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Here, we report an enzymatic cascade reaction converting a high
concentration of formaldehyde into L-threitol. The cascade reac-
tion starts with the carboligation of formaldehyde catalyzed by
formolase and fructose-6-phosphate aldolase, generating
L-erythrulose. Subsequently, a newly identified L-threitol dehydro-
genase facilitates the conversion of L-erythrulose into L-threitol,
utilizing NADH as a coenzyme. Three types of NADH regeneration

systems were investigated to facilitate the recycling of NADH in the
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One-pot enzymatic synthesis of L-threitol from C1
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reaction system. 405.7 mM (49.6 g L™ L-threitol was achieved
from the conversion of formaldehyde in a one-pot reaction system
with a self-sufficient NADH recycling system, which is based on
the oxidation of glycerol catalyzed by glycerol dehydrogenase.
Furthermore, the highest yield (89.4%; 251.3 mM) of L-threitol from
formaldehyde was achieved in the one-pot two-step reaction
system in which NADH was efficiently recycled by using methanol
dehydrogenase and isopropanol.

1. Current synthetic approaches for r-threitol face challenges in producing high purity r-threitol from affordable raw
materials under mild reaction conditions. The enzymatic cascade reaction designed in this study converts the renewable
resource formaldehyde into r-threitol at mild temperature with trivial side products, presenting a green and promising

strategy for r-threitol production.

2. Compared to the harsh chemicals and energy-intensive conditions used in chemical r-threitol synthesis, this study pro-
vides an enzymatic synthesis method for r-threitol, which is performed at 30 °C and pH 7.4 and produces trivial side

products.

3. The four enzymes involved in this cascade reaction require further enhancement in their enzymatic properties, e.g.
activity and stability, to further increase the productivity, yield and overall cost. Systematic optimization of the reaction con-
ditions would be beneficial for performing the conversion of formaldehyde into r-threitol on a larger scale.
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L-Threitol is a four-carbon sugar alcohol with significant bio-
technological applications. In the pharmaceutical industry,
t-threitol serves as a key intermediate for the production of
anticancer drugs like treosulfan, interferon-gamma interleu-
kin-4, threitol ceramide (ThrCer,) and tert-butyrate ester.'™
t-Threitol is also a precursor for the synthesis of various chiral
compounds, including chiral macrocyclic dianhydrides and
1,4-di-O-benzyl threitol.*® Its ability to serve as a building
block for synthetic phospholipids and other artificial amphi-
philic phosphates highlights its importance in diverse syn-
thesis applications.® Moreover, i-threitol is utilized in the pro-
duction of oxygen-sensitive pigments, contributing to the
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development of intelligent plastic films used in food
packaging.”

As depicted in Scheme 1, there are several reported syn-
thesis routes for r-threitol. t-Threitol can be synthesized by
converting 1,3-butadiene through a dihydroxylation reaction
using OsO, as the catalyst (Scheme 1a).® t-Threitol can also be
synthesized by converting unprotected glycolaldehyde using a
Zn(Pro), complex as the catalyst (Scheme 1b).” Moreover,
t-threitol can be produced from the reduction of r-tartaric acid
(Scheme 1c), which requires high pressure H, and elevated
temperatures (150 °C).'® However, erythritol and b-threitol
were also generated as side products with the above-mentioned
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chemical methods, which require fastidious purification pro-
cedures. Biotransformation strategies were also reported for
the synthesis of r-threitol. Xylitol dehydrogenase derived from
Guinea-pig liver was used for the first time to convert
L-erythrulose to r-threitol in vitro (Scheme 1d). However, the
conversion rate was not mentioned.'* Furthermore, aldo-keto
reductase was reported to reduce r-threose to r-threitol
(Scheme 1e)."? Overall, current synthetic approaches face chal-
lenges in producing high purity t-threitol using affordable raw
materials and mild reaction conditions.

