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Formaldehyde (FALD), which can be derived from CO,, is a promising C1 feedstock for enzymatic syn-
thesis of valuable chemicals, like sugars, starch, acetyl-CoA, and lactic acid. Rare sugars, like L-xylose,
have great potential for pharmaceutical applications, but their production requires precise control of
stereocenters, a challenge that can be addressed by enzymatic catalysis. To date, no enzymatic route to
produce L-xylose from only FALD has been reported. In this report, thermal resistance of a highly active
and specific glycolaldehyde (GALD) producing benzoylformate decarboxylase variant from
Polynucleobacter necessarius (PnBFD-M1) was improved via rational design, yielding PnBFD-M2
(PNBFD-M1-K1881/Q1921/A282P). PNBFD-M2 exhibits improved thermal resistance (T, +11.2 °C; t;,» at
37 °C increased from 44 min to 2247 min) and moderately enhanced initial GALD production rate (from
302.9 pmol per (min g protein) to 350.3 pmol per (min g protein)). Analysis of the surface hydrophilicity
and molecular dynamics simulations indicate that the improved thermal resistance is based on hydro-
phobic substitutions that stabilize the contact of two helices and increased rigidity. The small increase of
activity seems to be caused by the reduced flexibility of loops located near the active site. The engineered
PnBFD-M2 was successfully coupled with a fructose-6-phosphate aldolase variant (FSA-A129T/A165G) to
achieve the first one-pot enzymatic synthesis of L-xylose from FALD as sole feedstock, reaching a titer of
2.36 g L™ and a yield of 78% (outperforming PNBFD-M1: 1.76 g L™ and 59%). PnBFD-M2 is one of the
Received 4th December 2025, most efficient GALD from FALD producing enzymes known to date: almost no side products are formed
Accepted 12th February 2026 (<1% 1,3-dihydroxyacetone is produced) and PnBFD-M2 has higher thermal resistance and higher activity
DOI: 10.1039/d5gc06542a compared to GALS-F397Y/C398M (t;/, at 37 °C is <120 min). The presented L-xylose pathway is an inter-
rsc.li/greenchem esting biocatalytic route to produce L-xylose directly from FALD showing the potential of C1 valorization.

Green foundation

1. This work establishes the first biocatalytic route for synthesizing r-xylose using formaldehyde as the sole feedstock, a C1 substrate obtainable from CO,.

2. The engineered ThDP-dependent enzyme PnBFD-M2 exhibits high catalytic efficiency and markedly enhanced thermal stability, enabling robust conversion
of formaldehyde to glycolaldehyde with minimal side-product formation (<1%).

3. PnBFD-M2 is a robust and efficient biocatalyst well suited for cascades and metabolic pathways involving formaldehyde condensation, advancing CO,
valorization toward value-added chemicals.

Introduction product into a feedstock for various industries.! In recent
years, biotechnological methods such as metabolic engineer-
With CO, being one of the major contributors to climate ing,> synthetic biology,®> and enzyme catalysis* have been
change, there is a strong need to turn this current waste employed to produce synthetical important compounds from
CO, or C1 molecules, including methanol, formic acid and for-
- , o , maldehyde (FALD), which can be obtained from the reduction
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nol via the FORMOX process, employing iron-molybdenum
oxide catalysts at 300-400 °C, or via related silver-catalyzed pro-
cesses.'® Industrial FALD production is therefore tightly
coupled to methanol supply, which is still dominated by fossil
feedstocks, primarily natural gas and coal, whereas renewable
methanol accounts for only about 0.2% of global production.
Although the direct production of methanol and FALD from
CO, has been demonstrated and is widely regarded as a prom-
ising route toward defossilization, these technologies require
further development before they can compete with established
industrial processes.’™'* In the context of ongoing technologi-
cal development, hybrid approaches that combine electro-
chemical CO, reduction with enzymatic transformation of the
resulting C1 intermediates may represent a promising strategy
for the sustainable synthesis of high-value compounds. Such
concepts aim to exploit the superior reaction kinetics and scal-
ability of electrochemical CO, reduction," while simul-
taneously benefiting from the high selectivity, mild operating
conditions, and environmentally benign nature of enzymatic
catalysis."®

By utilizing multi-enzyme cascades, products like starch,'*
acetyl-CoA," glucose,"® polyhydroxybutyrate (PHB),"” ethylene
glycol,'®'  glycolic acid,"®?® erythrose,'® erythrulose,*
alanine,?” hexoses,*® lactic acid,>*?* xylulose,*® and r-threitol*”
were produced from C1. For the enzymatic synthesis of high-
value chemicals, like rare sugars, which find usage in the
pharma industry, FALD with its higher reactivity compared to
other C1 compounds,*® such as formic acid and methanol, is
an ideal carbon source for multi enzyme cascades. Most of
these cascades utilize enzymes that condense two FALD mole-
cules to glycolaldehyde (GALD), that then is further trans-
formed, stepwise increasing the complexity of the product,'>"”
for example, the rare sugar i-xylose can be produced by the
enzyme p-fructose-6-phosphate aldolase (FSA), specifically the
variant FSA-A129T/A165G (FSA-TG), utilizing FALD and GALD
as the substrates.?”

L-Xylose is a rare pentose sugar and an attractive starting
material for the synthesis of pharmaceutically active molecules
and functional sugars, with increasing relevance in pharma-
ceutical and nutraceutical applications.’*? Its nucleoside
analogues are utilized as antiviral drugs against hepatitis-B
and HIV, along with valuable anticancer and cardioprotective
properties.>*?* Recently developed r-xylose derivatives have
shown potential as inhibitors of renal glucose reabsorption,
making them attractive candidates for diabetes treatment.*®
Furthermore, polyhydroxypyrrolidines derived from vr-xylose
demonstrate both antitumor and antiviral effects and act as
potent inhibitors of o- and p-glucosidases, which are key
targets in the development of antidiabetic drugs.*® With the
continuous expansion of the antiviral and metabolic disorder
drug markets, L-xylose derivatives are expected to commercial
value.’” Reported syntheses of 1-xylose from xylitol (one step,
26% product specificity),*® p-glucose (four steps, involving
hazardous reagents such as Ag,CO;, and periodic acid),*®
p-gluconolactone (four steps, involving environmentally
unfriendly conditions such as N,N-dimethylformamide (DMF)
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and BCl,),*> and i-xylulose (one step, 85% product speci-
ficity)®" are generally characterized by low selectivity, multiple
reaction steps, or the use of hazardous reagents and solvents.
A notable exception is the i-xylulose-based route, which
achieves comparatively high product specificity (85%).

