested towards this substrate. The obtained cata-
lytic parameters confirmed that the f-anomer is more efficien-
tly oxidized than the a-anomer, as observed by the increase of
the k... parameter and also reflected in catalytic efficiency (kca/
K) (Table 4). A bioconversion reaction using the 1-O-benzyl-
B-p-glucopyranoside 1 as substrate (20 mg of the substrate in a
volume of 1.5 ml) was performed, and a total conversion
(100% yield) was obtained, affording 1-O-benzyl-3-keto-p-p-glu-

Table 4 Apparent steady-state catalytic parameters for p-Glc and 1-O-
benzyl-glucoside

kcat/Km

Variant keat (579 Kn(mM)  (M™'s™)
p-Gle Wild-type 0.2 +£0.05 370 £130 0.5+0.1

16F10 4.8+1.0 370 £ 50 11.4 £ 0.8
1-O-Benzyl-a/p-o- Wild-type 0.06 +0.01 13.4 +3.8 5.0+ 1.0
glucopyranoside  16F10 0.57+£0.05 17.4+1.3 33.0+£1.0
1-O-Benzyl-p-p- Wild-type  0.31+0.01 16.4+4.0 19.3 +5.2
glucopyranoside  16F10 1.26+0.07 11.3+1.0 111.5+4.0

Activity for p-Gle, 1-O-benzyl-o/p-p-glucopyranoside and 1-O-Benzyl-p-p-
glucopyranoside was measured using the HRP-AAP/DCHBS coupled
assay. All reactions were performed in 100 mM sodium phosphate
buffer at the optimal pH and 37 °C. The kinetic parameters were
determined by fitting the data directly on the Michaelis-Menten

equation using OriginLab.
OH
o} b
HO%OBn
S OH
2

OH
lo) a
Hamosn
OH
1
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copyranoside 2 (Scheme 1) with complete regioselectivity and
without the need of further purification (Fig. S7 and S8%).

The current chemical strategies for the regioselective oxi-
dation of unprotected or semi-protected monosaccharides at the
C3 position primarily rely on a Pd/neocuproine catalyst and
benzoquinone, yielding good results (Table S91).”'° Despite its
effectiveness, these methods require a palladium catalyst and a
chemical terminal oxidant, which have a significant environ-
mental impact. Also, in the case of some substrates, a mixture
of C3/C4 oxidation products was obtained, requiring additional
purification steps. A metal-free strategy was also developed
using electrochemical oxidation of the C3 position, mediated by
quinuclidine.*® However, the obtained yields are lower, specific
equipment is required, and, in some cases, it is necessary to
protect the C6 position of the pyranosides (Table S97).

In contrast, the enzymatic oxidation of 1-O-benzyl-
B-glucopyranoside at the C3 position is complete and efficient,
avoiding hazardous chemicals and preventing the formation of
by-products, thereby eliminating the need for extensive
purification.

The following step involved the stereoselective reduction of
the resulting compound 2 to afford 1-O-benzyl-p-p-allopyrano-
side 3 (Scheme 1; Fig. S9 and S107). The allose-derived product
has an inverted configuration at the C3 position compared to
p-Gle, with the 3-OH group positioned cis to the vicinal 2-OH
and 4-OH groups. Different reducing agents were studied to
obtain the best yield and cis selectivity (Table 5).

Reduction with NaBH, afforded a mixture of the two dia-
stereomeric alcohols 1 and 3 with very low selectivity towards
the cis (alloside 3) product. K- and LS-Selectride provided
exclusively the corresponding C3 cis-alcohol 3 (Scheme 1);
however, LS-selectride afforded the highest yield (86%,
Table 5). The high 1,2-cis stereoselectivity of selectride is well

Table 5 Reaction conditions for the stereoselective reduction of 1-O-
benzyl-3-keto-f-p-glucopyranoside 2

Diastereomeric
Reagent Solvent Yield (%) ratio1:3
NaBH, MeOH 63 1:1.5
K-Selectride® DMSO: THF (2:1) 64 0:1
LS-Selectride® DMSO: THF (2:1) 86 0:1