Formaldehyde, an inexpensive one-carbon substrate, can be
produced in large quantities using mature technologies from
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renewable sources, making it an attractive feedstock for the
new generation of bio-manufacturing.'®'* Here, we present
the first enzymatic synthesis of r-threitol from formaldehyde.
As shown in Scheme 2, the designed cascade starts with the
formolasegrp.e catalyzed carboligation of formaldehyde into
1,3-dihydroxyacetone (DHA), subsequently followed by the
fructose-6-phosphate aldolase FSA*'? catalyzed condensation
reaction of formaldehyde and DHA into r-erythrulose. The pro-
duced r-erythrulose was reduced to r-threitol by using
L-threitol dehydrogenase as the biocatalyst and NADH as a
coenzyme. Different NADH recycling strategies were further
investigated and compared. The ArG' of the designed routes
for ir-threitol synthesis from formaldehyde was —127.5 KkJ
mol " under standard conditions, indicating that the designed
route was thermodynamically favourable. Overall, the designed
enzymatic cascade reaction converts the renewable resource
formaldehyde into r-threitol under mild conditions with trivial
side products, presenting a green and promising strategy for
L-threitol production.

Firstly, formolaseggrp.me previously developed by our group
was selected to catalyze the conversion of formaldehyde into
DHA in the first step at 30 °C and pH 7.4, owing to its high re-
sistance to formaldehyde and strong product specificity for C3
DHA."® To ensure high formaldehyde conversion, we initially
used a relatively high concentration of formolasegrp-me
(0.13 mM). Time-point sampling over a 22 hour reaction
period revealed that the production of DHA reached its
maximum at 5 hours and remained stable thereafter. As
shown in Fig. 1A, when increasing the concentration of formal-
dehyde from 300 mM to 2100 mM, the maximum yield of DHA
(302.13 mM) was obtained with 1200 mM formaldehyde as the
substrate (Fig. 1A). For the second step, p-fructose-6-phosphate
aldolase FSA*'?9'>1¢ wag used to convert DHA and formal-
dehyde into C4 r-erythrulose. To efficiently convert the sub-
strate, formaldehyde, a one-step enzymatic process involving

View Article Online
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Fig. 1 (A) Performance of 0.13 mM formolasegrp-me at varied concen-
trations of formaldehyde in 5 h. (B) The catalytic synthesis of L-erythrulose
from varied concentrations of formaldehyde was performed using
0.13 mM formolasegrp-me and 0.33 mM FSAA2S for 6 h. The reactions
were performed in a phosphate buffer (50 mM potassium phosphate,
5 mM MgSO,, pH 7.4) containing 1 mM TPP, with shaking at 1000 rpm
and 30 °C. The enzymes in the reaction were removed using a 3 kDa
Millipore ultrafiltration membrane prior to product detection by HPLC.
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Enzyme Reactions ArG'°(kJ/mol)

Formolasesrp-ms 3 Formaldehyde = 1,3-Dihydroxyacetone -80.6+9.2
P-fosiope-p hg?%‘;“‘e dldolase Formaldehyde + 1,3-Dihydroxyacetone = L-Erythrulose 274+7.1
L"h’e“°ll\l‘if"rlgf;°ge“ase L-Erythrulose + NADH = Threitol + NAD* 195+ 5.4