In this context, enzymatic pathways capable of condensing
FALD into GALD and subsequently converting it into higher
sugars represent a potentially attractive alternative. However,
despite their academic appeal, the economic and environ-
mental viability of synthesizing r1-xylose from FALD remains
difficult to assess at present. In the absence of a detailed
techno-economic assessment (TEA), it is not yet clear whether
an enzymatic route (requiring both enzyme production and a
sustainable supply of FALD) would ultimately outperform
established chemical or biomass-derived processes in terms of
overall sustainability.

Several GALD-producing enzymes that utilize FALD have
been identified, such as benzaldehyde lyases (BAL),*® benzoyl-
formate decarboxylases (BFD),"” and glyoxylate carboligases
(GCL).*® All these enzymes dependent on thiamine pyropho-
sphate (TPP) as cofactor and can stepwise condensate FALD
molecules to larger molecules, like two FALD molecules are
condensed to GALD, which can then react with a third FALD to
produce 1,3-dihydroxyacetone (DHA) or undergo condensation
with another GALD to synthesize erythrulose.'®***° FALD is
not the natural substrate for any of the these enzymes, and the
wild-type enzymes have been reported to exhibit low FALD con-
densation activity (<10 U g~ ").*' Multiple engineering cam-
paigns were conducted to enhance their activity, resulting in
several improved enzymes, including FLS,"**° which mainly
synthesizes DHA, as well as GALS'> and GCL'® variants that
primarily produce GALD. To date, the most active GALD-produ-
cing enzymes are GALS-F397Y/C398M (GALS-YM)' and the
BFD variant from Polynucleobacter necessarius PnBFD-M1.*!
GALS-YM has higher thermal resistance compared to
PnBFD-M1 (Tp(GALS-YM) = 50.8 °C, Ty,(PnBFD-M1) = 38 °C)
but produces high amounts of DHA (21.01%), while
PnBFD-M1 produces mainly GALD (99.5%).*" The production
of unwanted side products is for in vitro and in vivo cascades
problematic as it lowers overall yields and the side products
might inhibit other steps/reactions.*?

Improving both thermal resistance and activity of GALD-pro-
ducing enzymes through protein engineering is challenging, as
these properties are often inversely related: flexibility generally
enhances activity, whereas rigidity favors thermal stability.**™*¢
Thermal resistance of enzymes was successfully improved by
rational design and directed evolution,”” ™ but as a general
trend, specific activity is often reduced.*® For instance, the T}, of
Candida ketoreductase variant M1 increased by 4 °C, whereas its
activity decreased to 88% of that of the wild-type enzyme.’" A
general design principle to improve the thermal resistance of
enzymes is to increase the rigidity of flexible regions.**”?
Flexible regions can be identified based on B-factor analysis, if a
crystal structures with a high resolution is available,*® or based
on computational methods.>*** The introduction of proline resi-
dues into flexible loops was reported to be an effective strategy
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to enhance thermal resistance.”®>® Remarkable results were also
reported by analyzing thermodynamic stability (free energy of
folding AAG) using computational tools such as FoldX, Rosetta,
I-mutant, Mupro, DeepDDG or PremPS.”>®* In detail, both
approaches have shown promising results in the engineering of
lipases®®® and PETases.®®®® Rare simultaneous improvements
in both enzymatic activity and thermal resistance can be found
in literature, for example the engineering of o-galactosidase,*®
ulvan lyase,*® and aldehyde dehydrogenase.*

In this report, PnBFD-M1 was improved through rational
design approaches, resulting in a thermal resistance increase
(T increased by 11 °C; ), at 37 °C increased from 44 min to
2247 min) and an enhancement in activity (initial GALD pro-
duction rate increased from 302.9 pmol per (min g protein) to
350.3 pmol per (min g protein)). MD simulations indicate that
the improved specific activity and thermal resistance can be
attributed to decreased flexibility of f§ domain. The improved
PnBFD variant, PnBFD-M2 (PnBFD-M1-K1881/Q1921/A282P), is
to our knowledge the most efficient GALD producing enzyme
(<1% DHA is produced) while having a higher stability than
GALS-YM (t;,, at 37 °C is <120 min). To show the potential of
PnBFD-M2, it was used with FSA-TG to produce ir-xylose
directly from FALD in a one pot reaction, achieving a titer of
up to 2.36 g L™, corresponding to 78% of the theoretical yield.

Results and discussion

The production of 1-xylose from FALD requires PnBFD variants
that efficient produce GALD without the side product; GALD is
subsequently converted to glyceraldehyde (GCA) and then to
ixylose by the enzyme FSA-TG. PnBFD-M1 is an attractive
enzyme since it can produce GALD (99.5% GALD, without pro-
ducing high amounts of side product DHA), but its low thermal
resistance limits r-xylose production (Ty, = 38 °C).*" Therefore,
for the construction of an efficient 1-xylose producing cascade,
the thermal resistance of PnBFD-M1 was enhanced through a
rational design strategy based on AAG calculations and proline
substitutions in flexible loops. The most promising PnBFD-M1
variants were characterized and molecular dynamics (MD) simu-
lations were conducted to uncover the structural basis for
improved enzyme performance. The new variant PnBFD-M2 (T},
= 49.2 °C) was then used in a first one pot cascade under opti-
mized conditions to maximize the L-xylose titer.