All reactions were performed at 0 °C. The ratio of diastereomers 1 and
3 obtained after reduction with LS-Seletride was determined by 'H

NMR.
OH OH
o] o]
HO%osn . HO%‘
OH OH “OH
OH OH
3 4

Scheme 1 Chemo-enzymatic synthesis of p-allose from 1-O-benzyl-p-glucopyranoside. (a) 1 U ml™ of 16F10 enzyme, 0.1 mg ml™! of catalase at
pH 7.5, 25 °C for 6 h30 min under aerobic conditions, 100% yield; (b) LS-Seletride, DMSO : THF (2:1), 0 °C, 2 h, 86%,; (c) Pd/C 10%, 50 psi, MeOH,

overnight, 94%.

This journal is © The Royal Society of Chemistry 2025
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documented. It is attributed to the steric bulk of the reducing
agent-inducing attack at the side opposite to a vicinal group in
cyclohexanones, which wusually forms the axial alcohol
predominantly.'®>%°® To finally obtain p-allose, the removal of
the anomeric benzyl protecting group was easily accomplished
by hydrogenation, affording exclusively p-allose 4 (Scheme 1;
Fig. S11 and S12t) in 94% yield, without the need for purifi-
cation. In conclusion, a new efficient regio- and stereoselective
chemo-enzymatic method was developed to synthesize the rare
sugar p-allose in 81% overall yield.

Despite some progress, synthesizing p-allose using chemi-
cal and enzymatic approaches still presents several challenges
(Table S91). While chemical methods can achieve viable yields,
they are often associated with high production costs due to
expensive catalysts and environmental hazards from chemical
waste.”® The biosynthetic production of p-allose, mainly
through the Izumoring strategy, is a more environmentally
friendly and scalable alternative that has emerged as the
leading industrial method despite the low production allose
yields.*® The new chemo-enzymatic approach described here
offers several advantages over existing methods: the first enzy-
matic step is selectively efficient, and no by-products were
formed. The two successive chemical reactions are also very
selective and effective using common reagents, requiring only
a single, straightforward chromatographic purification step
after the carbonyl reduction with LS-selectride. Since no by-
products were formed, complex purification is unnecessary,
contrasting with reported methods. Considering the affordabil-
ity of the starting material, the completeness and irreversibility
of the enzymatic oxidation, and the high yields obtained in the
stereoselective reduction, our process has strong potential for
scaling up to industrial production of p-allose.

4. Conclusions

Carbohydrates are central biomolecules in numerous biologi-
cal fields, with their natural availability highly dependent on
their chemical structure. Low-abundance sugars, often called
‘rare sugars’, hold significant potential as nutraceuticals and
food additives, yet their synthesis poses some challenges.
Carbohydrate oxidases, with their high regio- and stereospeci-
ficity, enable the selective oxidation of specific hydroxyl groups
in carbohydrates into carbonyl groups.>® They use molecular
oxygen as a clean oxidant and produce hydrogen peroxide as a
by-product. Traditional methods often involve lengthy synthetic
routes and complex purification processes, and they can yield
low amounts or mixtures of products. The novel chemo-enzy-
matic approach developed in this study efficiently synthesizes
p-allose from minimally protected p-Glc, achieving an overall
yield of 81% using an engineered glycoside-3-oxidase variant
that catalyzes the initial regioselective oxidation at the C3 of the
substrate. Diastereoselective chemical reduction, followed by
subsequent hydrogenolysis, yielded the p-allose sugar. This
chemo-enzymatic strategy is efficient and rapid and facilitates
the isolation of pure products in excellent yields with minimal
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and straightforward product isolation procedures. Our method
can also be adapted to synthesize other C3 epimers, such as the
rare sugars p-gulose and p-altrose, starting from p-galactose and
p-mannose. Additionally, the 3-keto group formed during the
process offers opportunities for further functionalization into
various derivatives, an area of ongoing research.
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