Scheme 2 Enzymatic cascade reaction for the synthesis of L-threitol from formaldehyde. Standard Gibbs energy change (ArG'®) was calculated by
using eQuilibrator (pH 7.4, ionic strength 0.05 M). ArG’ was calculated based on the actual reaction conditions of Fig. 1B, as shown in Table S1.}
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formolasegpp-me and FSAA129S was carried out. ence towards r-erythrulose is required for the construction of
Thermodynamic analysis showed that coupling these two enzy- the cascade reaction. Few enzymes have been reported to cata-
matic reactions results in a pulling effect which enables rapid lyze the reduction of r-erythrulose to i-threitol. Erythritol/
conversion of formaldehyde in the system. For the subsequent ti-threitol dehydrogenase (EItD) from Mycobacterium smegmatis
pulling reaction to convert DHA to r-erythrulose, a higher con- was reported to be able to convert r-erythrulose to i-threitol."”
centration of FSA*'?%® (0.33 mM) was employed. As a pH of 7.5 However, EItD can also convert p-erythrulose, p-xylulose,
was reported for the coupled catalysis by formolase and i-xylulose and ribulose to the corresponding sugar alcohol,
FSA*?% in a previous study,'® we conducted the coupled reac- which interferes with the designed cascade reaction of this
tions under the same temperature (30 °C) and pH (7.4) con- study. It was reported that xylitol dehydrogenase from
ditions as those used for the initial reaction catalyzed by Gluconobacter —oxydans (GoXDH) irreversibly converted
formolasegpp.e. AS shown in Fig. 1B, the highest conversion i-erythrulose to erythritol at pH 8.'® Phylogenetic analysis of
of 94.2% was obtained with 900 mM formaldehyde, yielding r-threitol dehydrogenase was therefore performed using
211.94 mM r-erythrulose. At a formaldehyde concentration of GoXDH as a template. There were 232 genes with a hom-
2100 mM, the highest yield of r-erythrulose reached ology of 40%-70% from the NCBI BLAST (https:/blast.ncbi.
353.68 mM with a corresponding conversion of 67.35%. nlm.nih.gov/Blast.cgi) available for phylogenetic analysis. The

The key enzyme in the third step of the reaction route is phylogenetic tree (Fig. S1{) was constructed with approxi-
t-threitol dehydrogenase for the reduction of r-erythrulose into mately maximum-likelihood methods using the software
t-threitol. L-Threitol dehydrogenase with strict substrate prefer- MEGA11. After conducting a thorough analysis and aligning
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Fig. 2 Identification and enzymatic characterization of L-threitol dehydrogenase. (A) Six candidate L-threitol dehydrogenases were identified func-
tionally and pET28a was added to the control group. (B) Kinetics curve of L-threitol dehydrogenase NsTDH at 30 °C. (C) The pH profile of L-threitol
dehydrogenase NsTDH. The following buffers were used: citric acid buffer (50 mM citric acid and trisodium citrate dihydrate, 5 mM MgSO,) with
different pH values (3.0, 4.0, and 5.0), phosphate buffer (50 mM potassium phosphate, 5 mM MgSO,) with different pH values (6.0, 7.0 and 8.0) and
glycine—NaOH buffer (50 mM glycine and NaOH, 5 mM MgSO,) with different pH values (9.0, 10.0, and 11.0). The reaction solution contained
50 mM buffer, 8 mM L-erythrulose, 2 mM NADH and 1.76 uM NsTDH. (D) The temperature profile of L-threitol dehydrogenase NsTDH. The reaction
solution contained 50 mM potassium phosphate buffer (pH 6.0, 5 mM MgSO,), 8 mM L-erythrulose, 2 mM NADH, and 1.76 uM NsTDH.
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the phylogenetic tree, six amino acid sequences were chosen
as potential candidates for i-threitol dehydrogenases
(Table S27). After cloning, the six candidate enzymes were
successfully expressed. The activity of the six candidate
enzymes was measured and compared after quantifying the
t-threitol converted from 20 mM r-erythrulose. As shown in
Fig. 2A, TDH-6 from Nostoc sp. (named NsTDH) showed the
highest activity and therefore was selected for the conversion

View Article Online
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of r-erythrulose to r-threitol in the synthesis route. The enzy-
matic properties of the r-threitol dehydrogenase NsTDH were
investigated further after purification. The apparent kinetic
constants of NsSTDH were determined to be 15.72 s™" for kcu
and 23.09 mM for K, respectively. Furthermore, the
optimum pH for the reduction of r-erythrulose and the
optimum temperature of NSTDH were determined to be pH
6.0 and 30 °C, respectively (Fig. 2).
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(E)
NADH regeneration Reactions ArG" (kJ/mol)
system
GIdA /glycerol L-erythrulose + Glycerol + NAD™ = L-threitol + 1,3-Dihydroxyacetone + NADH 2.1
BsMDH/mecthanol L-erythrulose + Methanol + NAD' = L-threitol + Formaldchyde + NADH 12.9
BsMDH/isopropanol L-erythrulose + Isopropanol + NAD™ = L-threitol + Acetone + NADH -14