Design of L-xylose pathway from C1

Efficient chemical reduction of CO, to FALD has been
reported,” making FALD a feasible and attractive C1 building
block for the synthesis of various valuable compounds.®
L-Xylose is a precursor for pharmaceutically interesting mole-
cules,® but current syntheses require multiple steps with an
overall low product specificity (26%).*"*® It was reported that
1-Xylose can be produced from FALD and GALD by the
FSA-TG.”® FSA-TG catalyzes the aldol condensation of FALD
and GALD to form GCA, that is then transformed in a second
aldol reaction with GALD to r-xylose.>® Therefore, by combin-
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ing a GALD producing enzyme, like PnBFD-M1, with the
enzyme FAS-TG a r-xylose producing cascade that only requires
FALD as feedstock can be built (Fig. 1A). In our previous study,
PnBFD-M1 demonstrated high specificity (99.5% GALD) for
the conversion of FALD to GALD but suffers from low thermal
resistance, losing 80% of its activity after incubation at 37 °C
for 1 h.*! The low thermal resistance limits the use of PnBFD
for the production of GALD and the its application in enzyme
cascade, for example for the production of i-xylose, since
FSA-TG displays a higher thermal resistance (T, = 74 °C),
which would allow higher process temperatures. Therefore, a
more thermal resistant variant of PnBFD was designed via two
rational design strategies and tested in a one-pot reaction.

Improving PnBFD-M1 via rational design

PnBFD-M1 belongs to the TPP-dependent enzyme family and
adopts a homo-tetrameric structure (Fig. S1A), which can be
further divided in to two dimers having the active sites located
at this dimeric interface. Each monomer consists of three
domains. In most of BFDs, the a domain (Residues 1-178 of
PnBFD-M1) and the y domain (Residues 339-535 of
PnBFD-M1) build up the catalytic site, while the § domain
(Residues 179-338 of PnBFD-M1) has a structural role by stabi-
lizing the two other domains’®”? (Fig. S1B). The deletion of
the p domain of PnBFD-M1 resulted in no soluble protein,
highlighting its critical role in maintaining structural integrity
(Data not show). To enhance thermal resistance of PnBFD-M1
without compromising the overall activity or as little as poss-
ible, two rational design strategies were applied to the p
domain: (1) virtual screening of potential variants based on
predicted changes in Gibbs free energy (AAG value) calculated
using FoldX, DeepDDG, and I-Mutant (based on the method
reported by the Yuguo Zheng group®), and (2) increasing the
rigidity of flexible loops by introducing prolines (Fig. 1B). In
strategy (1), potential positions for amino acids exchanges
were identified by calculating the root mean square fluctu-
ations (RMSF) of each position of the f-domain of PnBFD-M1
at 310 K based on MD simulations. Residues with an RMSF >
2 A were selected and AAG values for each amino acid
exchange calculated using FoldX, DeepDDG, and I-Mutant 2.0.
Variants that met the set cut off in the predicted increase in
stability (FoldX: AAG < +0,36 kcal mol™; DeepDDG: AAG >
0 kcal mol™; I-mutant 2.0: AAG > 0 kcal mol)*>"® were
selected for experimental validation. In strategy (2), loop/
unstructured regions within the p-domain were identified by
analyzing the structure of PnBFD (PDB: 4K9Q). Flexible
regions were identified by comparing the predicted RMSF
values of each residue within long loop regions at 310 K and
340 K, since flexible regions should exhibit greater fluctuations
at elevated temperatures.®® Residues in long loop regions
(more than 5 amino acids) with an RMSF difference (RMSFi
(340 K)-RMSFi (310 K); i selected position) > 0.5 A were
selected, and proline was introduced at each selected position
(one per variant) for experimental validation. After experi-
mental validation the most stable variants of each strategy
were combined and the new variant (PnBFD-M2) was charac-
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(A) Design of L-xylose biosynthetic pathway from C1: PnBFD-M1 and FSA-TG cascade with PnBFD-M1 as the thermosensitive bottleneck. (B)

Rational design strategy of f-domain of PnBFD-M1 and recombination of beneficial variants, resulting in PnBFD-M2 with improved thermal resis-

tance and catalytic activity.

terized. To test if the improved thermal resistance of
PnBFD-M2 is beneficial in enzymatic cascades, it was com-
bined with FSA-TG to produce r-xylose from FALD in a one-pot
reaction setup.

As basis for the AAG calculations of strategy 1, three inde-
pendent 100 ns MD simulations of PnBFD-M1 at 310 K were
conducted. The RMSF of the position of each amino acid of
the f-domain was calculated using the stable trajectory stage
(50-100 ns) based on root mean square deviation (RMSD) of
the Ca atoms (Fig. 2; RMSD of Ca atom positions of
PnBFD-M1 at 310K was reported in Fig. S13A of our previous
report®®). 12 residues, exhibiting an RMSF > 2 A at 310 K
(Table S3), were selected for virtual site-saturation mutagenesis
(SSM) screening using FoldX, DeepDDG, and I-Mutant 2.0. 9
potential variants, which were predicted by all three tools to
have the potential to improve thermal resistance (Table 1),
were subsequently targeted experimental validation.

long loop 3: 325-338

PnBFD-M1-340K
PnBFD-M1-310K

long loop 2: 271-290

long loop 1: 231-245

T T T T T T T T T T T T T T T
180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330
Residues

Fig. 2 RMSF (50-100 ns) of the p-domain of PnBFD-ML1 at 310 K and
340 K.
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Table 1 Potential variants predicted based on AAG calculations

FoldX DeepDDG I-Mutant2.0
Variants  (kcal mol™") (kcal mol™) (keal mol™)
K188I —0.33 0.01 0.44
Q1921 -0.29 0.04 0.33
K2591 0.02 0.02 0.27
K259M -0.75 0.11 0.09
D327Q 0.23 0.06 0.46
D327E 0.03 0.11 0.19
K331R —0.58 0.27 0.30
Q3361 -0.90 0.04 0.43
Q336V 0.13 0.03 0.38

FoldX: AAG < +0,36 kcal mol™"; DeepDDG: AAG > 0 kecal mol™;
I-mutant 2.0: AAG > 0 keal mol™.

Each variant was produced in Escherichia coli (E. coli), puri-
fied and the activity (measured as GALD production using
HPLC) and stability were determined. 6 of the 9 variants
(K188I, Q192I, D327E, K331R, Q3361 and Q336 V) exhibit
either unchanged or increased activity, with Q1921 enhancing
the relative activity by 2.47 times (Fig. 3A). The Ty, of these 6
variants determined with the Prometheus NT.48
(Nanotemper) by measuring the tryptophan fluorescence at
increasing temperatures. Measurements with PnBFD-M1
revealed two melting events (7,1 = 38.0 °C, T, = 43.9 °C),
likely due to its multi domain structure (Fig. S2A and Table 2).
Another explanation could be that one of the melting events is
caused by the dissociation of the homotetramer (Fig. S1A) and

was

This journal is © The Royal Society of Chemistry 2026
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Fig. 3

(A) Relative activity of PnBFD-M1 and 9 potential variants of AAG calculations strategy. (B) Relative activity of PnBFD-M1 and 5 potential var-

iants of introducing Pro in long loops strategy. (C) Relative activity of PnBFD-M1, M1-K188l, M1-K188I/Q192l, and PnBFD-M2 (M1-
K1881/Q1921/A282P), and their residual activity after heat treatment at 40 °C for 30 min. Relative activity assay: 50 mM pH 7.6 bicine, 300 mM NaCl,
1 mM TPP, 2 mM MgSOy,, 0.2 mg mL™* purified enzyme, and 10 mM FALD, the reaction mixture was incubated at 37 °C for 30 min. Residual activity
assay: 50 mM pH 7.6 bicine, 300 mM NaCl, 1 mM TPP, 2 mM MgSO,, 0.2 mg mL™! enzyme after heat treatment at 40 °C for 30 min, and 10 mM
FALD, the reaction mixture was incubated at 37 °C for 30 min; Error bars represent standard deviation of three technical replicates (n = 3).

Table 2 T,, values of PnBFD-M1 and its variants

Variants Tm1 (°C) Tm2 (°C)
PnBFD-M1 38.0 £ 0.0 43.9 + 0.0
K188I 43.7 + 0.1

Q1921 39.1+0.1 44.4 + 0.0
D327E 44.0 + 0.1

K331R 38.0 £ 0.0 44.1+0.1
Q3361 38.0 £ 0.0 43.5 0.0
Q336V 38.0+ 0.0 43.2 +0.1
K1881/Q1921 444+ 0.1

A282P 43.6 £ 0.1 48.3 + 0.1
K331P 38.3+£0.1 43.6 £ 0.0
K1881/Q1921/A282P (PnBFD—MZ) 49.2 + 0.1

thereby induced structural changes. The variant K188I showed
the highest increase in Ty, (6 °C) and displayed only one peak.
The variant Q1921 still displayed two melting points, but both
Tm1 and Ty, are slightly higher than those of PnBFD-M1. Like
the variant K188I, also the variant D327E displayed only one
distinct unfolding event, but in contrast to variant K188l a
shoulder at about 35 °C to 39 °C was visible. Both residues
K188 and Q192 are solvent exposed and located on the same o
helix in the f domain. The closest side chain to these two resi-
dues is the side chain of L325, an exchange to more hydro-
phobic residues therefore should be beneficial, by strengthen-
ing the hydrophobic interactions.

Based on these results a variant combining K188I and
Q1921 (M1-K1881/Q192I) was produced and characterized M1-
K1881/Q1921 has a slightly higher activity than PnBFD-M1 and
M1-K188I, and its residual activity after 30 min incubation at
40 °C is higher than that of PnBFD-M1 and slightly higher
than that of M1-K188I (Fig. 3C). M1-K1881/Q192I has also a
higher T,, compared to M1-K188I and PnBFD-M1 and showed
similar to M1-K188I only a single melting event, showing that
both mutations act synergistic (Fig. S2A and Table 2).

To realize strategy 2 three additional 100 ns MD simu-
lations at 340 K were performed. As described above, the

This journal is © The Royal Society of Chemistry 2026

RMSEF values of the f-domain during the stable period (50-100
ns) were calculated for the simulation at 340 K and compared
with those at 310 K. Since only long unstructured regions
should be targeted, to avoid disruption of existing structures
in PnBFD by the introductions of prolines, therefore compari-
son was limited to the regions 231-245, 271-290 and 325-338.
5 residues in the chosen regions have an RMSF difference
(RMSFi (340 K)-RMSFi (310 K); i selected position) > 0.5 A and
were selected (Fig. 2, RMSD of the Co atoms was seen in
Fig. S3A). Proline substitutions were introduced at these posi-
tions (A282P, G283P, Q284P, 1286P and K331P) to enhance
rigidity and experimentally characterized. Activity assays
showed that only A282P and K331P have higher activity com-
pared to PnBFD-M1 (Fig. 3B). The thermal shift experiments
with variant A282P showed similar to PnBFD-M1 two distinct
melting events, interestingly T,,; is similar to the T,; of
PnBFD-M1 but Ty, is 4 °C higher than the Ty, of PnBFD-M1
(Fig. S2B and Table 2). The variant K331P showed similar
thermal resistance as PnBFD-M1.

Since M1-K1881/Q192I has only one melting point, assum-
ing this one is corresponding to Ty,,, and M1-A282P increases
Tmo there should be synergistic effects then combining these
variants. As expected, M1-K1881/Q1921/A282P (PnBFD-M2)
showed only one melting event in the melting curve with a
melting point of 49.2 °C, which is 11.2 °C and 5.3 °C higher
than T,,; and T,,, of PnBFD-M1, respectively (Fig. S2B and
Table 2). Further activity measurements revealed a 1.27-fold
improvement in relative activity compared to PnBFD-M1
(Fig. 3C). The residual activity of PnBFD-M2 after incubating at
40 °C for 30 min is 65%, approximately three times that of
PnBFD-M1.

Characterization of PnBFD-M2

To verify the improvements in catalytic activity and thermal re-
sistance of PnBFD-M2, its initial activity at varying FALD con-
centrations, half-life (¢;,), optimal temperature (T,p), and
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storage stability at —20 °C, 4 °C and room temperature (RT,
22-25 °C) was determined.