Fig. 3 Reduction of L-erythrulose to L-threitol with different NADH regeneration systems. (A) NADH regeneration system using GldA/glycerol. (B)
NADH regeneration system using BsMDH/methanol. (C) NADH regeneration system using BsMDH/isopropanol. (D) Reduction of L-erythrulose to
L-threitol with different NADH regeneration systems. The GldA/glycerol NADH regeneration system solution contained 75 mM L-erythrulose, 75 mM
glycerol, 2 mM NADH, 0.11 mM NsTDH and 0.15 mM GIdA. The BsMDH/methanol NADH regeneration system solution contained 75 mM
L-erythrulose, 75 mM methanol, 2 mM NADH, 0.11 mM NsTDH and 0.14 mM BsMDH. The BsMDH/isopropanol NADH regeneration system solution
contained 75 mM L-erythrulose, 75 mM isopropanol, 2 mM NADH, 0.11 mM NsTDH and 0.14 mM BsMDH. All systems were prepared in 50 mM pot-
assium phosphate buffer (pH 7.4) containing 5 mM MgSO, and incubated at 30 °C with shaking at 1000 rpm in a 1.5 mL microcentrifuge tube for
14 h. (E) Standard Gibbs energy change (ArG™) of individual reactions for L-threitol production. The ArG™ were calculated by using eQuilibrator
(https://equilibrator.weizmann.ac.il/) at pH 7.4 and an ionic strength of 0.05 M. ArG’ was calculated based on the actual reaction conditions of (D),
as shown in Table S3.1
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The NsTDH-catalyzed reduction reaction requires cofactor
NADH. Therefore, glycerol dehydrogenase (GldA) from
Escherichia coli'® and methanol dehydrogenase (BsMDH) from
Bacillus stearothermophilus®® were investigated for the recycling
of NADH. When using the GldA/glycerol system, NAD' was
reduced to NADH while glycerol was oxidized into DHA
(Fig. 3A), which can be carboligated with formaldehyde by
FSA*?%5| producing i-threitol. When using the BsMDH/metha-
nol system, NADH was regenerated while methanol got oxi-
dized into formaldehyde (Fig. 3B). The generated formal-
dehyde could be further used as a substrate to produce
t-threitol. When using the BsMDH/isopropanol system, NADH
was regenerated while isopropanol was oxidized into acetone
(Fig. 3C). In principle, the generated acetone could be further
recovered by evaporation. To optimize enzyme concentrations
for efficient NADH regeneration, 0.1-0.15 mM GIdA were
tested in the GldA/glycerol system, while 0.08 and 0.14 mM
BsMDH were tested in the BsMDH/methanol and BsMDH/iso-
propanol systems. As shown in Fig. S2,7 the highest yield of
t-threitol in the GldA/glycerol system was achieved at 0.15 mM
GIdA. In the BsMDH/methanol and BsMDH/isopropanol
systems, the yield of r-threitol showed little difference between
0.08 and 0.14 mM BsMDH; thus, 0.14 mM BsMDH was used
in subsequent experiments. These systems facilitated efficient
NADH recycling and the utilization of oxidized intermediates,
enhancing substrate conversion for r-threitol production. As
shown in Fig. 3D, the NADH regeneration systems using GldA/
glycerol, BsMDH/methanol and BsMDH/isopropanol yielded
23.4 mM, 38.5 mM and 45.6 mM i-threitol from 75 mM
t-erythrulose, respectively. The maximum conversion among
the three systems was 60.8%. From the thermodynamic per-
spective, the BsMDH/isopropanol NADH regeneration system
is the most favourable one (Fig. 3E). From the atom economy
aspect, both the GldA/glycerol NADH regeneration system and
the BsMDH/methanol NADH regeneration system are pre-
ferred. Subsequently, all three systems were investigated
further for the conversion of formaldehyde into r-threitol.