The catalytic activities of PnBFD-M1 and PnBFD-M2 were
evaluated and compared by measuring their initial reaction rates
at FALD concentrations ranging from 10 to 200 mM at 37 °C.
Because the formation of GALD from two FALD molecules pro-
ceeds via a ping-pong kinetic mechanism (Fig. $4),*"**7* the
reaction cannot be adequately described by a conventional
Michaelis-Menten model with a single set of k., and Ky values.
The measurements at all tested FALD concentrations showed
that the GALD concentration produced by PnBFD-M2 after
30 min is consistently higher than that of PnBFD-M1 (Fig. 4A, B
and Fig. S5A-E). Moreover, this difference becomes more pro-
nounced at elongated reaction times. For instance, at 100 mM
FALD concentration after 7.5 h the GALD yield of PnBFD-M2
reached 3.92 mM compared to 2.48 mM produced by PnBFD-M1
(Fig. 4C). The lower yield of pnBFD-M1 compared to PnBFD-M2
is likely due to the lower thermal resistance, which leads to sub-
stantial enzyme inactivation after 40 min thereby slowing
product accumulation. In contrast, PnBFD-M2 exhibits greater
thermal resistance and therefore maintained activity for a longer
period of time and allowing continued GALD production. At all
FALD concentrations, PnBFD-M2 also displayed slightly higher
initial rates for GALD production than PnBFD-M1 (Fig. 4D); at
200 mM FALD, the initial rate for GALD formation increased
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from 302.9 pmol per (min g protein) (PnBFD-M1) to 350.3 pmol
per (min g protein) (PnBFD-M2), representing a 1.16-fold
improvement. It should be noted that the increase in activity
might be caused by the improved stability/thermal resistance,
since it could result in a lower fraction of inactive enzymes
during purification. On the basis that the maximal reaction rates
of PnBFD-M1 and PnBFD-M2 are attained at approximately
200 mM FALD, a FALD concentration of around 100 mM can be
estimated to correspond to half of the maximal activity (compar-
able to a Ky, value).

The residual activity of PnBFD-M1 and PnBFD-M2 were
measured after incubation at 37 °C, 40 °C, 45 °C, and 50 °C for
various durations, and the corresponding ¢, were calculated.
PnBFD-M1 exhibits rapid loss of activity at all tested tempera-
tures, whereas PnBFD-M2 shows a slower rate of activity decline
(Fig. 5A-D). The ¢, of PnBFD-M2 are longer than those of
PnBFD-M1 at each tested temperature (Table 3). Notably, at 37 °C
the ¢, of PnBFD-M2 increased to 2247 min, representing a
51-fold increase compared to PnBFD-M1 (¢, (37 °C) = 44 min).
The highly active GALS-YM has a reported T}, of 50.8 °C,*" but its
ty» at 37 °C is less than 120 min under the tested conditions
(Fig. S5F), therefore under these conditions PnBFD-M2 seems to
be the more robust enzymes in spite of its slightly lower T,.

The specific activity of PnBFD-M1 and PnBFD-M2 were
measured over a temperature range of 25-60 °C, and their T,
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(A) and (B) The GALD production of PnBFD-M1 and PnBFD-M2 at 25 mM and 200 mM FALD starting concentrations under 37 °C. (C) The

GALD production of PnBFD-M1 and PnBFD-M2 at 100 mM FALD starting concentrations for 0—7.5 h under 37 °C. (D) The initial rate of GALD for-
mation of PNBFD-M1 and PnBFD-M2 at 0-200 mM FALD starting concentrations. Activity assay: 50 mM bicine (pH 7.6), 300 mM NaCl, 1 mM TPP,
2 mM Mg?*, 0.2 mg mL™? purified enzyme, and 10-200 mM FALD concentration, 37 °C; the initial activity was calculated by fitting the linear area of
the curve (first 20 min). Error bars represent standard deviation of three technical replicates (n = 3).
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Fig. 5 (A)—(D) Residual activity of PnBFD-M1 and PnBFD-M2 after heat treatment at 37 °C, 40 °C, 45 °C, and 50 °C; 0.2 mg mL™! PnBFD-M1 or
PnBFD-M2 incubated at 37 °C, 40 °C, 45 °C, and 50 °C for different durations, after incubation the residual activity was measured, the activity of
enzymes without heat treatment was set as 100%. (E) Specific activity of PnBFD-M1 and PnBFD-M2 at 25—-60 °C and 10 mM FALD. Activity assay:

50 mM bicine (pH 7.6), 300 mM NaCl, 1 mM TPP, 2 mM Mg?*, 0.2 mg mL™

! purified enzyme, and 10 mM FALD concentration, 25-60 °C for 30 min.

The temperature at which the enzyme exhibits the highest activity is defined as Ty (F) The residual activity of PnBFD-M1 and PnBFD-M2 after
storing at 4 °C, RT and —20 °C ; Error bars represent standard deviation of three technical replicates (n = 3).

were determined. Across all tested temperatures, PnBFD-M2
exhibits higher activity than PnBFD-M1 (Fig. 5E). The assays
were performed using 10 mM FALD, a concentration well
below the level that could cause substrate inhibition, ensuring
that the observed differences reflect intrinsic thermal resis-
tance rather than substrate effects. The highest specific activity
of PnBFD-M2 (90.01 U g™") is 1.61-fold higher than that of
PnBFD-M1 (55.76 U g~'). PnBFD-M1 shows a T,y of 40 °C with
a narrow temperature tolerance; its activity drops below 80%
when the reaction temperature exceeds 50 °C. In contrast,
PnBFD-M2 displays a T, of 55 °C, which is 15 °C higher than

This journal is © The Royal Society of Chemistry 2026

that of PnBFD-M1, and a broader temperature tolerance,
retaining 90% of its activity even at 60 °C. After storage at
—20 °C for 5 days, both PnBFD-M1 and PnBFD-M2 fully retain
their catalytic activity (Fig. 5F). After storage at 4 °C, the activity
of PnBFD-M1 decreased to 92% after 2 days and further drop
to 82.35% after 5 days, whereas PnBFD-M2 retains 99% of its
activity after 5 days. After storage at RT for 5 days, the activity
of PnBFD-M1 declined to 73%, while PnBFD-M2 still main-
tains 90% activity, indicating a significantly improved storage
stability compared to PnBFD-M1. The operational stability of
PnBFD-M2 was assessed over four consecutive reaction cycles

Green Chem., 2026, 28, 4947-4961 | 4953
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Table 3 t;,, of PNBFD-M1 and PnBFD-M2 at 37, 40, 45, and 50 °C
t1/» (min)
Temperature (°C) PnBFD-M1 PnBFD-M2
37 44 2247
40 9.07 76
45 3.84 30
50 1.80 5.96

using a 30 kDa membrane for enzyme retention. Although
PnBFD-M2 consistently exhibited higher retained activity than
PnBFD-M1, a substantial decline in activity was observed upon
reuse, with approximately 30% residual activity remaining
after the fourth cycle (Fig. S6). This decrease cannot be attribu-
ted solely to enzyme loss via leakage or aggregation, as similar
amounts of soluble protein were retained for both variants
above the residual activity (PnBFD-M1: 67%; PnBFD-M2: 75%j;
Table S4), indicating progressive inactivation of the soluble
enzyme. To evaluate substrate-induced deactivation,
PnBFD-M2 was incubated with 500 mM FALD for 80 min at
4 °C to minimize thermal effects, retaining approximately 80%
of its initial activity (data not show). These findings demon-
strate that substrate-mediated deactivation limits operational
lifetime and must be addressed in future optimization efforts,
despite the improved intrinsic stability of PnBFD-M2.

PnBFD-M2 has a higher initial rate of GALD formation
(350.3 pmol per (min g protein)), produces more GALD
(3.92 mM), a prolonged ¢/, (2247 min at 37 °C), a higher Ty
(55 °C), a broader temperature tolerance range, enhanced re-
usability, and improved storage stability at 4 °C (99% after 5
days) and RT (90% after 5 days) compared to PnBFD-M1 (at the
same conditions). These characteristics indicate that
PnBFD-M2 possesses enhanced thermal resistance and slightly
increased catalytic activity compared to PnBFD-M1, making it
one of the best enzymes to produce GALD from FALD.

Computer analysis of PnBFD-M2

MD simulations and analysis of the structure and dynamics of
PnBFD-M2 were performed to gain insights in the increased
thermal resistance and activity. MD simulations were con-
ducted on PnBFD-M1 and PnBFD-M2, with three 100 ns trajec-
tories simulated for each enzyme. Instead of TPP the
FALD-TPP intermediate was chosen, since it is reported that
the aldol condensation of a second FALD with the FALD-TPP is
the rate limiting step and therefore for the GALD production
of most interest.”> The quantitative analysis of the change in
hydrophobicity of the protein surface was done using reported
amino acid hydrophobicity values.”® MD simulations were uti-
lized to explore the flexibility of side chains, and the change of
secondary structures to provide key insights into the factors
contributing to thermal resistance and activity improvement.
Analysis of RMSF of the variants revealed that PnBFD-M2
exhibits in the residue regions 171-180, 188-193, 233-235,
284-285, 331-333, and 394-401 lower RMSF values compared
to PnBFD-M1 (RMSD of the Ca atoms was seen in Fig. S3B and
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Fig. 6A). Except for residues 188-193, all these segments are
located in loop regions (Fig. 6B). The reduced flexibility of
these regions contributes to enhanced structural rigidity,
thereby likely improving thermal resistance. The residues
171-180, 233-235, and 394-401 are located near the active site.
Although 171-180, 233-235, and 394-401 loop regions are
spatially distant from the mutation sites K188I, Q192I, and
A282P, the reduced flexibility observed in these regions may be
attributed to long-range effects induced by the mutations.

The decreased flexibility in the 233-235 and 394-401 loop
regions may help to stabilize substrate binding, which could
account for the observed increase in enzymatic activity. The
calculated values of hydrogen bonds (H-bonds), radius of gyra-
tion (R,), and solvent-accessible surface area (SASA) for
PnBFD-M1 and PnBFD-M2 show minimal differences (Fig. S7),
suggesting that the overall structural compactness and solvent
exposure remain largely unchanged between PnBFD-M1 and
PnBFD-M2.

Analysis of the hydrophobicity of the protein surface
showed that the K188I and Q1921 substitutions in PnBFD-M2
are able to form hydrophobic interactions with adjacent resi-
dues V187 and L325 (Fig. 6C and D), which enhances intra-
molecular hydrophobic interactions, thereby likely improving
thermal resistance.

MD simulations and analysis of the hydrophobicity of the
surface indicate that the reduced protein flexibility, and
increased hydrophobic interface of the helix (185-196) are key
contributors to the improved thermal resistance of PnBFD-M2.
The decreased flexibility of active-site loops 394-401 and
233-235 might also further promote enzymatic activity, in
agreement with our previous finding showing that reduced
flexibility of these same loops catalytic
performance.*!

enhances

Construction of 1-xylose pathway using FALD as sole feedstock

A one-pot reaction system was established for the production
of 1xylose from FALD as the sole feedstock with PnBFD-M2
and FSA-TG. Since PnBFD-M2 has a higher thermal resistance
compared to PnBFD-M1, the use of PnBFD-M2 should result in
higher yields and thereby showing the potential of PnBFD-M2
for usage in enzymes cascades. PnBFD (to produce GALD) and
FSA-TG (to produce GCA) both utilized FALD as a substrate,
therefore the ratio of both enzymes and the absolute amount
needed to be optimized.

Various enzyme mass ratios of PnBFD-M2 to FSA-TG (2:1
(1:1.2), 4:1 (1: 0.6), 2:2 (1:2.4), and 4:2 (1:1.2), corres-
ponding to molar ratios in brackets) with 100 mM initial FALD
concentration were tested for L-xylose production (Fig. 7). The
by-products GALD (left over intermediate) and erythrose
remain at low levels across all tested enzyme ratios. Increasing
the amount of FSA-TG effectively reduces the concentration of
the by-product threose, and its level further decreases over
time.