After evaluating the coenzyme recycling modules, the three
NADH regeneration systems were incorporated into the
-threitol synthesis pathway for one-pot synthesis from formal-
dehyde. Based on the r-erythrulose yield catalyzed by
formolasegrpms and FSAA2? in the first two reactions
(Fig. 1B) and the maximum conversion of 61% for
L-erythrulose to r-threitol (Fig. 3D), slightly higher concen-
trations of methanol and isopropanol (170, 220, 280 and
380 mM) than the theoretical NADH demands (130, 161, 190,
and 216 mM) were used in the BsMDH/methanol and BsMDH/
isopropanol systems to ensure sufficient NADH regeneration.
For the GldA/glycerol system, significantly higher concen-
trations of glycerol were used to enhance NADH regeneration
and provide additional reducing power for r-erythrulose pro-
duction. As shown in Fig. 4A, with the increase of formal-
dehyde and glycerol in the system, the yield of r-threitol
increased gradually. 405.7 mM (49.6 g L") of i-threitol was
achieved with 1200 mM formaldehyde and 600 mM glycerol,
and the yield of vr-threitol reached 54.09% (Fig. 4B). 18.1 mM
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Fig. 4 One-pot synthesis of L-threitol from formaldehyde using the
GldA/glycerol system for NADH regeneration. (A) The reaction route for
L-threitol synthesis using the GldA/glycerol system for NADH regener-
ation. (B) The yield of L-threitol at different concentrations of formal-
dehyde. L-Threitol was produced using 0.5 mL standard reaction solu-
tion containing 50 mM phosphate buffer (50 mM potassium phosphate,
5 mM MgSO4 pH 74), 1 mM TPP, 2 mM NAD* 0.13 mM
formolasegep-ms, 0.26 MM FSA*2S, 0.15 mM GldA, 0.11 mM NsTDH,
and different concentrations of formaldehyde (600, 900 and 1200 mM
formaldehyde with the addition of 300, 450 and 600 mM glycerol to the
system, respectively). The reactions were carried out at 30 °C and 1000
rpm in a 1.5 mL microcentrifuge tube for 17 h.

erythritol and a significant accumulation of 137.05 mM
t-erythrulose were observed in the final products. The gene-
ration of erythritol was likely to be caused by GldA, which can
also convert r-erythrulose to both erythritol and ti-threitol
(Fig. S31). The accumulation of r-erythrulose was caused by an
imbalance between the consumption and production of
t-erythrulose in the system. As shown in Fig. S4,7 in the
control group without formolaseggp.me, the yield of r-threitol
was decreased significantly, confirming that the production of
DHA from formaldehyde by formolasegrpe Was critical for
the production of r-threitol in the system.

Fig. 5A shows the one-pot two-step synthesis of r-threitol
from formaldehyde using the BsMDH/methanol system for
NADH regeneration. Methanol was used as a co-substrate to
achieve NADH regeneration, converting ri-erythrulose to
t-threitol. When 170 mM methanol was added in the second
step, 118.42 mM i-threitol was obtained. However, when
380 mM methanol was added to 2100 mM formaldehyde, the
yield of i-threitol decreased to 90.18 mM (Fig. 5B). This

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 One-pot two-step synthesis of L-threitol from formaldehyde
using the BsMDH/methanol system for NADH regeneration. (A) The
reaction route for L-threitol synthesis using the BsMDH/methanol
system for NADH regeneration. (B) The yield of L-threitol at different
concentrations of formaldehyde. To produce L-erythrulose, a 750 pL
standard reaction mixture with potassium phosphate buffer (50 mM pot-
assium phosphate, 5 mM MgSO,, pH 7.4) containing 900, 1200, 1500
and 2100 mM formaldehyde, 0.33 mM FSA*2°S and 0.13 mM
formolasegrp-mg Was used in the first step. The first step was carried out
at 30 °C for 8 h. Subsequently, 2 mM NADH, 0.11 mM NsTDH, 0.14 mM
BsMDH and 170, 220, 280 or 380 mM methanol were added in the
second step, which was performed for 12 h.