The drop of measured threose with increasing levels of
FSA-TG, which was also reported,”® can be explained by the
fact that FSA-TG can catalyze the condensation of threose with

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (A) RMSF (50-100 ns) of PnBFD-M1 and PnBFD-M2 at 310K. (B) Partial structure of the PnBFD-M1 dimer. Mg?* is shown as green spheres,
and the TPP-FALD complex is represented as yellow sticks. Regions with higher RMSF in PnBFD-M1 compared to PNnBFD-M2 are highlighted in red
cartoon. Residues K188, Q192, and A282 are shown as red sticks. Model of the (C) PnBFD-M1 and (D) PnBFD-M2 visualize the hydrophobicity around
positions 188 and 192. PnBFD-M2 shows that the hydrophobicity substitutions of 188 and 192 positions can form hydrophobic interactions with
V187 and L325, enhance the hydrophobicity of the protein surface, which indicates that hydrophobicity is the main driver in improving thermal resis-
tance performance. K188, Q192, V187, L325, 1188, and 1192 were shown as sticks; Higher scores indicating greater hydrophobicity.

FALD to form xylose, but it cannot condense erythrose with
FALD (Fig. S8). Raising the concentration of PnBFD-M2 signifi-
cantly enhanced i-xylose production and FALD conversion,
whereas a higher amount of FSA-TG led to only a slight
improvement in 1-xylose. These results indicate that the
L-xylose production is more dependent on PnBFD-M2 levels
(Fig. 7A vs. C compared to Fig. 7A vs. B) under the tested con-
ditions. In all measurements GCA levels remained high, indi-
cating that the optimal balance between PnBFD-M2 and
FAS-TG and the total amount of enzymes needs to be further
optimized. As shown in Fig. 7A vs. C, too much excess of
PnBFD-M2 led to the accumulation of threose and erythrose,
indicating that the condensation of GALD with GCA by FSA-TG
is a limiting factor.

Subsequently, higher amounts of enzymes and partly
altered ratios (PnBFD-M2:FSA-TG = 6:3 (1:1.2) and 6:4
(1:1.6), molar ratios in brackets) were evaluated. At a ratio of
6:4, the 1xylose concentration reached 14.12 mM (Fig. S9A
and B). However, FALD is not completely consumed, and by-
product levels remain relatively high. With 8 mg mL™
PnBFD-M2 (134 pM) and 4 mg mL™" (162 pM) FSA-TG after
10 h a ri-xylose yield of 15.17 mM was obtained (Fig. 8A),
higher amounts of PnBFD-M2 did not further show improved
yields (Fig. S9C). At this point, the substrate FALD is nearly
exhausted (0.98 mM), and the levels of by-products GALD,

This journal is © The Royal Society of Chemistry 2026

threose, and erythrose were all significantly reduced and the
GCA concentration dropped to 6.13 mM.

After determining the optimal enzyme mass ratio of
PnBFD-M2 to FSA-TG to be 8:4 (molar ration 1:1.2) the reac-
tion temperature was optimized (40 °C, 45 °C, and 50 °C)
(Fig. 8B, C and Fig. S9B). At 40 °C, the highest L-xylose yield
was achieved, reaching 15.70 mM (2.36 g L"), with a conver-
sion efficiency of 78%. At this temperature, the substrate FALD
and by-products GALD, threose, and erythrose remain at low
levels, and the concentration of GCA was 6.80 mM. At higher
temperatures (45 °C and 50 °C), the concentration of FALD
decreased within 2 h to ~5 mM, indicating that PnBFD-M2
retained catalytic activity at elevated temperatures (Fig. 8C and
Fig. S9D). However, the i-xylose yield declined under these
conditions, likely because increased temperature enhanced the
activity of FSA-TG toward threose formation more than toward
the synthesis of GCA and i-xylose, resulting in higher threose
accumulation (Fig. 8C and Fig. S9D). The r-xylose production
of reactions with PnBFD-M1 at the same enzyme concentration
as PnBFD-M2 was also evaluated across different temperatures
(Fig. 8D, E and Fig. S9D-F). At all tested temperatures, cas-
cades with PnBFD-M1 yielded lower amounts of r-xylose and
the FALD concentration did not drop as low as with
PnBFD-M2, indicating a more rapid loss of activity for
PnBFD-M1. Notably, in reactions with PnBFD-M1, the residual

Green Chem., 2026, 28, 4947-4961 | 4955
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Fig. 7 Titer of products and substrate in L-xylose pathway with different ratio of PnBFD-M2 and FSA-TG. (A) 37 °C, 2 mg mL™* PnBFD-M2 and 1 mg
mL™! FSA-TG. (B) 37 °C, 2 mg mL™ PnBFD-M2 and 2 mg mL™* FSA-TG. (C) 37 °C, 4 mg mL™! PnBFD-M2 and 1 mg mL™! FSA-TG. (D) 37 °C, 4 mg
mL™? PNBFD-M2 and 2 mg mL™! FSA-TG. Activity assay: 50 mM pH7.6 bicine, 300 mM NaCl, 1 mM TPP, 2 mM Mg?*, purified enzymes, and 100 mM
FALD concentration, 37 °C for 8 h. Error bars represent standard deviation of three technical replicates (n = 3).

FALD concentration remained at ~10 mM after 2 h at 45 °C
and as high as ~15 mM at 50 °C (Fig. 8E and Fig. S9F),
whereas in reactions with PnBFD-M2, it consistently decreased
to ~5 mM under the same conditions (Fig. 8B and Fig. S9D).
This behaviour can be attributed to the lower thermal resis-
tance of PnBFD-M1, which leads to a more rapid decline in
catalytic activity at elevated temperatures. The highest r-xylose
titer by PnBFD-M1 occurred at 37 °C, reaching 11.76 mM
(1.76 g L™, a relative yield of 58.80%) (Fig. S9E), which is lower
than that of PnBFD-M2 at the same temperature (15.17 mM)
and also lower than the highest yield achieved by PnBFD-M2
(15.70 mM at 40 °C, 2.36 g L™"). Additionally, the L-xylose yield
of PnBFD-M1 decreased progressively with increasing tempera-
ture. These results suggest that enhancing the thermal resis-
tance and moderately improving the activity of PnBFD-M1 was
beneficial for the production of r-xylose in the presented
enzyme cascade.

For product mass determination, the reaction was scaled
up to 38 mL using 8 mg mL™' PnBFD-M2 and 4 mg mL™"
FSA-TG. A 1-xylose concentration of 10.01 mM was obtained
after 10 h at 40 °C, corresponding to a total product amount of
approximately 57.11 mg, which is in a similar range as the
small-scale production but not as high (best conditions
reached about 16 mM). A portion of the product was isolated
by HPLC, and the product peak was collected manually and

4956 | Green Chem., 2026, 28, 4947-4961

subsequently analyzed by mass spectrometry (MS) (Fig. S10),
confirming the molecular mass of r-xylose. Of theoretical
57.11 mg 1-xylose, 47 mg 1-xylose (82%) were recovered with a
purity of 79%. The formation of r-xylose by FSA-TG has pre-
viously been verified by NMR spectroscopy.”®

The one-pot enzymatic cascade combining PnBFD-M2 and
FSA-TG enables the conversion of FALD to r-xylose without the
need for costly redox cofactors such as nicotinamide adenine
dinucleotide (NADH) or nicotinamide adenine dinucleotide
phosphate (NADPH). This cofactor-independent system rep-
resents a conceptually attractive route for L-xylose production,
and the low levels of side products formed (GALD, threose,
and erythrose) are expected to be separable using established
sugar purification technologies, including ion-exchange and
simulated moving bed chromatography.”””®

Nevertheless, the current system remains far from indus-
trial implementation and should primarily be regarded as a
proof of concept demonstrating the potential of engineered
benzoylformate decarboxylases, such as PnBFD-M2, for FALD
valorisation. The use of FALD in enzymatic processes remains
challenging due to its high reactivity, as reflected by the
gradual loss of activity observed for PnBFD-M2 despite its
enhanced thermal stability relative to PnBFD-M1. Although the
simultaneous engineering of thermal robustness and FALD
tolerance would be desirable, such multidimensional optimi-

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Titer of products and substrate in L-xylose pathway with PnBFD-M2 or PnBFD-M1 and FSA-TG at different temperature. (A) 37 °C, 8 mg mL™*
PnBFD-M2 and 4 mg mL™ FSA-TG. (B) 40 °C, 8 mg mL™ PnBFD-M2 and 4 mg mL™! FSA-TG. (C) 50 °C, 8 mg mL™* PnBFD-M2 and 4 mg mL™*
FSA-TG. (D) 40 °C, 8 mg mL™! PnBFD-M1 and 4 mg mL™ FSA-TG. (E) 50 °C, 8 mg mL™ PnBFD-M1 and 4 mg mL™? FSA-TG. Activity assay: 50 mM
pH7.6 bicine, 300 mM NaCl, 1 mM TPP, 2 mM Mg?*, purified enzyme, and 100 mM FALD concentration, different temperature for 10 h. Error bars

represent standard deviation of three technical replicates (n = 3).

sation is inherently limited by the low probability of identify-
ing optimal mutation combinations in a single step. The
improved stability of PnBFD-M2 therefore provides a suitable
starting point for targeted engineering efforts aimed at enhan-
cing tolerance towards FALD. In this context, detailed studies
on the mechanisms of FALD-induced deactivation would be
valuable and broadly beneficial to the field.

While the one-pot cascade is attractive due to its simplicity
and conceptually supports the feasibility of in vivo implemen-
tation (with a single cell approximated as a one-pot system),
several factors currently limit its overall yield. A key limitation
arises from substrate competition within the cascade, as both
for FALD and GALD participate in multiple reaction steps,

This journal is © The Royal Society of Chemistry 2026

combined with imbalanced reaction rates of FSA-TG toward
GCA and r-xylose formation. Under all conditions tested (Fig. 7
and 8), FSA-TG preferentially converts substrates to GCA,
leading to rapid GCA accumulation and depletion of GALD,
which is required for 1-xylose formation. This imbalance ulti-
mately constrains -xylose productivity.

Adjusting the enzyme ratio can partially mitigate this effect;
however, the inherently higher catalytic efficiency of FSA-TG
toward GCA formation imposes a fundamental limitation on
optimisation within a single-pot setup. To overcome this con-
straint, spatial separation of the cascade steps, for example in
a flow reactor with compartmentalised enzyme zones, could
provide improved control over intermediate fluxes. In such a
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system, GALD formation, GCA production, and r-xylose syn-
thesis could be distributed across discrete reaction zones,
enabling independent optimisation of residence time, enzyme
loading, and intermediate concentrations, which is not acces-
sible in a one-pot setup.

Alternatively, pathway decoupling through the use of engin-
eered FSA variants with selectively enhanced activity toward
either GCA or r-xylose formation could further reduce sub-
strate competition. While this strategy would require
additional protein engineering efforts and increase process
complexity and cost by introducing an additional enzyme, it
represents a viable long-term approach to improve selectivity
and overall cascade efficiency.

Conclusions

By targeting the structural domain of PnBFD-M1 using AAG-
guided virtual screening and proline substitutions in flexible
loops, we generated a significantly improved variant,
PnBFD-M2. This enzyme displays markedly enhanced thermal
resistance (T, +11.2 °C; t1), at 37 °C extended from 44 min to
2247 min) and slightly improved catalytic activity (GALD for-
mation increased from 302.9 to 350.3 pmol per(min g
protein)), demonstrating that both design strategies can be
combined to effectively enhance stability without compromis-
ing function. PnBFD-M2 ranks among the most efficient
GALD-from-FALD producing enzymes reported, with <1% DHA
formation and superior thermal robustness compared with
GALS-YM*' (¢, < 120 min). When combined with FSA-TG,
PnBFD-M2 enabled a one-pot synthesis of L-xylose from FALD
as the sole feedstock, increasing product titers from 1.76 to
2.36 g L' due to its improved activity and stability.

In conclusion, with a Ty, of 49.2 °C, an initial activity of
350.3 pmol per (min g protein), and low by-product formation,
PnBFD-M2 is a promising biocatalyst for the efficient FALD-to-
GALD conversion. Its robustness and selectivity position it as
an attractive component for multi-enzyme cascades that valor-
ize renewable C1 intermediates, supporting greener routes for
CO,-based biochemical production.
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