phenomenon was likely attributed to the inactivation of
enzymes in the presence of a high concentration of methanol.
Finally, we tested the incorporation of the BsMDH/isopro-
panol system for NADH recycling in the synthesis of r-threitol
from formaldehyde. At 900 mM, 1200 mM, 1500 mM, and
2100 mM formaldehyde (the final concentration in the first
step), 138.8 mM, 192.8 mM, 251.3 mM and 312.3 mM of
L-threitol were produced, respectively. The yield reached
82.3%, 85.7%, 89.4%, and 79.3% (Fig. 6B). When using the
BsMDH/isopropanol NADH regeneration system, the consump-
tion and production of r-erythrulose were balanced in the
t-threitol synthesis route (Fig. 6A), leading to much less
accumulation of the intermediate r-erythrulose compared to
the other two systems. In this system, isopropanol was con-
verted to acetone, which could be easily removed and recycled
from the reaction system by evaporation. This reaction route
allowed maximizing the substrate conversion and minimizing
the product purification steps. To further investigate the scal-
ability of the cascade reaction, the reaction volume was
increased to 45 mL for the first step and 50 mL for the second
step. As shown in Fig. S5,1 157.2 mM tr-threitol was obtained,
corresponding to a yield of 55.9%, which is lower than the
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Fig. 6 One-pot two-step synthesis of L-threitol from formaldehyde
using the BsMDH/isopropanol system for NADH regeneration. (A) The
reaction route for L-threitol synthesis using the BsMDH/isopropanol
system for NADH regeneration. (B) The yield of L-threitol at different
concentrations of formaldehyde. To produce L-erythrulose, a 750 pL
standard reaction mixture with phosphate buffer (50 mM potassium
phosphate, 5 mM MgSO,, pH 7.4) containing 900, 1200, 1500, or
2100 mM formaldehyde, 0.33 mM FSA*?%S and 013 mM
formolasegrp-me Was used in the first step. The reactions were carried
out at 30 °C with shaking at 1000 rpm in a 1.5 mL microcentrifuge tube
for 8 h. Subsequently, a 1 mL reaction mixture containing 750 pL of the
first-step solution, 2 mM NADH, 0.11 mM NsTDH, 0.14 mM BsMDH and
170, 220, 280, or 380 mM isopropanol in potassium phosphate buffer
was prepared and used in the second step, which was carried out for
12 h.

yield of the 1 mL-scale reaction. For the first step, it was found
that 248 mM r-erythrulose was produced. When the reaction
solution of the first step was added to the second step, the con-
centration of r-erythrulose became 186 mM, and 157.2 mM
t-threitol was produced, which led to 84.5% yield for the
second step. Therefore, further investigation and optimization
for the scale-up reaction is required in the future, especially
for the first step. This result highlights the potential of the
multi-enzymatic system for r-threitol production.

Among the three NADH regeneration systems, the GldA/gly-
cerol system enabled the highest production of ti-threitol
(405.69 mM) but with a side product, r-erythrulose (up to
138.9 mM), while the BsMDH/isopropanol system resulted in
the second-highest production of i-threitol (312.3 mM) but
with a negligible amount of side product r-erythrulose, which
will require less purification effort and thereby reduce the cost.
Furthermore, the GldA/glycerol system requires 2.6 times the
amount of substrate (glycerol) than the BsMDH/isopropanol
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system (isopropanol). Therefore, from the techno-economic
analysis point of view, the BsMDH/isopropanol system is likely
to have more potential for NADH recycling.

Conclusions

In summary, the first synthesis route of r-threitol from formal-
dehyde has been presented in this study. The study also pro-
vided a new route for the utilization of C1 compounds.
Formolase and fructose-6-phosphate aldolase efficiently cata-
lysed the conversion of formaldehyde to r-erythrulose, while
i-threitol dehydrogenase facilitated the conversion of
L-erythrulose into r-threitol. The implemented NADH regener-
ation system ensured efficient coenzyme recycling. r-Threitol
was produced with a very low amount of side product. This
study opens up the possibility for the sustainable production
of 1-threitol and highlights the potential of enzymatic cascade
reactions in the synthesis of valuable compounds from C1
compounds. Enzymatic transformation of cost-effective formal-
dehyde represents an attractive approach for the synthesis of
L-threitol.
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